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1. Abstract

Acute heart failure is a complex clinical syndrome associated with high morbidity and mortality,
particularly in elderly and comorbid patients admitted to the Emergency Department. Although
natriuretic peptides are well established biomarkers for the diagnosis and prognostic assessment of
heart failure, they mainly reflect haemodynamic stress and ventricular wall stretch. However, acute
heart failure is a biologically complex syndrome that also involves myocardial injury, inflammation,
fibrosis, neurohormonal activation and adverse cardiac remodelling. In this context, soluble
suppression of tumorigenicity-2 (sST2) has emerged as a promising biomarker with potential
prognostic value, as it may provide additional information on myocardial stress and remodelling

Pprocessces.

The aim of this thesis was to evaluate the prognostic role of circulating ST2 concentrations in patients
admitted at the Emergency Department of the “Maggiore della Carita” University Hospital in Novara
with acute heart failure, with particular focus on 30-day mortality. The study population consisted of
137 patients enrolled for newly diagnosed acute heart failure or acute decompensation of chronic
heart failure. At baseline, venous blood samples were collected, and plasma ST2 levels were measured
using the Critical Diagnostics Presage® ST2 Assay, a quantitative sandwich monoclonal ELISA.
Demographic, clinical, laboratory and follow-up data were collected. Survival analysis was
performed using the Kaplan-Meier estimator, while multivariable logistic regression was used to
identify independent predictors of 30-day mortality. The study population was predominantly elderly,
with a median age of 81 years, and showed a high burden of comorbidities and advanced symptomatic
status at admission. Most patients were classified as NYHA functional class III or IV. During the 30-
day follow-up period, overall survival was approximately 86%. Patients who died during follow-up
showed significantly higher ST2 concentrations compared with survivors. In particular, ST2 levels
were markedly increased in non-survivors and were significantly associated with 30-day mortality.
In the multivariable logistic regression analysis, ST2 remained independently associated with
mortality after adjustment for clinically relevant variables, including age, estimated glomerular

filtration rate, heart rate, diabetes mellitus and NYHA functional class.

These findings support the potential role of ST2 as an independent prognostic biomarker in patients
admitted with acute heart failure. ST2 may provide complementary information to natriuretic peptides
by reflecting pathophysiological mechanisms related to myocardial stress, inflammation and fibrosis.
Although further studies in larger and multicenter cohorts are needed, the integration of ST2 into
clinical and biomarker-based risk stratification could contribute to a more accurate identification of

patients at higher short-term risk.



2. Introduction

2.1. Heart failure

Heart failure (HF) is a clinical syndrome traditionally described as a condition in which the heart is
unable to pump sufficient blood and/or fill properly. It can also be defined as a structural or functional
abnormality of the heart that results in either inadequate cardiac output, or a seemingly adequate
output maintained only through compensatory neurohormonal mechanisms and elevated left
ventricular filling pressures. HF is a multifactorial syndrome associated with a broad spectrum of risk
factors that contribute to its onset and progression through complex pathophysiological mechanisms.
Among the primary determinants are cardiovascular diseases such as hypertension, coronary artery
disease, and prior myocardial infarction, which induce structural damage, myocardial ischemia, and
progressive ventricular remodeling. Long-standing hypertension, in particular, leads to left
ventricular hypertrophy and increased myocardial stiffness, predisposing to both systolic and diastolic
dysfunction!. Metabolic conditions, including diabetes mellitus and obesity, further exacerbate HF
risk by promoting systemic inflammation, oxidative stress, insulin resistance and endothelial
dysfunction, all of which contribute to myocardial fibrosis and impaired cardiac performance?. In
addition, comorbidities such as chronic kidney disease and chronic obstructive pulmonary disease are
strongly associated with HF, as they enhance volume overload, neurohormonal activation, and
systemic inflammation. Lifestyle-related factors, including cigarette smoke , sedentary behavior, and
excessive alcohol intake, also significantly increase the likelihood of developing HF by accelerating
atherosclerosis and impairing myocardial function’. Aging represents a major non-modifiable risk
factor, as the prevalence of HF rises markedly with advancing age due to cumulative cardiovascular
damage, reduced regenerative capacity, and the higher burden of comorbidities. Furthermore, genetic
predisposition and sex-related differences have been increasingly recognized, with certain
cardiomyopathies and molecular pathways contributing to individual susceptibility®. Overall, the
interplay of these risk factors promotes adverse cardiac remodeling, neurohormonal activation, and
progressive deterioration of cardiac function, ultimately leading to the clinical manifestation of heart

failure’.

HF is characterized by symptoms and signs caused by structural and functional cardiac abnormalities
and its diagnosis is supported by elevated natriuretic peptide (NP) levels and objective evidence of
pulmonary or systemic congestion. NPs are a group of closely related hormones involved in
cardiovascular regulation. Atrial Natriuretic Peptide (ANP) is mainly produced by the atria of the
heart, whereas B-type Natriuretic Peptide (BNP) is released predominantly from the ventricles. ANP

contributes to the control of blood pressure and helps prevent enlargement of the heart muscle through
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both local and systemic signaling pathways. In contrast, BNP mainly acts within ventricular tissue,
where it plays a role in limiting fibrotic remodeling®. Based on left ventricular ejection fraction (EF),

HF is categorized into three groups’:

- Heart failure with reduced EF (HFrEF), defined as EF < 40%
- Heart failure with mildly reduced EF (HFmrEF), defined as EF 41-49%
- Heart failure with preserved EF (HFpEF), defined as EF > 50%

HFpEF is characterized by diastolic dysfunction so consequently a heart damage due to comorbidities
such as obesity, chronic kidney disease and pulmonary disease, while HFrEF shows systolic
dysfunction, secondary to direct heart damage, a valve disease or a cardiomyopathy®. The chronic
activation of the sympathetic nervous system and the renin-angiotensin-aldosterone system (RAAS)
plays a central role in disease progression®. Although the release of NPs increases as a compensatory
response, this mechanism is not sufficient to counteract the persistent neurohormonal stimulation.
The resulting imbalance promotes adverse cardiac remodeling, characterized by progressive
myocardial hypertrophy and dilation of the cardiac chambers!®. These structural changes
progressively impair cardiac contractile function, contributing to the onset of clinical symptoms and

increasing the risk of arrhythmias and abnormalities in cardiac electrical conduction'!.

In addition to the classification based on left ventricular ejection fraction, heart failure severity can
also be described using the New York Heart Association (NYHA) functional classification. This
system stratifies patients according to the degree of limitation in physical activity caused by
symptoms such as dyspnea, fatigue or palpitations. NYHA class I includes patients with no limitation
of ordinary physical activity; class II identifies patients with slight limitation, who are comfortable at
rest but develop symptoms during ordinary activity; class III includes patients with marked limitation,
in whom less than ordinary physical activity causes symptoms; and class IV refers to