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Introduction: Inflammation plays a crucial role in the pathophysiology of
cardiovascular diseases (CVDs), particularly in heart failure (HF), cardiac
arrhythmias, and atherosclerotic cardiovascular disease (ASCVD). The calcium-
binding proteins S1I00A8 and S100A9, primarily functioning as a heterodimer
(S100A8/A9), have emerged as essential mediators in cardiovascular
pathophysiology through the toll-like receptor 4 (TLR-4) and receptor for
advanced glycation end-products (RAGE) signaling pathway. This review aims
to comprehensively explore the role of SI00A8/A9 in ASCVD, HF, and cardiac
arrhythmogenesis, and to discuss its pathophysiological implications, clinical
significance, and potential utility as a novel therapeutic target.

Main text: In ASCVD, S100A8/A9 promotes endothelial dysfunction and
facilitates monocyte recruitment and foam cell formation. The heterodimer
amplifies vascular inflammation via TLR4 and RAGE signaling cascades,
culminating in nuclear factor-kappa B activation and upregulation of
proinflammatory cytokines that contribute to plaque instability. In HF patients,
elevated SI00A8/A9 levels correlate with disease severity and adverse outcomes
through mechanisms involving cardiomyocyte death and pathological cardiac
remodeling. Emerging evidence also implicates S100A8/A9 in cardiac
arrhythmogenesis through electrical remodeling and pro-fibrotic effects.
Despite significant advances in understanding the role of S100A8/A9 in
cardiovascular pathology, significant knowledge deficiency remains. Further
research is needed to elucidate cardiac-specific effects, temporal expression,
and potential therapeutic applications.
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Conclusion: SI00A8/A9 plays a critical dual role in cardiovascular inflammation
and repair, emerging not only as a biomarker but also as a promising therapeutic
target in ASCVD, HF, and cardiac arrhythmogenesis, with potential applications
for anti-inflammatory intervention. However, further research is needed to
elucidate the precise mechanisms linking SI00A8/A9 and CVDs and to validate
therapeutic interventions targeting this pathway.

arrhythmias, atherosclerosis, inflammation, SL00A8/A9, heart failure

1 Introduction

Cardiovascular diseases (CVDs) impose a substantial social and
economic burden, standing as the leading cause of global mortality
and morbidity (1, 2). Inflammation plays a crucial role in the
pathophysiology of CVDs, particularly in heart failure (HF), cardiac
arrhythmias, and atherosclerotic cardiovascular disease (ASCVD)
(3-5). Recent data emphasizes the role of proinflammatory
cytokines in the initiation, progression, and complications of these
conditions (6, 7). Whether inflammation represents a risk factor or
rather a risk modifier for CVDs remains unclear, and further research
is needed to fully understand the complex impact of proinflammatory
cytokines in CVDs and their potential as therapeutic targets. Recent
clinical trials support the role of anti-inflammatory blockade in
ASCVD, and the 2024 European Society of Cardiology guideline
for the management of chronic coronary syndromes upgraded the
class of recommendation for anti-inflammatory drugs (colchicine) to
Ila class of recommendation (level of evidence A) (8-11). Several
other clinical trials are ongoing, including in patients with acute
coronary syndromes (ACS) (12, 13). However, the therapeutic anti-
inflammatory arsenal remains limited, although preclinical studies
constantly identify novel therapies that could guide cardiovascular
treatments in a targeted and personalized manner.

Calprotectin, also known as S100A8/A9 is a heterodimeric
complex of calcium-binding proteins that has recently emerged as
a promising mediator of cardiac inflammation through the Toll-like
receptor 4 (TLR-4) and receptor for advanced glycation end-
products (RAGE) signaling pathway (14, 15). Research conducted
over the last decade emphasizes its role as both a mechanistic
mediator of cardiovascular pathology and a potential biomarker or
even therapeutic target in various cardiac diseases (16, 17).
However, its role as a biomarker for cardiovascular disease
severity and therapeutic target via short-term blockade strategies
to ameliorate inflammation represents a key area of ongoing
investigation that warrants further exploration.

This review aims to comprehensively explore the role of
S100A8/A9 in ASCVD and ischemic heart disease, HF, and
cardiac arrhythmogenesis, and to discuss its pathophysiological
implications, clinical significance, and potential utility as a
therapeutic target to improve cardiovascular outcomes. An
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extensive literature search was conducted using PubMed, Web of
Science, and Scopus databases. Search terms included “calcium-
binding proteins,” “S100A8/A9”, “calprotectin,” combined with

» «

“cardiovascular disease,” “atherosclerosis,” “heart failure,” and
“arrhythmia” using Boolean operators. Inclusion criteria were
studies investigating calcium-binding proteins in cardiovascular

pathology, and both experimental and clinical research.

1.1 Structure and function of SI00A8/A9

Myeloid-related protein (MRP)-14, also known as S100A9 or
calgranulin B, and MRP-8, S100A8 or calgranulin A, are members of
the alarmin family and of the S100 family of calcium-modulated
proteins, being expressed especially in cells of myeloid origins, such
as the monocytes and neutrophils (14). Biochemically, SI00A8 and
S100A9 possess two calcium-binding domains and, in the absence of
calcium ions, human S100A8/A9 remains in a heterodimer state (18).
Experimental studies demonstrated that both humans and mice can
assemble S100A8 and S100A9 to form the SI00A8/A9 heterodimer,
the predominant complex, which, due to its stability, is significantly
more abundant than the respective homodimers (19, 20). Upon
inflammatory stimuli, monocytes and neutrophils release both
S100A8 and S100A9. The subsequently formed heterodimers can
regulate the myeloid function through intracellular calcium signaling,
facilitating cytoskeletal alterations and acting as a chemoattractant
(21, 22). Released extracellularly, SI00A8/A9 can interact with essential
receptors like TLR-4 and RAGE, leading to nuclear factor-kB (NF-xB)
activation and cytokine release (19, 21, 22). In addition, the SI00A8/A9
complex is also involved in leukocyte recruitment, endothelial
dysfunction, and oxidative stress, all of which contribute to CVD
pathophysiology (23, 24). Therefore, elevated circulating S100A8/A9
levels have been linked to increased cardiovascular risk (such as heart
failure incidence and progression) and disease severity (such us infarct
size and functional impairment) (25, 26).

2 Role of SI00A8/A9 in acute and
chronic coronary syndromes

The inflammatory theory of atherosclerosis and the involvement
of different immune cells in atherosclerosis pathophysiology has been
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confirmed in experimental and clinical studies (27, 28). The first
immune gatekeepers are the M1 subtype of macrophages, which
invade the lipid streaks, the earliest atherosclerotic lesions (29). These
cells engulf the oxidated low-density lipoproteins, transform into
foam cells, and promote further development of atherosclerotic
vascular plaques by releasing proinflammatory cytokines and
contributing to acute plaque events (27-29). The interaction of
S100A8/A9 with TLR-4 activates the myeloid differentiation
primary response-88 (MyD-88)-dependent signaling cascade,
culminating in NF-xB activation and upregulation of
proinflammatory cytokines such as the tumor necrosis factor-alpha
(TNF-0), interleukin (IL)-6, and IL-17 (30, 31). Additionally,
S100A8/A9 binds to RAGE, stimulating the mitogen-activated
protein kinase (MAPK) intracellular pathway, which enhances
leukocyte proliferation within the bone marrow and drives further
S100A8/A9 synthesis (Figure 1), perpetuating the inflammatory
cascade (31). The key role of the RAGE pathway in the
atherosclerotic process was shown in murine hypercholesterolemic
models, in which the inhibition of this pathway was associated with
reduced atherosclerotic plaque progression (32, 33). In addition,
S100A8/A9 plays a crucial role in neutrophil extracellular trap
(NET) formation and activation, inducing neutrophil activation,
adhesion, and chemotaxis (34). Following NET formation, the
released components, including histones, proteases, and coagulation
factors - subsequently contribute to the development and
progression of atherosclerosis, driving both plaque formation and
arterial thrombosis (34). SI00A8/A9 is upregulated in response to
myocardial ischemia, promoting endothelial activation, platelet
aggregation, and thrombus formation. Studies indicate that patients
with acute ACS have significantly higher plasma S100A8/A9 levels,
which correlate with infarct size and adverse outcomes (35, 36).
Platelets play a crucial role in atherogenesis and thrombosis-mediated
myocardial ischemia (37). An experimental study provided evidence

FIGURE 1

10.3389/fimmu.2025.1630410

that neutrophil-derived S100A8/A9 triggers thrombocytosis in
diabetic murine models through RAGE-mediated signaling
pathways, which induce IL-6 production and subsequent
stimulation of hepatic thrombopoietin synthesis. This preclinical
approach underscores the intricate relationship between S100A8/
A9 and the pathogenesis of atherosclerosis (38).

By interacting with vascular cells, SI00A8/A9 also contributes to
atherosclerotic plaque progression. Promoting the expression of
adhesion molecules and facilitating the recruitment of immune
system cells, SI00A8/A9 exacerbates endothelial dysfunction (39).
Activation of the mammalian target of rapamycin (mTOR)-2 system
determines the phosphorylation of protein kinase B (Akt), leading to
increased protein synthesis, cytoskeletal reorganization through
activation of certain hydrolase enzymes, and increased expression
of endothelial cell cycle regulators (e.g., cyclin D1) (40). Also, the
hypoxia-inducible factor 1 (HIF-1) seems to play a crucial role in the
pro-angiogenic effect of S100A8/A9, regulating vascular growth
factor (VEGF) expression and angiogenesis, but also in the
activation of matrix metalloproteinases and extracellular matrix
organization (41). Therefore, by promoting cell growth and
angiogenesis via RAGE signaling and activation of the mTOR-2,
S100A8/A9 promotes intimal hyperplasia, an essential step of
atherosclerosis (Figures 1, 2). This process is characterized by
abnormal vascular smooth muscle cells (VSMCs) migration from
the vascular media to the intima and their consecutive transformation
from a contractile to a synthetic state (42). Finally, SI00A8/A9-
induced modulation of VSMCs is associated with instability of the
fibrous cap of the vascular plaque and potential plaque rupture.
Moreover, S100A8/A9 contributes to altered blood flow through
vasoconstriction via endothelial dysfunction and enhanced platelet-
leukocyte aggregates. Thus, SI00A8/A9 modulates all three
components of Virchow’s triad, ultimately contributing to
atherothrombosis and subsequent ACS (Figure 2).
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S100A8/A9 signaling pathways. SI00A8/A9 activates two primary pathways: 1) binding to toll-like receptors 4 (TLR-4) triggers the myeloid
differentiation primary response-88 dependent signaling cascade, culminating with nuclear factor k beta activation and subsequent upregulation of
interleukin-6, -17, and tumor necrosis factor-alpha; and 2) interaction with receptor for advanced glycation end-products (RAGE) stimulates the
mitogen-activated protein kinase pathway, further contributing to leukocyte proliferation within bone marrow, and a positive feedback for SI00A8/

A9 synthesis.
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Potential mechanism of SI00A8/A9-induced atherosclerosis. The black box depicts the early phase of atherosclerosis. SI00A8/A9 induces
endothelial activation and secondary adhesion molecule expression (vascular cell adhesion protein 1 [VCAM-1] and intercellular adhesion molecule 1
[ICAM-1]), which will enable monocytes to adhere to the vessel wall, transform into macrophages, and engulf particles of low-density lipoproteins.
Through S100A8/A9, intracellular signaling such as toll-like receptor-4 (TLR-4) and receptor for advanced glycation end-products (RAGE) activation
will be responsible for reactive oxygen species (ROS) release and will create a continuous loop of vessel inflammation. The red box emphasizes an
advanced stage of atherosclerotic plaque formation, with narrowed vessel lumen. SI00A8/A9 amplifies the inflammatory status by interleukin-6 and
tumor necrosis factor alpha release, smooth muscle cell migration toward the plaque, and extracellular matrix degradation and lysis of the fibrous

cap, culminating with plaque rupture.

The recent findings and implications of S100A8/A9 in the
atherosclerotic process have spurred studies focused on
investigating the role of S100A8/A9 in ACS patients. The
involvement of various immune cell populations in both the
initiation and progression of atherosclerosis encompasses highly
complex and interconnected mechanisms that act at multiple stages
of disease development. SI00A8/A9 drives extensive inflammation
during ACS via the TLR-4 and RAGE pathways (Figure 1),
amplifying neutrophil and monocyte activation, cytokine
secretion, and enhanced granulopoiesis (31, 35). All these can
contribute to cardiomyocyte necrosis, mitochondrial dysfunction,
and left ventricular systolic dysfunction post-ACS (43).

Healy et al. demonstrated in a platelet transcriptome model that
S100A9 is a strong discriminator of acute ST-segment elevation
myocardial infarction (STEMI) patients and higher concentrations
of SI00A8/A9 were associated with worse cardiovascular outcomes
(44). These results were also confirmed by Sakuma et al., who
highlighted the importance of SI00A8/A9 as a potential biomarker
in ACS. In their study, SI00A8/A9 levels measured in coronary
artery blood distal to the culprit lesion were higher in patients with
thrombus compared to those without thrombus (45). These
findings support the promising role of SI00A8/A9 as a potential
treatment target for ACS inflammation modulation. However, that
study has several limitations, particularly the fact that the higher
plasma concentration of SI00A8/A9 observed in patients with
aspirated thrombus may have been due to sampling errors, given
that thrombus aspiration is not always successful.

Another mechanistic study characterized and described the
platelet proteome in ACS, showing that releasing the SI00A8/A9
heterodimer was associated with decreased ex vivo platelet
activation. The same working group demonstrated for the first
time that, in STEMI patients, the plasma levels of SI00A8/A9 were
double compared to patients with stable ASCVD, and that platelet
micro ribonucleic acid (mRNA) levels for SI00A8 and S100A9 were
increased at the time of STEMI compared to the levels measured on
the third day post-event (45). However, further research is
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necessary to determine whether the platelet reactivity induced by
S100A8/A9 can be used to phenotype patients with high-risk
features of plaque rupture and complications.

Sreejit and collaborators demonstrated on a mouse model of
myocardial infarction that neutrophil-derived S100A8/A9 amplifies
acute inflammation, by stimulating myeloid progenitor cells in the
bone marrow, which lead to enhanced granulopoiesis (46). Since
S100A8/A9 seems necessary for ACS-induced granulopoiesis, they
highlighted the potential beneficial effects of interrupting the
S100A8/A9-granulopoiesis axis in reducing the myocardial scar.
Subsequently, in their experimental study, the infarct size of mice
with disrupted S100A8/A9-granulopoiesis axis presented a
significantly smaller scar, higher ventricular systolic performance,
and better cardiac outcomes (46) However, these results are limited
by the study design, given that the infarct model was obtained using
ligature of the left anterior descending artery and did not involve
atherosclerotic plaque rupture, the most prevalent pathophysiology
in patients presenting with ACS.

The ischemia/reperfusion injury represents another promising
S100A8/A9 target for reducing myocardial damage after coronary
revascularization. Even though animal models have indicated
promising molecular interventions to reduce the burden of
myocardial ischemia after ischemia/reperfusion injury, data on
clinically effective strategies are scarce. Li et al. studied the role of
S100A8/A9 in myocardial necrosis secondary to reperfusion injury.
The authors used complementary experimental approaches to
establish robust evidence for S100A8/A9’s role in ischemia/
reperfusion injury (47). In that study, SI00A8/A9 enhanced
ischemia/reperfusion injury and myocyte necrosis through
impaired activity of the mitochondrial complex I (47).
Mitochondrial permeability transition pore opening (mPTP), with
subsequent alterations in mitochondrial potential, led to increased
reactive oxygen species (ROS) and impaired adenosine triphosphate
synthesis (48). By inducing cytochrome c releasing and activation of
caspase-enzymes, S100A8/A9 is also involved in apoptosis
pathways (49, 50). In their study, Li et al. emphasized that
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S100A8/A9 overexpression was associated with increased severity of
ischemia/reperfusion injury, while genetic ablation and
pharmacological inhibition of S100A9 conferred myocyte
protection (47). These molecular relationships were characterized
by a complex interplay between S100A8 and S100A9, because
S100A9 knockout mice exhibited concurrent depletion of S100A8,
whereas S100A8 stability critically depends on the S100A9 effect
(47). Therefore, they have highlighted the concept of receptor-
mediated amplification, where S1I00A9’s association with RAGE
initiates positive feedback, enhancing both S100A8 and S100A9
production and creating a self-perpetuating inflammatory cascade.
Neutralizing antibodies against SI00A9 administered in wild-type
mice were associated with reduced myocardial scar and subsequent
cardiac fibrosis (47). Therefore, new insights into the complexity of
the effects of S100A8/A9 in ACS pathophysiology have been
brought, with important clinical implications such as the
development of specific SI00A8/A9 inhibitors for ischemia/
reperfusion injury. However, incomplete understanding of all
downstream effectors, limited exploration of potential
compensatory mechanisms, and limited investigation of other
cardiac cells contribute to a need for further research. This
approach should focus on elucidating the signaling complexity
and cell-type specificity of S100A8/A9 pathways in ischemia/
reperfusion injury.

Recently, an experimental approach was used to test whether
pharmacological inhibition of S100A8/A9 could attenuate the
inflammatory cascade and enhance myocardial performance in
the post-infarction recovery phase (36, 51, 52). Marinkovic et al.
demonstrated that three-day selective inhibition of S100A8/A9
using ABR-238901 had beneficial effects on cardiac function after
myocardial infarction and stimulated reparative phases in the
injured myocardium (51). This mechanistic investigation
delivered new evidence into the therapeutical modulation of the
S100A8/A9 pathway in ACS. A similar study by Chalise et al.
demonstrated in a murine myocardial infarction model that
S100A8/A9 is rapidly released after the onset of acute myocardial
ischemia and correlates with infarct wall thinning (53). Moreover,
the authors emphasized the role of S100A9 in stimulating
neutrophils and macrophage influx rather than in directly
triggering neutrophil degranulation. SI00A9 acts as a direct
modulator of infarct wall thinning by influencing extracellular
matrix remodeling (53). Therefore, targeting this protein may
help promote infarct healing in the myocardial border zone.
However, Schiopu et al. demonstrated that only short-term
therapeutic modulation of SI00A9 is beneficial, whereas S100 A9
extended blockage can lead to progressive deterioration of cardiac
systolic function and subsequent ventricular dilatation (24, 36). The
temporal analysis of SI00A9 effects describes a critical intervention
period corresponding to the acute inflammatory response in ACS.
This defined therapeutic window suggests that targeted
therapeutical modulation of SI00A9 during the early
inflammatory response represents an optimal timing for
immunomodulatory intervention in ACS. The evidence strongly
supports that temporal considerations are critical for SI00A8/A9
blockade efficacy and safety. Short-term intervention (3-14 days)
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initiated after the acute defense phase appears optimal, preserving
beneficial functions while preventing pathological consequences.
However, further studies are needed to validate these results in
larger preclinical models for translational robustness. Furthermore,
appropriate clinical translation requires precise timing, appropriate
patient selection, and recognition that SI00A8/A9 serves essential
physiological functions. Schiopu et al’s investigation provided a
novel perspective on the previous unsuccessful studies to develop
new anti-inflammatory drugs for ACS (24). Their study emphasized
that the failure to translate pathophysiological findings into effective
clinical treatments might be attributed to unsuitable treatment
duration. This represents a paradigm shift in approaching anti-
inflammatory therapy in ACS, by also focusing on maintaining the
reparative process essential for adequate myocardial healing,
suggesting that modulation, rather than complete suppression of
inflammatory response, is the key for optimal cardiac benefits.
Therefore, the biomarker utility of SI00A8/A9 is well-supported to
guide risk stratification and outcome prediction in ACS patients
and existing data highlights the concept of temporally targeted
immune modulation.

Recent studies also highlighted the association of SI00A8/A9
with the occurrence of in-stent thrombosis (54). Wang et al.
discovered an abrupt increase in SI00A8/A9 levels in patients
with late stent thrombosis, compared with the index percutaneous
coronary intervention procedure for ACS. However, in multivariate
Cox regression analysis, even though S100A8/A9 plasma level was a
predictor of intrastent thrombosis, the hazard ratio was 1.001,
which emphasizes a rather neutral effect of SI00A8/A9 in
predicting late stent thrombosis. Also, S1I00A8/A9 was
independently associated with recurrent myocardial infarction or
cardiovascular death in a subgroup analysis of patients enrolled in
the Pravastatin or Atorvastatin Evaluation and Infection Therapy:
Thrombolysis in Myocardial Infarction (PROVE-IT TIMI 22 trial),
suggesting the multifaced role of this heterodimer (55).

The studies mentioned above highlight the complex
involvement of SI00A8/A9, which seems to play a crucial role in
ACS by inducing subsequent inflammation and worsening
myocardial injury, while short-term therapeutic modulation of
this heterodimer seems to reduce inflammatory damage and
improve cardiovascular outcomes, at least in experimental
models. While nanoparticles carrying small interfering RNA
molecules that target S100A8/A9 showed promise in reducing
myocardial injury and local inflammation in experimental
models, clinical trials are still necessary to prove their
effectiveness. Table 1 provides the most relevant studies
investigating the role of SI00A8/A9 in ASCVD pathogenesis.

3 Role of S1I00A8/9 in heart failure

Recent advances have significantly expanded our understanding
regarding the complex relationship between inflammation and HF,
highlighting the potential role of inflammation as a potential
therapeutic target for new immunomodulatory strategies,
especially in patients with HF with preserved ejection fraction
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(HFpEF) (72). Novel insights into inflammasome-dependent
mechanisms and NET formation have revealed previously hidden
pathways in cardiac dysfunction and, nowadays, chronic
inflammation is recognized as a hallmark of HF (72).
Accordingly, discovering new molecular modulators, such as
specific cytokine networks and extracellular vesicles, seems to
represent the next breakthrough in HF therapy.

Mechanistically, SI00A8/A9 plays a crucial role in ischemic HF
pathogenesis through multiple mechanisms (Figure 3). After
cardiac injury and subsequent neutrophil infiltration, SI00A8/A9
initiates an inflammatory cascade through RAGE and TLR-4
pathways (Figure 1), resulting in oxidative stress mediated by NF-
kB (15, 22, 30). Moreover, via induction of mitochondrial
dysfunction by mPTP opening and intracellular calcium
disturbances, S100A8/A9 is directly related to cardiomyocyte
apoptosis (48). As previously highlighted, this heterodimer
complex enhances the recruitment of inflammatory cells,
participating in a continuous, self-perpetuating loop of
inflammation (48). Furthermore, it contributes to adverse cardiac
remodeling by activating fibroblasts and modulating extracellular
matrix metabolism. Mediating the inflammation that exacerbates
myocardial fibrosis and consequent ventricular dysfunction,
S100A8/A9 shows promise as both a prognostic biomarker and a
therapeutic modulation target, as supported by experimental and
early clinical studies, particularly during the acute phase
of inflammation.

Given the central role of prolonged inflammation in the
progression of ASCVD, insights into ischemic HF have
dominated the last decade of S100A8/A9 research in the HF
syndrome, leading to a large body of evidence compared with
other etiologies. Table 1 provides the most important studies
investigating the role of S100A8/A9 in HF pathogenesis
and progression.

Pioneering research into mechanistic insights on S100A8/A9
contribution to the progression of ischemic HF was performed on
murine myocardial infarction models. Volz et al. demonstrated the
implication of the RAGE signaling pathway as the primary effect of
S100A8/A9 in cardiomyocytes and its role in inducing fibrosis (73).
By promoting NF-xB signaling pathways, S100A8/A9 leads to
increased production of proinflammatory cytokines, increased
oxidative stress, and a subsequent loop of maladaptive cardiac
remodeling. Furthermore, the authors demonstrated that genetic
ablation of SI00A9 or RAGE pathway blockade was associated with
cardioprotective effects, reduced fibrosis, and attenuated
inflammatory response (70, 73). Pharmacological inhibition of the
S100A8/A9 axis provided identical benefits, suggesting therapeutic
modulation potential (74).

A recent study evaluated SI00A8/A9 levels in patients with
acute myocardial infarction and their relationship with de novo HF
during 4.2 years of follow-up (26). The findings revealed SI00A8/A9
as an independent predictor of subsequent HF, even after adjusting
for traditional risk factors, such as infarct size, classic inflammatory
biomarkers, and systolic ventricular performance, highlighting its
potential value as a prognostic tool for patients with HF (26).
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Similarly, Li-Ping Ma et al. examined S100A8/A9 levels in an
elderly population with advanced HF (NYHA classes III-IV, both
systolic and diastolic HF) and explored their role in predicting
mortality (75). First, they demonstrated that elevated SI00A8/A9
levels positively correlated with traditional inflammatory cytokines
such as IL-6 and TNF-c. Second, in Cox regression, SI00A8/A9
remained an independent predictor for one-year mortality, together
with IL-6, suggesting the importance of a combined score to ensure
a closer follow-up of these patients. A notable strength of their
investigation was its focus on cardiac inflammation, specifically
within an elderly population suffering from advanced HF,
demonstrating that S100A8/A9 provides valuable additional
prognostic insights beyond classical inflammatory biomarkers.

Preclinical models suggest that S100A8/A9 inhibition may
attenuate adverse remodeling and improve cardiac function (23,
46, 65, 74). The role of targeted, short-term S100A9 inhibition on
left ventricular systolic performance in an experimental model of
myocardial infarction revealed that three days of inhibition of
S100A9 during the acute inflammatory phase significantly
modulates cardiac proteome changes in ways that favor
myocardial recovery and repair processes. By modulating anti-
apoptotic proteins involved in p53 signaling pathways and
reducing the expression of molecules involved in leukocyte
recruitment, S100A8/A9 blockade offers cardioprotective
effects (76).

The implications of S100A8/A9 and soluble RAGE signaling
pathways were also evaluated in patients with HF and subsequent
malignant ventricular arrhythmias. Interestingly, the study of
Flevari et al. revealed that SI00A8/A9 levels were lower in
patients with HF, implantable cardioverter defibrillator, and
sustained ventricular arrhythmias during a four-year follow-up
period, suggesting the potential role of SI00A8/A9 as a prognostic
biomarker of sudden cardiac death in this population (68).
Nonetheless, these findings must be considered within all
observational study limitations, together with a reduced sample
size and limited rate of sustained ventricular arrhythmias.

Due to an incomplete understanding of the pathogenic
mechanisms and subsequent ineffective therapies, HFpEF continues
to be associated with high morbidity and mortality (77, 78).
Accumulating evidence highlights that inflammation plays a central
role in HFpEF, emphasizing that the burden of comorbidities induces
a systemic proinflammatory state, contributing to coronary
endothelial inflammation, myocardial stiffness, and consecutive
myocardial fibrosis (79-82). Voss et al. demonstrated in a murine
model of HF that the adipose tissue is an important extracardiac
source of SI00A9, which increases mRNA expression of chemokine-C
ligand 2 (CCL2) and 7 (CCL7) in cardiac fibroblasts, potentially
identifying a novel therapeutic target for HFpEF (67).

Inflammation-mediated HF is also closely associated with
myocardial hypertrophy, particularly in patients with HFpEF, and
this contribution could also stand as a therapeutic target. In mice
with angiotensin II infusion, administration of an S100A9 antibody
demonstrated protective effects against ventricular hypertrophy by
suppressing infiltration with cluster of differentiation (CD) 45
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TABLE 1 Summary of key studies on SLO0A8/A9 contribution to atherosclerosis, heart failure, and cardiac arrhythmias.
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TABLE 1 Continued

Authors/
year

Title

S100A8/A9’s role in heart failure

Li et al.
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leukocytes and CD11b monocytes and blocked NF-xB-dependent
proinflammatory expression (25, 83). Complementary, Sun et al.

demonstrated in an experimental model of cardiac fibrosis that
S100A8/A9 blockade was associated with decreased levels of NF-kB
p65 and reduced cardiac fibrosis (84).

Evolving evidence suggests that SI00A8/A9 adds diagnostic

value in all HF subtypes when combined with N-terminal pro

brain natriuretic peptide (NTproBNP), but high plasma levels of
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fibrosis in vivo via damage-
associated molecular patterns

this heterodimer are also elevated in myocarditis and several other
inflammatory conditions (14). While NTproBNP level reveals

hemodynamic status and troponin levels indicate myocardial

injury, S100A8/A9 defines the inflammatory axis, offering an
additional risk evaluation tool. The role of SI00A8/A9 in patients
with sepsis-induced cardiomyopathy and myocarditis was also
studied. Muller et al. analyzed serum S100A8/A9 levels across
patients with recent-onset myocarditis, and their research
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FIGURE 3

Potential mechanisms of SI00A8/A9 contribution to heart failure development. Initial cardiac injury leads to neutrophil infiltration into
cardiomyocytes, which will be responsible for SI00A8/A9 release into the extracellular space. STO0A8/A9 binds to the receptor for advanced
glycation end-products (RAGE), activating toll-like receptor-4 (TLR-4), converging to nuclear factor kappa b activation (NF-kB). Consequently,
interleukins 1 beta, and 6 are produced, in parallel with mitochondrial dysfunction and adenosine triphosphate (ATP) depletion. Sustained
inflammation leads to fibrosis, cardiac hypertrophy, and cardiomyocyte dysfunction.

supports the role of this biomarker as a potential diagnostic tool
with high sensitivity and specificity (85). Additionally, SI00A8/A9
was shown to play a key role in Coxsackie virus B3-induced
myocarditis in both experimental and human models, and it was
recognized as a tool to track disease progression (86).

Sepsis triggers a systemic inflammatory response, which has the
potential to trigger cardiomyocyte necrosis and impair systolic
performance. SI00A8/A9 seems to play a crucial role in sepsis-
induced cardiomyopathy, and Wu et al. demonstrated in a murine
model of sepsis that SI00A8/A9 activates extracellular signal-
regulated kinases 1/2 and dynamin-related protein 1 (ERK1/2-
DRP1) signaling pathways, responsible for mitochondrial
dysfunction. Also, the authors highlighted the beneficial effects of
S100A9 inhibition on systolic function and mortality in their model
of sepsis-induced cardiomyopathy (66).

The translation of experimental findings into effective clinical
intervention remains challenging, but promising clinical findings
support inflammation-targeted HF therapy. Recently, the
Canakinumab Antiinflammatory Thrombosis Outcome Study
trial has demonstrated promising results. Administration of
canakinumab, a monoclonal antibody targeting IL-1P, was
associated with a dose-dependent reduction in hospitalization and
mortality in patients with HF (11). Even though S100A8/A9 seems
to be a promising diagnostic and prognostic biomarker in HF, a gap
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in clinical translation exists. To date, no clinical trials have
investigated targeted inhibition of SI00A8/A9 in cardiovascular
diseases, underscoring the need to assess the safety and efficacy of
S100A8/A9 inhibitors in phase 2 trials. Table 1 provides the most
relevant studies investigating the role of S100A8/A9 in
HF pathogenesis.

4 S100A8/A9 and cardiac
arrhythmogenesis

Currently, there is limited data examining the involvement of
S100A8/A9 in cardiac arrhythmogenesis. However, several
potential pathways through which S100A8/A9 may exhibit
proarrhythmic effects deserve to be discussed.

The three-condition framework for arrhythmia occurrence
(i.e., substrate, trigger, and modulating factors) is a well-recognized
concept in electrophysiology, and S100A8/A9 seems to influence all of
them (Figure 4). In the early phase of myocardial infarction, SI00A8/
A9 released from neutrophils leads to the activation of
proinflammatory signaling pathways, such as NF-kB or MAPK, that
recruit additional inflammatory cells and promote the release of
inflammatory cytokines, amplifying the inflammatory response
(Figure 4). This initial inflammatory phase is critical for removing
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Potential mechanisms of SI00A8/A9-mediated cardiac arrhythmogenesis. The left panel depicts inflammatory signaling where S100A8/A9 activates
receptor for advanced glycation end-products (RAGE) and Toll-like receptors-4 (TLR4), triggering nuclear factor kappa b (NF-xB)-mediated
upregulation of proinflammatory cytokines. This sustained inflammatory status indirectly alters ion channel function, disrupting normal action
potential characteristics. The right panel demonstrates how S100A8/A9 induces mitochondrial dysfunction through excessive reactive oxygen
species (ROS) generation. The resulting oxidative stress directly impacts the calcium-handling process, while promoting mitochondrial permeability
transition pore (MPTP) opening and depleting adenosine triphosphate (ATP) reserves, which is crucial for maintaining cardiac electrical stability.

The upper panel highlights calcium dysregulation, where SI00A8/A9-mediated oxidation of ryanodine receptor 2 (RyR2) channels promotes
sarcoplasmic reticulum calcium leak, creating a substrate for delayed after depolarizations. Concurrent L-type calcium channel dysfunction prolongs
the QT interval and generates abnormal inward currents, which promotes ectopic beat formation. The lower panel emphasizes fibrotic remodeling
initiated by SI00A8/A9-activated fibroblasts, which will slow conduction and facilitate reentry circuits.

cellular debris; however, excessive or prolonged inflammation can lead
to structural adverse cardiac remodeling, which is responsible for
producing the substrate of arrhythmogenesis (87, 88).

Jakobsson et al. investigated the therapeutic potential of
S100A8/A9 blockade in the context of sepsis-induced myocardial
dysfunction, highlighting the critical role of S100A8/A9 in
mediating both myocardial and systemic inflammation in sepsis.
The study demonstrated a strong association between elevated
plasma levels of S100A8/A9 and the severity of left ventricular
dysfunction in patients with sepsis. Utilizing a murine model of
endotoxemia, it was observed that S100A8/A9 levels increased
rapidly after lipopolysaccharide administration, corresponding
with the onset of cardiac dysfunction. This association suggests
that SI00A8/A9 may play a direct role in the inflammatory response
associated with sepsis. The proinflammatory actions of SI00A8/A9
appear to be mediated, at least in part, through its interactions with
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TLR-4 and RAGE receptors, which activate downstream
inflammatory pathways. This causes the release of a range of pro-
inflammatory cytokines, such as IL-1B, TNF-o, and interferon-y,
which exacerbate the inflammatory response and myocardial injury
(Figure 4). Notably, the blocking of S100A8/A9 resulted in a
significant reduction in the levels of these cytokines, both
systemically and within the myocardium (69). While chronic
cardiac inflammation involving S100A8/A9 via RAGE and TLR-4
is responsible for inducing arrhythmogenic myocardial substrate,
this study demonstrates that acute S100A8/A9-mediated
inflammation directly triggers arrhythmic events. This suggests
that S100A8/A9 plays a dual role by both creating long-term
structural vulnerability and interacting with immediate triggers,
highlighting a more complex relationship between inflammation
and cardiac electrical abnormalities than previously understood
(89, 90).
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Interestingly, S100A8/A9 also exhibits anti-inflammatory
properties. The current literature establishes that S100A8/A9
possesses context-dependent anti-inflammatory effects that can
limit post-injury cardiac inflammation and fibrosis, mechanisms
highly relevant to arrhythmogenesis (91, 92). However, direct
experimental evidence linking these anti-inflammatory actions of
S100A8/A9 to concrete arrhythmia outcomes or electrophysiological
endpoints is presently lacking. However, it can inhibit NF-xB
activation, reducing the production of proinflammatory cytokines
(91, 92). Furthermore, it lowers the mRNA expression of
inflammatory molecules, such as IL-6, and promotes the
differentiation of proinflammatory monocytes into anti-
inflammatory macrophages, both of which help to resolve
inflammation (93). This shift toward anti-inflammatory cells
promotes tissue repair and resolution of the inflammatory
response. The specific mechanisms underlying these opposing
actions (pro- versus anti-inflammatory) are not fully understood
and may involve different oligomeric forms of SI00A8/A9 or post-
translational changes (92, 94, 95). Oxidized forms of SI00A8/A9 can
reduce neutrophil adhesion, leukocyte-driven injury, and
inflammation in the injured myocardium, blunting excessive acute
inflammation that promotes fibrotic and electrical remodeling (94).
Also, as previously discussed, short-term S100A8/A9 blockade
reduces immune infiltration and preserves cardiac function (65).
Acute inhibition of S100A8/A9 in murine MI and myocarditis
models lessens macrophage/neutrophil infiltration, decreases
fibrosis, improves neovascularization, and protects against decline
in LV function, which is crucial for harnessing the anti-inflammatory
benefit, including in S100A8/A9-derived arrhythmogenesis (65).
Flevari et al. observed that low levels of SI00A8/A9 were associated
with an increased number of ventricular tachycardia episodes in
patients with stable HF over a follow-up period of approximately 48
months, suggesting the complexity of this heterodimer in cardiac
arrhythmogenesis (68).

The dual nature of SI00A8/A9 complicates its role in
cardiovascular disease. While it exacerbates early inflammatory
responses, its anti-inflammatory actions later in the process
contribute to tissue repair. This dualistic nature makes S100A8/
A9 a complex biomarker, potentially reflecting disease severity or
even predicting prognosis, depending on the specific context and
phase of the disease. Further research is needed to understand these
variations and find specific treatment strategies for targeting
S100A8/A9 in CVD.

S100A8/A9 also promotes fibrosis under a variety of situations
by increasing the production of pro-fibrotic factors. It can stimulate
fibroblasts through several signaling pathways. SI00A8/A9 interacts
with TLR-4 and RAGE receptors on fibroblasts, leading to increased
synthesis of transforming growth factor-p (TGF-f), a powerful pro-
fibrotic cytokine. Increased TGE-PB levels promote fibroblast
differentiation into myofibroblasts, which increase collagen
production. S100A8/A9 can potentially indirectly promote fibrosis
by recruiting inflammatory cells to the affected area within the
heart. These cells produce more pro-fibrotic factors, contributing to
the acceleration of the fibrotic process (71, 96).
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S100A8/A9-induced inflammation via TLR-4 and RAGE
activation causes myocardial injury, fibrosis, immune cell
infiltration, and electrophysiological alterations, all of which
increase the risk of cardiac arrhythmias (87-89). These alterations
disrupt the heart’s normal electrical conduction system, promote
abnormal automaticity, and increase the likelihood of re-entry
circuits, all of which are major triggers of arrhythmias.

The direct mechanistic link to ion channel remodeling is best
supported for Ca** handling, with less evidence for other channels.
The translational relevance is uncertain due to the lack of direct
human mechanistic studies. The S100 protein family is involved in
Ca®" handling in many tissues and organs. S100A1 interacts with
the ryanodine receptor (RyR2), the sarcoplasmic reticulum Ca®+-
adenosine triphosphate (ATP) ase (SERCA2), and the
mitochondrial F1-ATPase to modulate Ca*+ cycling within the
sarcoplasmic reticulum and to influence mitochondrial function in
cardiomyocytes, exhibiting antihypertrophic and antiarrhythmic
effects. Particularly, the SI00A1 protein appears to be significantly
downregulated in individuals with severe HF, which may result in
an important proarrhythmic effect in these patients (97). SI00A8/
A9 binding to RAGE receptors on cardiomyocytes in sepsis might
lead to cardiomyocyte dysfunction observed in experimental studies
due to a decrease in cardiomyocyte contractility, possibly through
their interaction with the calcium-regulating proteins SERCA2 and/
or RyR2, thereby altering intracellular Ca** handling (70). However,
little is known about the involvement of S100A8/A9 in Ca** handling
within the heart. It is expected to have both direct effects on
cardiomyocytes (potentially altering Ca** influx and the function of
Ca®*-handling proteins) and indirect effects mediated through
inflammation and mitochondrial dysfunction. While direct K*
channel interactions with SI00A8/A9 haven’t been demonstrated,
related S100 proteins modulate calcium-activated K* channels,
background K" currents through TWIK-related Acid Sensitive K*
channels-1, and voltage-dependent K* channels (98). There are no
direct studies demonstrating SI00A8/A9 effects on human inward
rectifier in the voltage-gated potassium channel family, while detailed
electrophysiological studies with patch-clamp recordings of SI00A8/
A9 effects on specific ionic currents are unavailable. SI00A8/A9-
induced calcium handling abnormalities would secondarily affect all
calcium-dependent potassium currents, altering repolarization
patterns and action potential duration. Moreover, the protein’s
ability to compete with calmodulin for regulatory binding sites
suggests potential direct interactions with voltage-gated potassium
channels that use calmodulin for regulation (98).

Direct studies examining SI00A8/A9 effects on gap junctions
and connexin proteins are notably absent from the current
literature, representing a significant research gap. However,
indirect evidence suggests meaningful effects on intercellular
coupling. The structural remodeling promoted by S100A8/A9
affects gap junction distribution and function. S100A8/A9
stimulates fibroblast proliferation and collagen type III expression
through RAGE signaling, creating fibrotic tissue that disrupts
normal gap junction coupling patterns (71, 96). These effects can
have a significant impact on heart inotropism, lusitropism, and
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electrical stability, leading to the development of systolic
dysfunction and increased susceptibility to atrial and
ventricular arrhythmias.

The complex involvement of SI00A8/A9 in cardiac damage and
dysfunction also includes its influence on mitochondrial function.
S100A8/A9’s impact on mitochondria seems not to be a direct one,
but rather a consequence of its influence on inflammation and
oxidative stress within the heart. The primary mechanism by which
S100A8/A9 contributes to mitochondrial dysfunction involves the
disruption of the electron transport chain. Specifically, SI00A8/A9,
through the TLR-4 mediated signaling pathway, downregulates the
expression of NDUF genes, which regulate the complex I
(ubiquinone oxidoreductase subunit) in the electron transport
chain of the mitochondria (47). The inhibition of complex I
activity results in decreased ATP production and increased ROS
formation, both of which are markers of mitochondrial dysfunction.
The reduction in the peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-10)//nuclear respiratory factor 1
(NRF1) signaling further exacerbates this process, as these factors
are essential for mitochondrial biogenesis and function (99).
Emerging evidence from recent studies indicates a significant role
for PGC-1a. in cardiac electrophysiology. These investigations
suggest that PGC-1o. contributes to the substrate that predisposes
the myocardium to arrhythmogenic events. Furthermore, a
potential link between PGC-1a. and the regulation of Na*/Ca**
homeostasis has been proposed, suggesting that alterations in PGC-
Lo expression or activity may influence the balance of intracellular
calcium, a critical determinant of cardiac excitability and
contractility (100, 101).

Studies on mice with SI00A9 deletion have shown that SI00A9
has a protective effect against sepsis-induced heart damage, as seen
by reduced mitochondrial dysfunction, apoptosis, and pro-
inflammatory cytokine production. In contrast, unfavorable
effects are increased in transgenic mice overexpressing S100A8/
A9. Pharmacological inhibition of SI00A8/A9 with the small
molecule inhibitor ABR-238901 showed promise in reducing
mitochondrial dysfunction, suggesting that S100A8/A9 inhibition
may play a role in reducing arrhythmic burden (69).

While no studies have directly linked the S1I00A8/A9 protein to
cardiac arrhythmia onset or maintenance, its established effects on the
triad inflammation, calcium handling, and mitochondrial function, all
of which are interconnected in arrhythmogenesis, suggest that SI00A8/
A9 may play an indirect role in cardiac arrhythmogenicity.

5 S100A8/A9 in inflammation: a
double-edged mediator

The paradoxical dual roles of S100A8/A9 represent a
fundamental challenge in understanding its pathophysiology.
Rather than being simply pro- or anti-inflammatory, S100A8/A9
functions as a molecular switch whose effects depend on multiple
regulatory factors. In terms of concentration-dependent effects,
nanomolar ranges (low concentrations) are associated with cell
growth, survival signaling, and wound healing responses. At these
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levels, SI00A8/A9 acts as a damage signal that initiates protective
responses without overwhelming cellular defenses (102). Short-term
pharmacologic blockade (3 days) of S1I00A8/A9 after myocardial
infarction significantly reduces acute inflammatory cell infiltration
and tissue damage, improving early and long-term cardiac function
(24, 51). Prolonged or extended blockade (>7 days post-myocardial
infarction) of S100A8/A9 has adverse effects, such as impaired
monocyte/hematopoietic stem cell responses, reduced reparative/
fibrotic macrophage recruitment, and deterioration of cardiac
function (36, 51). Utilizing single-cell RNA sequencing and mass
cytometry to track monocyte-derived cells following myocardial
infarction, Shen et al. identified S100A9 macrophages as pivotal
mediators of both acute inflammation and subsequent fibrotic
remodeling. While their findings establish a direct involvement of
S100A9-expressing macrophages in both the injury and remodeling
phases, they do not explore the role of concentration gradients in
these processes (103). As previously discussed, most data on S100
proteins’ dual role and threshold values derive from rheumatological
studies, where increased concentrations of S100 proteins in serum
and synovial fluid closely correlate with disease activity in several
rheumatic diseases and serve as useful biomarkers for monitoring
disease activity. SI00A8/A9 proteins exhibit concentration-
dependent functional duality, wherein dimeric forms at low-
micromolar concentrations engage TLR4 to drive leukocyte
adhesion, migration, and classic pro-inflammatory responses (65,
104). Conversely, tetrameric configurations achieved through
elevated Ca®" levels or local concentration accumulation at high-
micromolar ranges (250 ng mL™") lose TLR4 activity due to binding
site masking, instead eliciting anti-inflammatory and regulatory
effects, including suppression of monocyte dynamics, interaction
with CD69, and spatial restriction of inflammatory processes (104).
However, current research has not accurately established quantitative
thresholds that define specific Ca®" and protein concentrations at
which oligomerization transitions occur in patients with ASCVD
and HF.

Even though it is well-demonstrated that high concentrations of
S100A8/A9 promote inflammation and lower concentrations may
facilitate resolution, direct in vivo titration or measurement of
physiologically relevant thresholds is not performed in these key
cardiac studies, and most experiments employ complete
pharmacologic blockade. Cellular context (macrophage/neutrophil
source) is examined to a greater degree than absolute tissue levels. In
neutrophils, SI00A8/A9 contributes to antimicrobial activity and the
formation of NETs. In monocytes and macrophages, it promotes the
production of pro-inflammatory mediators, while in endothelial cells,
S100A8/A9 upregulates the expression of adhesion molecules,
facilitating leukocyte recruitment (16-18). Understanding this
duality is essential not only for comprehending inflammatory
pathophysiology but also for developing nuanced therapeutic
strategies that harness protective functions while preventing
pathological consequences.

The small-molecule pharmacological inhibitor ABR-238901
selectively targets S100A9 and has demonstrated efficacy in
reducing infarct size and enhancing cardiac function in preclinical
models of myocardial infarction. Emerging translational studies
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suggest that short-term administration (3-5 days) following
infarction may offer an optimal balance between attenuating
inflammation and preserving reparative processes (24, 36, 76). A
recent study has demonstrated that early administration of ABR-
238901 (30 mg/kg/day) during the first 7 days following
experimentally induced myocarditis in mice significantly
improved survival, enhanced cardiac function, and reduced
myocardial inflammatory responses (105). Moreover, Vlad et al.
demonstrated that a 3-day administration of ABR-238901 in an
experimental mouse model of myocardial infarction conferred
cardioprotective effects, primarily through the inhibition of
S100A8/A9-induced upregulation of NADPH oxidase expression
and activation of the NLRP3 inflammasome (106). These findings
are consistent with previous data in myocardial infarction models
and further support the concept that short-term S100A9 blockade
offers a favorable therapeutic window by mitigating inflammation
while preserving reparative mechanisms.

6 Gaps in knowledge and future
directions

Despite significant advances in understanding the role of
S100A8/A9 in coronary atherosclerosis, HF, and cardiac
arrhythmogenesis, several critical knowledge gaps warrant further
investigation, especially in terms of mechanistic understandings and
clinical translation from experimental studies.

The exact molecular mechanisms by which S100A8/A9 exerts its
effects in various cardiovascular pathologies remain incompletely
explored. While receptor-mediated signaling through TLR-4 and
RAGE has been established, the downstream intracellular cascades
show tissue- and context-dependent variations that require further
elucidation. Particularly unclear is how the same molecular complex
can induce dual effects by promoting inflammation and tissue
damage in some contexts while facilitating repair in others. Apart
from that, the functions of SI00A8/A9 in cardiomyocytes and their
relationship with intracellular calcium homeostasis abnormalities in
arrhythmogenesis represent a significant knowledge gap. The
relationship between S100A8/A9 and classic regulators of cardiac
electrophysiology also remains poorly characterized.

Our current understanding is limited by cross-sectional studies
that provide brief snapshots, rather than longitudinal insights. The
temporal dynamics of SI00A8/A9 expression throughout disease
progression, from subclinical atherosclerosis to plaque rupture or
from compensated to decompensated HF, remain poorly described.
To date, it is unknown whether S100A8/A9 serves primarily as an
early mediator or a risk factor per se in cardiovascular pathology.

The translation of findings from experimental models to clinical
applications represents another important gap, due to differences
between murine and human S100A8/A9 biology, particularly
regarding downstream signaling, which may complicate
interpretation. Moreover, the biomarker potential of SI00A8/A9
is limited by a lack of standardization in measurement methods and
insufficient large-scale longitudinal studies correlating SI00A8/A9
levels with clinically significant outcomes.
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The ubiquitous expression of S100A8/A9 in inflammation
imposes significant challenges for developing therapeutic
approaches, since complete inhibition may compromise its
beneficial functions in tissue repair. Understanding the structural
details of S100A8/A9 biological interactions with various
inflammatory cells could enable a targeted, selective modulation
of specific pathways, while preserving SI00A8/A9’s beneficial
effects. Several promising future directions may address these
gaps. Transcriptomics and proteomics could help to clarify the
interaction of SI00A8/A9 with cardiovascular pathology, while the
recent development of molecular imaging techniques may allow in
vivo monitoring of S1I00A8/A9 expression in atherosclerotic
plaques and cardiomyocytes.

The dichotomous roles of SI00A8/A9 require further insights
into their time, cell, and context-dependent involvement in the
pathogenesis of CVD, to allow identification of the therapeutic
window and tailored therapies. Further studies should focus on
establishing optimal timing for S100A8/A9 blockade intervention,
investigating the transition point between pro-inflammatory and
reparative phases in myocardial injury to maximize the therapeutic
benefit. Developing temporal biomarker profiles to guide
personalized treatment initiation and duration represents another
research priority for SI00A8/A9 involvement in CVD. While the
role of S100A8/A9 in atherosclerosis and HF is increasingly
understood, its involvement in cardiac arrhythmogenesis remains
poorly understood. Therefore, future studies should investigate the
impact of S100A8/A9 on the cardiac conduction system and
autonomic regulation, the role in atrial fibrillation initiation, but
also the contribution to ventricular arrhythmias in post-myocardial
infarction patients. To bridge the gap between preclinical findings
and clinical application, phase I/II trials of SI00A8/A9 inhibitors in
a specific CVD population are required. These research strategies
offer promising pathways for advancing our understanding of
S100A8/A9 in CVD and translating this knowledge into effective
therapeutic strategies.

7 Conclusion

S100A8/A9 has emerged as a key mediator in several
cardiovascular conditions, contributing to plaque destabilization
and rupture in ACS, promoting arrhythmogenesis through effects
on ion channel function, automatism, and structural remodeling,
and playing a role in left ventricular systolic and diastolic
dysfunction. These findings highlight its potential both as a
biomarker and therapeutic target in ASCVD, HF, and cardiac
arrhythmogenesis. However, its stage-dependent effects and
mechanistic ambiguity must be addressed for clinical translation
to be effective.

Author contributions

D-AC: Writing - review & editing, Data curation, Writing — original
draft, Methodology, Conceptualization. V-BH: Writing - review & editing,

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1630410
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Cozac et al.

Methodology, Formal Analysis, Visualization. AS: Formal Analysis,
Validation, Conceptualization, Writing — review & editing, Visualization.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This work was supported
by the George Emil Palade University of Medicine, Pharmacy,
Science, and Technology of Targu Mures Research Grant number
171/5/09.01.2024.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The reviewer RM declared a shared affiliation with the authors
to the handling editor at the time of the review.

References

1. Martin SS, Aday AW, Almarzooq ZI, Anderson CAM, Arora P, Avery CL, et al.
2024 Heart disease and stroke statistics: A report of US and global data from the
American heart association. Circulation. (2024) 149:e347-913. doi: 10.1161/
CIR.0000000000001209

2. Timmis A, Aboyans V, Vardas P, Townsend N, Torbica A, Kavousi M, et al.
European society of cardiology: the 2023 atlas of cardiovascular disease statistics. Eur
Heart J. (2024) 45:4019-62. doi: 10.1093/eurheartj/ehae466

3. Visseren FLJ, Mach F, Smulders YM, Carballo D, Koskinas KC, Bick M, et al.
2021 ESC Guidelines on cardiovascular disease prevention in clinical practice:
Developed by the Task Force for cardiovascular disease prevention in clinical
practice with representatives of the European Society of Cardiology and 12 medical
societies With the special contribution of the European Association of Preventive
Cardiology (EAPC). Eur Heart J. (2021) 42:3227-337. doi: 10.1093/eurheartj/ehab484

4. Bick M, Yurdagul A, Tabas I, O6rni K, Kovanen PT. Inflammation and its
resolution in atherosclerosis: mediators and therapeutic opportunities. Nat Rev Cardiol.
(2019) 16:389-406. doi: 10.1038/s41569-019-0169-2

5. Henein MY, Vancheri S, Longo G, Vancheri F. The role of inflammation in
cardiovascular disease. Int ] Mol Sci. (2022) 23. Available online at: https://www.mdpi.
com/1422-0067/23/21/12906 (Accessed June 01, 2025).

6. Antonopoulos AS, Angelopoulos A, Papanikolaou P, Simantiris S, Oikonomou
EK, Vamvakaris K, et al. Biomarkers of vascular inflammation for cardiovascular risk
prognostication. JACC Cardiovasc Imaging. (2022) 15:460-71. doi: 10.1016/
jjcmg.2021.09.014

7. Alfaddagh A, Martin SS, Leucker TM, Michos ED, Blaha MJ, Lowenstein CJ, et al.
Inflammation and cardiovascular disease: From mechanisms to therapeutics. Am J Prev
Cardiol. (2020) 4. Available online at: https://api.semanticscholar.org/
CorpusID:229508204 (Accessed June 01, 2025).

8. Vrints C, Andreotti F, Koskinas KC, Rossello X, Adamo M, Ainslie ], et al. 2024
ESC Guidelines for the management of chronic coronary syndromes: Developed by the
task force for the management of chronic coronary syndromes of the European Society
of Cardiology (ESC) Endorsed by the European Association for Cardio-Thoracic
Surgery (EACTS). Eur Heart J. (2024) 45:3415-537. doi: 10.1093/eurheartj/ehael77

9. Nicholls §J, Kastelein JJP, Schwartz GG, Bash D, Rosenson RS, Cavender MA,
et al. Varespladib and cardiovascular events in patients with an acute coronary
syndrome: the VISTA-16 randomized clinical trial. JAMA. (2014) 311:252-62.
doi: 10.1001/jama.2013.282836

10. O’Donoghue ML, Braunwald E, White HD, Steen DL, Lukas MA, Tarka E, et al.
Effect of darapladib on major coronary events after an acute coronary syndrome: the
SOLID-TIMI 52 randomized clinical trial. JAMA. (2014) 312:1006-15. doi: 10.1001/
jama.2014.11061

11. Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne C,
et al. Antiinflammatory therapy with canakinumab for atherosclerotic disease. New
Engl ] Med. (2025) 377:1119-31. doi: 10.1056/NEJMo0al707914

Frontiers in Immunology

10.3389/fimmu.2025.1630410

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

12. Tardif JC, Kouz S, Waters DD, Bertrand OF, Diaz R, Maggioni AP, et al. Efficacy
and safety of low-dose colchicine after myocardial infarction. New Engl ] Med. (2019)
381:2497-505. doi: 10.1056/NEJMoal1912388

13. Jolly SS, dEntremont MA, Lee SF, Mian R, Tyrwhitt ], Kedev S, et al. Colchicine
in acute myocardial infarction. New Engl ] Med. (2025) 392(7):633-42. doi: 10.1056/
NEJMo0a2405922

14. Wang S, Song R, Wang Z, Jing Z, Wang S, Ma J. S100A8/A9 in inflammation.
Front Immunol. (2018) 9:1298. doi: 10.3389/fimmu.2018.01298

15. Pruenster M, Vogl T, Roth J, Sperandio M. S100A8/A9: From basic science to
clinical application. Pharmacol Ther. (2016) 167:120-31. Available online at: https:/
api.semanticscholar.org/CorpusID:22517012 (Accessed October 01, 2025).

16. Austermann J, Spiekermann C, Roth J. S100 proteins in rheumatic diseases. Nat
Rev Rheumatol. (2018) 14:528-41. doi: 10.1038/s41584-018-0058-9

17. Xia C, Braunstein Z, Toomey AC, Zhong J, Rao X. S100 proteins as an important
regulator of macrophage inflammation. Front Immunol. (2018) 8:1908. doi: 10.3389/
fimmu.2017.01908

18. Gifford JL, Walsh MP, Vogel HJ. Structures and metal-ion-binding properties of
the Ca2+-binding helix-loop-helix EF-hand motifs. Biochem J. (2007) 405:199-221.
doi: 10.1042/BJ20070255

19. Vogl T, Ludwig S, Goebeler M, Strey A, Thorey IS, Reichelt R, et al. MRP8 and
MRP14 control microtubule reorganization during transendothelial migration of
phagocytes. Blood. (2004) 104:4260-8. Available online at: https://www.sciencedirect.
com/science/article/pii/S0006497120490743 (Accessed October 01, 2025).

20. Hobbs JAR, May R, Tanousis K, McNeill E, Mathies M, Gebhardt C, et al.
Myeloid cell function in MRP-14 (S100A9) null mice. Mol Cell Biol. (2003) 23:2564-76.
doi: 10.1128/MCB.23.7.2564-2576.2003

21. Kerkhoff C, Sorg C, Tandon NN, Nacken W. Interaction of SI00A8/S100A9 -
Arachidonic acid complexes with the scavenger receptor CD36 may facilitate fatty
acid uptake by endothelial cells. Biochemistry. (2001) 40:241-8. doi: 10.1021/
bi001791k

22. Lackmann M, Rajasekariah P, Iismaa SE, Jones G, Cornish CJ, Hu §, et al.
Identification of a chemotactic domain of the pro-inflammatory S100 protein CP-10. ]
Immunol. (1993) 150:2981-91. doi: 10.4049/jimmunol.150.7.2981

23. Frangogiannis NG. S100A8/A9 as a therapeutic target in myocardial infarction:
cellular mechanisms, molecular interactions, and translational challenges. Eur Heart J.
(2019) 40:2724-6. doi: 10.1093/eurheartj/ehz524

24. Mares RG, Suica VI, Uyy E, Boteanu RM, Ivan L, Cocuz IG, et al. Short-term
S100A8/A9 blockade promotes cardiac neovascularization after myocardial infarction.
J Cardiovasc Transl Res. (2024) 17:1389-99. doi: 10.1007/s12265-024-10542-6

25. Bai B, Xu Y, Chen H. Pathogenic roles of neutrophil-derived alarmins (S100A8/
A9) in heart failure: From molecular mechanisms to therapeutic insights. Br ]
Pharmacol. (2023) 180:573-88. doi: 10.1111/bph.15998

frontiersin.org


https://doi.org/10.1161/CIR.0000000000001209
https://doi.org/10.1161/CIR.0000000000001209
https://doi.org/10.1093/eurheartj/ehae466
https://doi.org/10.1093/eurheartj/ehab484
https://doi.org/10.1038/s41569-019-0169-2
https://www.mdpi.com/1422-0067/23/21/12906
https://www.mdpi.com/1422-0067/23/21/12906
https://doi.org/10.1016/j.jcmg.2021.09.014
https://doi.org/10.1016/j.jcmg.2021.09.014
https://api.semanticscholar.org/CorpusID:229508204
https://api.semanticscholar.org/CorpusID:229508204
https://doi.org/10.1093/eurheartj/ehae177
https://doi.org/10.1001/jama.2013.282836
https://doi.org/10.1001/jama.2014.11061
https://doi.org/10.1001/jama.2014.11061
https://doi.org/10.1056/NEJMoa1707914
https://doi.org/10.1056/NEJMoa1912388
https://doi.org/10.1056/NEJMoa2405922
https://doi.org/10.1056/NEJMoa2405922
https://doi.org/10.3389/fimmu.2018.01298
https://api.semanticscholar.org/CorpusID:22517012
https://api.semanticscholar.org/CorpusID:22517012
https://doi.org/10.1038/s41584-018-0058-9
https://doi.org/10.3389/fimmu.2017.01908
https://doi.org/10.3389/fimmu.2017.01908
https://doi.org/10.1042/BJ20070255
https://www.sciencedirect.com/science/article/pii/S0006497120490743
https://www.sciencedirect.com/science/article/pii/S0006497120490743
https://doi.org/10.1128/MCB.23.7.2564-2576.2003
https://doi.org/10.1021/bi001791k
https://doi.org/10.1021/bi001791k
https://doi.org/10.4049/jimmunol.150.7.2981
https://doi.org/10.1093/eurheartj/ehz524
https://doi.org/10.1007/s12265-024-10542-6
https://doi.org/10.1111/bph.15998
https://doi.org/10.3389/fimmu.2025.1630410
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Cozac et al.

26. Ma J, Li Y, Li P, Yang X, Zhu S, Ma K, et al. SI00A8/A9 as a prognostic
biomarker with causal effects for post-acute myocardial infarction heart failure. Nat
Commun. (2024) 15:2701. doi: 10.1038/s41467-024-46973-7

27. Fernandez DM, Rahman AH, Fernandez NF, Chudnovskiy A, Amir E ad D,
Amadori L, et al. Single-cell immune landscape of human atherosclerotic plaques. Nat
Med. (2019) 25:1576-88. doi: 10.1038/s41591-019-0590-4

28. Winkels H, Ehinger E, Vassallo M, Buscher K, Dinh HQ, Kobiyama K, et al.
Atlas of the immune cell repertoire in mouse atherosclerosis defined by single-cell
RNA-sequencing and mass cytometry. Circ Res. (2018) 122:1675-88. Available online
at: https://api.semanticscholar.org/CorpusID:3933502 (Accessed October 01, 2025).

29. Sueishi Y. Early human atherosclerosis - Accumulation of lipid and
proteoglycans in intimal thickenings followed by macrophage infiltration.
Arterioscler Thromb Vasc Biol. (2007) 27:1159-65. doi: 10.1161/
ATVBAHA.106.134080

30. Averill MM, Kerkhoff C, Bornfeldt KE. S100A8 and S100A9 in cardiovascular
biology and disease. Arterioscler Thromb Vasc Biol. (2012) 32:223-9. doi: 10.1161/
ATVBAHA.111.236927

31. Kwon CH, Moon HJ, Park HJ, Choi JH, Park DY. SI00A8 and S100A9 Promotes
Invasion and Migration through p38 Mitogen-Activated Protein Kinase-Dependent
NF-kB Activation in Gastric Cancer Cells. Mol Cells. (2013) 35:226-34. Available
online at: https://www.sciencedirect.com/science/article/pii/S1016847823052251
(Accessed October 01, 2025).

32. Bjorkbacka H, Kunjathoor VV, Moore KJ, Koehn S, Ordija CM, Lee MA, et al.
Reduced atherosclerosis in MyD88-null mice links elevated serum cholesterol levels to
activation of innate immunity signaling pathways. Nat Med. (2004) 10:416-21.
doi: 10.1038/nm1008

33. Michelsen KS, Wong MH, Shah PK, Zhang W, Yano J, Doherty TM, et al. Lack
of Toll-like receptor 4 or myeloid differentiation factor 88 reduces atherosclerosis and
alters plaque phenotype in mice deficient in apolipoprotein E. Proc Natl Acad Sci.
(2004) 101:10679-84. doi: 10.1073/pnas.0403249101

34. Sprenkeler EGG, Zandstra ], van Kleef ND, Goetschalckx I, Verstegen B, Aarts
CEM, et al. SI00A8/A9 is a marker for the release of neutrophil extracellular traps and
induces neutrophil activation. Cells. (2022) 11. doi: 10.3390/cells11020236

35. Cai Z, Xie Q, Hu T, Yao Q, Zhao J, Wu Q, et al. SI00A8/A9 in myocardial
infarction: A promising biomarker and therapeutic target. Front Cell Dev Biol. (2020)
8:603902. doi: 10.3389/fcell.2020.603902

36. Marinkovi¢ G, Grauen Larsen H, Yndigegn T, Szabo 1A, Mares RG, de Camp L,
et al. Inhibition of pro-inflammatory myeloid cell responses by short-term S100A9
blockade improves cardiac function after myocardial infarction. Eur Heart J. (2019)
40:2713-23. doi: 10.1093/eurheartj/ehz461

37. Colicchia M, Schrottmaier WC, Perrella G, Reyat JS, Begum J, Slater A, et al.
S100A8/A9 drives the formation of procoagulant platelets through GPIbo. Blood.
(2022) 140:2626-43. doi: 10.1182/blood.2021014966

38. Soro-Paavonen A, Watson AMD, Li J, Paavonen K, Koitka A, Calkin AC, et al.
Receptor for advanced glycation end products (RAGE) deficiency attenuates the
development of atherosclerosis in diabetes. Diabetes. (2008) 57:2461-9. doi: 10.2337/
db07-1808

39. Sun Y, Xu H, Gao W, Deng J, Song X, Li J, et al. S100a8/A9 proteins: critical
regulators of inflammation in cardiovascular diseases. Front Cardiovasc Med. (2024)
11:1394137. doi: 10.3389/fcvm.2024.1394137

40. Chen K, Jiao X, Ashton A, Di Rocco A, Pestell TG, Sun Y, et al. The membrane-
associated form of cyclin D1 enhances cellular invasion. Oncogenesis. (2020) 9:83.
doi: 10.1038/s41389-020-00266-y

41. Ahn GO, Seita J, Hong BJ, Kim YE, Bok S, Lee CJ, et al. Transcriptional
activation of hypoxia-inducible factor-1 (HIF-1) in myeloid cells promotes
angiogenesis through VEGF and S100A8. Proc Natl Acad Sci. (2014) 111:2698-703.
doi: 10.1073/pnas.1320243111

42. Grootaert MOJ, Bennett MR. Vascular smooth muscle cells in atherosclerosis:
time for a re-assessment. Cardiovasc Res. (2021) 117:2326-39. doi: 10.1093/cvr/cvab046

43. Seropian IM, Toldo S, Van Tassell BW, Abbate A. Anti-inflammatory strategies
for ventricular remodeling following ST-segment elevation acute myocardial infarction.
J Am Coll Cardiol. (2014) 63:1593-603. Available online at: https://www.sciencedirect.
com/science/article/pii/S0735109714003258 (Accessed August 02, 2025).

44. Healy AM, Pickard MD, Pradhan AD, Wang Y, Chen Z, Croce K, et al. Platelet
expression profiling and clinical validation of myeloid-related protein-14 as a novel
determinant of cardiovascular events. Circulation. (2006) 113:2278-84. doi: 10.1161/
CIRCULATIONAHA.105.607333

45. Sakuma M, Tanaka A, Kotooka N, Hikichi Y, Toyoda S, Abe S, et al. Myeloid-

related protein-8/14 in acute coronary syndrome. Int ] Cardiol. (2017) 249:25-31.
doi: 10.1016/j.ijjcard.2017.09.020

46. Sreejit G, Abdel-Latif A, Athmanathan B, Annabathula R, Dhyani A, Noothi SK,
et al. Neutrophil-derived S100A8/A9 amplify granulopoiesis after myocardial infarction.
Circulation. (2020) 141:1080-94. doi: 10.1161/CIRCULATIONAHA.119.043833

47. Li Y, Chen B, Yang X, Zhang C, Jiao Y, Li P, et al. $100a8/a9 signaling causes
mitochondrial dysfunction and cardiomyocyte death in response to ischemic/reperfusion
injury. Circulation. (2019) 140:751-64. doi: 10.1161/CIRCULATIONAHA.118.039262

Frontiers in Immunology

15

10.3389/fimmu.2025.1630410

48. Regula KM, Ens K, Kirshenbaum LA. Mitochondria-assisted cell suicide: a
license to kill. ] Mol Cell Cardiol. (2003) 35:559-67. doi: 10.1016/S0022-2828(03)
00118-4

49. Ghavami S, Eshragi M, Ande SR, Chazin WJ, Klonisch T, Halayko AJ, et al.
S100A8/A9 induces autophagy and apoptosis via ROS-mediated cross-talk between
mitochondria and lysosomes that involves BNIP3. Cell Res. (2010) 20:314-31.
doi: 10.1038/cr.2009.129

50. Gottlieb E, Armour SM, Harris MH, Thompson CB. Mitochondrial membrane
potential regulates matrix configuration and cytochrome c release during apoptosis.
Cell Death Differ. (2003) 10:709-17. doi: 10.1038/sj.cdd.4401231

51. Marinkovic G, Koenis DS, de Camp L, Jablonowski R, Graber N, de Waard V,
et al. SI00A9 links inflammation and repair in myocardial infarction. Circ Res. (2020)
127:664-76. doi: 10.1161/CIRCRESAHA.120.315865

52. Mares RG, Sabau AH, Cocuz IG, Tomut ME, Szabo IA, Szdke AR, et al. SI00A8/
A9 is a valuable biomarker and treatment target to detect and modulate neutrophil
involvement in myocardial infarction. Romanian ] Morphology Embryology. (2023)
64:151-8. doi: 10.47162/RJME.64.2.04

53. Chalise U, Becirovic-Agic M, Daseke MJ, Konfrst SR, Rodriguez-Paar JR, Feng
D, et al. SI00A9 is a functional effector of infarct wall thinning after myocardial
infarction. Am ] Physiology-Heart Circulatory Physiol. (2021) 322:H145-55.
doi: 10.1152/ajpheart.00475.2021

54. Wang X, Guan M, Zhang X, Ma T, Wu M, Li Y, et al. The association between
S100A8/A9 and the development of very late stent thrombosis in patients with acute
myocardial infarction. Clin Appl Thrombosis/Hemostasis. (2020)
26:1076029620943295. doi: 10.1177/1076029620943295

55. Morrow DA, Wang Y, Croce K, Sakuma M, Sabatine MS, Gao H, et al. Myeloid-
related protein 8/14 and the risk of cardiovascular death or myocardial infarction after
an acute coronary syndrome in the Pravastatin or Atorvastatin Evaluation and
Infection Theraphy: Thrombolysis in Myocardial Infarction (PROVE IT-TIMI 22)
trial. Am Heart J. (2008) 155:49-55. Available online at: https://www.sciencedirect.
com/science/article/pii/S0002870307007041 (Accessed August 02, 2025).

56. McCormick MM, Rahimi F, Bobryshev YV, Gaus K, Zreiqat H, Cai H, et al.
S100A8 and S100A9 in human arterial wall. Implications for atherogenesis. J Biol
Chem. (2005) 280(50):41521-9. doi: 10.1074/jbc.M509442200

57. Miyamoto S, Ueda M, Ikemoto M, Naruko T, Itoh A, Tamaki S, et al. Increased
serum levels and expression of S100A8/A9 complex in infiltrated neutrophils in
atherosclerotic plaque of unstable angina. Heart (British Cardiac Society). (2008) 94
(8):1002-7. doi: 10.1136/hrt.2007.121640

58. Nagareddy PR, Murphy AJ, Stirzaker RA, Hu Y, Yu S, Miller RG, et al.
Hyperglycemia promotes myelopoiesis and impairs the resolution of atherosclerosis.
Cell Metab. (2013) 17(5):695-708. doi: 10.1016/j.cmet.2013.04.001

59. New SE, Goettsch C, Aikawa M, Marchini JF, Shibasaki M, Yabusaki K, et al.
Macrophage-derived matrix vesicles: an alternative novel mechanism for
microcalcification in atherosclerotic plaques. Circ Res. (2013) 113(1):72-7.
doi: 10.1161/CIRCRESAHA.113.301036

60. Geczy CL, Chung YM, Hiroshima Y. Calgranulins May Contribute Vascular
Protection In Atherogenesis. Circ J. (2014) 78:271-80. Available online at: https://
www.jstage.jst.go.jp/article/circj/78/2/78_CJ-13-1505/_article.

61. Oesterle A, Bowman MA. S100A12 and the S$100/Calgranulins: Emerging
Biomarkers for Atherosclerosis and Possibly Therapeutic Targets. Arterioscler
Thromb Vasc Biol. (2015) 35(12):2496-507. doi: 10.1161/ATVBAHA.115.302072

62. Chen X, Tao T, Wang H, Zhao H, Lu L, Wu F. Arterial Thrombosis Is
Accompanied by Elevated Mitogen-Activated Protein Kinase (MAPK) and
Cyclooxygenase-2 (COX-2) Expression via Toll-Like Receptor 4 (TLR-4) Activation
by S100A8/A9. Med Sci Monit. (2018) 24:7673-81. doi: 10.12659/MSM.909641

63. Marinkovi¢ G, Grauen Larsen H, Yndigegn T, Szabo IA, Mares RG, de Camp L,
et al. Inhibition of pro-inflammatory myeloid cell responses by short-term S100A9
blockade improves cardiac function after myocardial infarction. Eur Heart J. (2019) 40
(32):2713-23. doi: 10.1093/eurheartj/ehz461

64. Marinkovi¢ G, Koenis DS, de Camp L, Jablonowski R, Graber N, de Waard V,
etal. SI00A9 Links Inflammation and Repair in Myocardial Infarction. Circ Res. (2020)
127(5):664-76. doi: 10.1161/CIRCRESAHA.120.315865

65. Vallejo J, Jakobsson G, Ljungcrantz I, Schiopu A. The effects of S100A8/A9
blockade in experimental Myocardial Infarction detected by CITE-seq RNA
sequencing. J Immunol. (2023) 210:176.13-3. doi: 10.4049/jimmunol.210.Supp.176.13

66. Wu F, Zhang YT, Teng F, Li HH, Guo SB. S100a8/a9 contributes to sepsis-
induced cardiomyopathy by activating ERK1/2-Drpl-mediated mitochondrial fission
and respiratory dysfunction. Int Immunopharmacol. (2023) 115:109716. Available
online at: https://www.sciencedirect.com/science/article/pii/S1567576923000395
(Accessed August 02, 2025).

67. Voss I, Pappritz K, El-Shafeey M, Matz I, Vogl T, Tschoepe C, et al. Role of the
alarmin S100A9 in the pathogenesis of heart failure with preserved ejection fraction.
Eur Heart J. (2024) 45:ehae666.796. doi: 10.1093/eurheartj/ehae666.796

68. Flevari P, Leftheriotis D, Kroupis C, Kitsinelis V, Stasinos V, Varlamos C, et al.
P6596S100A8/A9 and sRAGE peripheral blood levels in patients with heart failure and
an implanted cardioverter/defibrillator: relation with sustained, fast ventricular
arrhythmias. Eur Heart J. (2019) 40:ehz746.1184. doi: 10.1093/eurheartj/ehz746.1184

frontiersin.org


https://doi.org/10.1038/s41467-024-46973-7
https://doi.org/10.1038/s41591-019-0590-4
https://api.semanticscholar.org/CorpusID:3933502
https://doi.org/10.1161/ATVBAHA.106.134080
https://doi.org/10.1161/ATVBAHA.106.134080
https://doi.org/10.1161/ATVBAHA.111.236927
https://doi.org/10.1161/ATVBAHA.111.236927
https://www.sciencedirect.com/science/article/pii/S1016847823052251
https://doi.org/10.1038/nm1008
https://doi.org/10.1073/pnas.0403249101
https://doi.org/10.3390/cells11020236
https://doi.org/10.3389/fcell.2020.603902
https://doi.org/10.1093/eurheartj/ehz461
https://doi.org/10.1182/blood.2021014966
https://doi.org/10.2337/db07-1808
https://doi.org/10.2337/db07-1808
https://doi.org/10.3389/fcvm.2024.1394137
https://doi.org/10.1038/s41389-020-00266-y
https://doi.org/10.1073/pnas.1320243111
https://doi.org/10.1093/cvr/cvab046
https://www.sciencedirect.com/science/article/pii/S0735109714003258
https://www.sciencedirect.com/science/article/pii/S0735109714003258
https://doi.org/10.1161/CIRCULATIONAHA.105.607333
https://doi.org/10.1161/CIRCULATIONAHA.105.607333
https://doi.org/10.1016/j.ijcard.2017.09.020
https://doi.org/10.1161/CIRCULATIONAHA.119.043833
https://doi.org/10.1161/CIRCULATIONAHA.118.039262
https://doi.org/10.1016/S0022-2828(03)00118-4
https://doi.org/10.1016/S0022-2828(03)00118-4
https://doi.org/10.1038/cr.2009.129
https://doi.org/10.1038/sj.cdd.4401231
https://doi.org/10.1161/CIRCRESAHA.120.315865
https://doi.org/10.47162/RJME.64.2.04
https://doi.org/10.1152/ajpheart.00475.2021
https://doi.org/10.1177/1076029620943295
https://www.sciencedirect.com/science/article/pii/S0002870307007041
https://www.sciencedirect.com/science/article/pii/S0002870307007041
https://doi.org/10.1074/jbc.M509442200
https://doi.org/10.1136/hrt.2007.121640
https://doi.org/10.1016/j.cmet.2013.04.001
https://doi.org/10.1161/CIRCRESAHA.113.301036
https://doi.org/10.1161/ATVBAHA.115.302072
https://doi.org/10.12659/MSM.909641
https://doi.org/10.1093/eurheartj/ehz461
https://doi.org/10.1161/CIRCRESAHA.120.315865
https://doi.org/10.4049/jimmunol.210.Supp.176.13
https://www.sciencedirect.com/science/article/pii/S1567576923000395
https://doi.org/10.1093/eurheartj/ehae666.796
https://doi.org/10.1093/eurheartj/ehz746.1184
https://doi.org/10.3389/fimmu.2025.1630410
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Cozac et al.

69. Jakobsson G, Papareddy P, Andersson H, Mulholland M, Bhongir R,
Ljungcrantz I, et al. Therapeutic SI00A8/A9 blockade inhibits myocardial and
systemic inflammation and mitigates sepsis-induced myocardial dysfunction. Crit
Care. (2023) 27. doi: 10.1186/s13054-023-04652-x

70. Boyd JH, Kan B, Roberts H, Wang Y, Walley KR. S100A8 and S100A9 mediate
endotoxin-induced cardiomyocyte dysfunction via the receptor for advanced glycation
end products. Circ Res. (2008) 102:1239-46. doi: 10.1161/CIRCRESAHA.107.167544

71. Zhang W, Lavine KJ, Epelman S, Evans SA, Weinheimer CJ, Barger PM, et al.
Necrotic myocardial cells release Damage-Associated Molecular Patterns that provoke
fibroblast activation in vitro and trigger myocardial inflammation and fibrosis in vivo. J
Am Heart Assoc. (2015) 4. doi: 10.1161/JAHA.115.001993

72. Murphy SP, Kakkar R, McCarthy CP, Januzzi JL. Inflammation in heart failure.
JACC. (2020) 75:1324-40. doi: 10.1016/j.jacc.2020.01.014

73. Volz HC, Laohachewin D, Seidel C, Lasitschka F, Keilbach K, Wienbrandt AR,
et al. SI00A8/A9 aggravates post-ischemic heart failure through activation of RAGE-
dependent NF-«B signaling. Basic Res Cardiol. (2012) 250(2):107. doi: 10.1007/s00395-
012-0250-z

74. Jakobsson G, Mulholland M, Grentzmann A, Ljungcrantz I, Rattik S,
Engelbertsen D, et al. Inhibition of S100A9 function has immunomodulatory and
cardioprotective effects in experimental autoimmune myocarditis. Atherosclerosis.
(2022) 355:37-8. doi: 10.1016/j.atherosclerosis.2022.06.195

75. Ma LP, Haugen E, Ikemoto M, Fujita M, Terasaki F, Fu M. SI00A8/A9 complex
as a new biomarker in prediction of mortality in elderly patients with severe heart
failure. Int ] Cardiol. (2012) 155:26-32. doi: 10.1016/j.jjcard.2011.01.082

76. Boteanu RM, Suica VI, Uyy E, Ivan L, Cerveanu-Hogas A, Mares RG, et al.
Short-term blockade of pro-inflammatory alarmin S100A9 favorably modulates left
ventricle proteome and related signaling pathways involved in post-myocardial
infarction recovery. Int ] Mol Sci. (2022) 23. Available online at: https://www.mdpi.
com/1422-0067/23/9/5289 (Accessed January 02, 2025).

77. Borlaug BA, Sharma K, Shah SJ, Ho JE. Heart failure with preserved ejection
fraction. JACC. (2023) 81:1810-34. doi: 10.1016/j.jacc.2023.01.049

78. McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Bohm M, et al.
2023 Focused Update of the 2021 ESC Guidelines for the diagnosis and treatment of
acute and chronic heart failure: Developed by the task force for the diagnosis and
treatment of acute and chronic heart failure of the European Society of Cardiology
(ESC) With the special contribution of the Heart Failure Association (HFA) of the ESC.
Eur Heart J. (2023) 44:3627-39. doi: 10.1093/eurheartj/ehad195

79. Westermann D, Lindner D, Kasner M, Zietsch C, Savvatis K, Escher F, et al.
Cardiac inflammation contributes to changes in the extracellular matrix in patients
with heart failure and normal ejection fraction. Circ Heart Fail. (2011) 4:44-52.
doi: 10.1161/CIRCHEARTFAILURE.109.931451

80. Paramel Varghese G, Folkersen L, Strawbridge RJ, Halvorsen B, Yndestad A,
Ranheim T, et al. NLRP3 inflammasome expression and activation in human
atherosclerosis. ] Am Heart Assoc. (2016) 5. doi: 10.1161/JAHA.115.003031

81. Markousis-Mavrogenis G, Tromp ], Ouwerkerk W, Devalaraja M, Anker SD,
Cleland JG, et al. The clinical significance of interleukin-6 in heart failure: results from
the BIOSTAT-CHEF study. Eur ] Heart Fail. (2019) 21:965-73. doi: 10.1002/ejhf.1482

82. Peh ZH, Dihoum A, Hutton D, Arthur JSC, Rena G, Khan F, et al. Inflammation
as a therapeutic target in heart failure with preserved ejection fraction. Front Cardiovasc
Med. (2023) 10. Frontiers Media SA. doi: 10.3389/fcvm.2023.1125687

83. Frieler RA, Mortensen RM. Immune cell and other noncardiomyocyte
regulation of cardiac hypertrophy and remodeling. Circulation. (2015) 131:1019-30.
doi: 10.1161/CIRCULATIONAHA.114.008788

84. Sun Y, Wang Z, Hou J, Shi ], Tang Z, Wang C, et al. Shuangxinfang prevents
S100A9-induced macrophage/microglial inflammation to improve cardiac function
and depression-like behavior in rats after acute myocardial infarction. Front
Pharmacol. (2022) 13. doi: 10.3389/fphar.2022.832590

85. Miiller I, Vogl T, Kiihl U, Krannich A, Banks A, Trippel T, et al. Serum alarmin
S100A8/S100A9 levels and its potential role as biomarker in myocarditis. ESC Heart
Fail. (2020) 7:1442-51. doi: 10.1002/ehf2.12760

86. Mueller I, Uwe Kuehl U, Thomas Vogl T, Alexander Krannich A, Sophie Van
Linthout S, Carsten Tschoepe C. P55655100A8/A9 serum levels as a diagnostic biomarker
and its potential connection to NOD2-NLRP3 in patients with a recent onset of myocarditis.
Eur Heart J. (2019) 40:ehz746.0509. doi: 10.1093/eurheartj/ehz746.0509

Frontiers in Immunology

16

10.3389/fimmu.2025.1630410

87. Gebhardt C, Riehl A, Durchdewald M, Németh J, Fiirstenberger G, Miiller-
Decker K, et al. RAGE signaling sustains inflammation and promotes tumor
development. ] Exp Med. (2008) 205:275-85. doi: 10.1084/jem.20070679

88. Riva M, Kaillberg E, Bjork P, Hancz D, Vogl T, Roth J, et al. Induction of nuclear
factor-kB responses by the S100A9 protein is Toll-like receptor-4-dependent.
Immunology. (2012) 137:172-82. doi: 10.1111/j.1365-2567.2012.03619.x

89. Monnerat-Cahli G, Alonso H, Gallego M, Alarcon ML, Bassani RA, Casis O, et al.
Toll-like receptor 4 activation promotes cardiac arrhythmias by decreasing the transient
outward potassium current (I,) through an IRF3-dependent and MyD88-independent
pathway. J Mol Cell Cardiol. (2014) 76:116-25. doi: 10.1016/j.yjmcc.2014.08.012

90. Bangert A, Andrassy M, Miiller AM, Bockstahler M, Fischer A, Volz CH, et al.
Critical role of RAGE and HMGBI in inflammatory heart disease. Proc Natl Acad Sci.
(2016) 113:E155-64. doi: 10.1073/pnas.1522288113

91. Hsu K, Champaiboon C, Guenther BD, Sorenson BS, Khammanivong A, Ross KF,
et al. ANTI-INFECTIVE PROTECTIVE PROPERTIES OF S100 CALGRANULINS NIH
public access. Antiinflamm Antiallergy Agents Med Chem. (2009) 8. Available online at:
http://www.expasy.org/spdbv/ (Accessed January 02, 2025).

92. Perera C, McNeil HP, Geczy CL. S100 Calgranulins in inflammatory arthritis.
Immunol Cell Biol. (2010) 88:41-9. doi: 10.1038/icb.2009.88

93. MaL, Sun P, Zhang JC, Zhang Q, Yao SL. Proinflammatory effects of SI00A8/A9
via TLR4 and RAGE signaling pathways in BV-2 microglial cells. Int ] Mol Med. (2017)
40:31-8. doi: 10.3892/ijmm.2017.2987

94. Goyette ], Geczy CL. Inflammation-associated S100 proteins: New mechanisms that
regulate function. Vol. 41 Amino Acids. (2011) 41:821-42. doi: 10.1007/s00726-010-0528-0

95. Otsuka K, Terasaki F, Ikemoto M, Fujita S, Tsukada B, Katashima T, et al.
Suppression of inflammation in rat autoimmune myocarditis by S100A8/A9 through
modulation of the proinflammatory cytokine network. Eur ] Heart Fail. (2009) 11:229—
37. doi: 10.1093/eurjhf/hfn049

96. Prabhu SD, Frangogiannis NG. The biological basis for cardiac repair after
myocardial infarction. In: Circulation Research, vol. 119. United States, Philadelphia:
Lippincott Williams and Wilkins (2016). p. 91-112.

97. Imbalzano E, Mandraffino G, Casciaro M, Quartuccio S, Saitta A, Gangemi S.
Pathophysiological mechanism and therapeutic role of $100 proteins in cardiac failure:
a systematic review. Heart Fail Rev. (2016) 21:463-73. doi: 10.1007/s10741-016-9529-8

98. Hermann A, Donato R, Weiger TM, Chazin WJ. $100 calcium binding proteins
and ion channels. Front Pharmacol. (2012) 3:67. doi: 10.3389/fphar.2012.00067

99. Xu Y, Wang Y, Ning K, Bao Y. Unraveling the mechanisms of S1I00A8/A9 in
myocardial injury and dysfunction. Curr Issues Mol Biol. (2024) 46:9707-20.
doi: 10.3390/cimb46090577

100. Saadeh K, Chadda KR, Ahmad S, Valli H, Nanthakumar N, Fazmin IT, et al.
Molecular basis of ventricular arrhythmogenicity in a Pgc-10. deficient murine model.
Mol Genet Metab Rep. (2021) 27:100753. Available online at: https://www.sciencedirect.
com/science/article/pii/S2214426921000471 (Accessed October 03, 2025).

101. Sun S, Guo H, Chen G, Zhang H, Zhang Z, Wang X, et al. Peroxisome
proliferator-activated receptor y coactivator-1o. in heart disease (Review). Mol Med
Rep. (2025) 31. doi: 10.3892/mmr.2024.13382

102. Ghavami S, Rashedi I, Dattilo BM, Eshraghi M, Chazin W], Hashemi M, et al.
S100A8/A9 at low concentration promotes tumor cell growth via RAGE ligation and
MAP kinase-dependent pathway. J leukocyte Biol. (2008) 83:1484-92. doi: 10.1189/
jlb.0607397

103. Shen S, Zhang M, Wang X, Liu Q, Su H, Sun B, et al. Single-cell RNA
sequencing reveals S100a9" macrophages promote the transition from acute
inflammation to fibrotic remodeling after myocardial ischemia-reperfusion.
Theranostics. (2024) 14:1241-59. doi: 10.7150/thno.91180

104. Russo A, Schiirmann H, Brandt M, Scholz K, Matos A, Grill D, et al. Alarming
and calming: opposing roles of S100A8/S100A9 dimers and tetramers on monocytes.
Advanced Sci. (2022) 9:€2201505. doi: 10.1002/advs.202201505

105. He W, Wu J, Wang D, Chen W, Yan Y, He Q, et al. Plasma proteomics
identifies SI00A8/A9 as a novel biomarker and therapeutic target for fulminant
myocarditis. ] advanced Res. (2025). doi: 10.1016/j.jare.2025.06.005

106. Vlad ML, Mares RG, Jakobsson G, Manea SA, Lazar AL, Preda MB, et al.
Therapeutic SI00A8/A9 inhibition reduces NADPH oxidase expression, reactive
oxygen species production and NLRP3 inflammasome priming in the ischemic
myocardium. Eur ] Pharmacol. (2025) 996:177575. doi: 10.1016/j.ejphar.2025.177575

frontiersin.org


https://doi.org/10.1186/s13054-023-04652-x
https://doi.org/10.1161/CIRCRESAHA.107.167544
https://doi.org/10.1161/JAHA.115.001993
https://doi.org/10.1016/j.jacc.2020.01.014
https://doi.org/10.1007/s00395-012-0250-z
https://doi.org/10.1007/s00395-012-0250-z
https://doi.org/10.1016/j.atherosclerosis.2022.06.195
https://doi.org/10.1016/j.ijcard.2011.01.082
https://www.mdpi.com/1422-0067/23/9/5289
https://www.mdpi.com/1422-0067/23/9/5289
https://doi.org/10.1016/j.jacc.2023.01.049
https://doi.org/10.1093/eurheartj/ehad195
https://doi.org/10.1161/CIRCHEARTFAILURE.109.931451
https://doi.org/10.1161/JAHA.115.003031
https://doi.org/10.1002/ejhf.1482
https://doi.org/10.3389/fcvm.2023.1125687
https://doi.org/10.1161/CIRCULATIONAHA.114.008788
https://doi.org/10.3389/fphar.2022.832590
https://doi.org/10.1002/ehf2.12760
https://doi.org/10.1093/eurheartj/ehz746.0509
https://doi.org/10.1084/jem.20070679
https://doi.org/10.1111/j.1365-2567.2012.03619.x
https://doi.org/10.1016/j.yjmcc.2014.08.012
https://doi.org/10.1073/pnas.1522288113
http://www.expasy.org/spdbv/
https://doi.org/10.1038/icb.2009.88
https://doi.org/10.3892/ijmm.2017.2987
https://doi.org/10.1007/s00726-010-0528-0
https://doi.org/10.1093/eurjhf/hfn049
https://doi.org/10.1007/s10741-016-9529-8
https://doi.org/10.3389/fphar.2012.00067
https://doi.org/10.3390/cimb46090577
https://www.sciencedirect.com/science/article/pii/S2214426921000471
https://www.sciencedirect.com/science/article/pii/S2214426921000471
https://doi.org/10.3892/mmr.2024.13382
https://doi.org/10.1189/jlb.0607397
https://doi.org/10.1189/jlb.0607397
https://doi.org/10.7150/thno.91180
https://doi.org/10.1002/advs.202201505
https://doi.org/10.1016/j.jare.2025.06.005
https://doi.org/10.1016/j.ejphar.2025.177575
https://doi.org/10.3389/fimmu.2025.1630410
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The alarmin tandem: unraveling the complex effect of S100A8/A9 – from atherosclerosis to cardiac arrhythmias
	1 Introduction
	1.1 Structure and function of S100A8/A9

	2 Role of S100A8/A9 in acute and chronic coronary syndromes
	3 Role of S100A8/9 in heart failure
	4 S100A8/A9 and cardiac arrhythmogenesis
	5 S100A8/A9 in inflammation: a double-edged mediator
	6 Gaps in knowledge and future directions
	7 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


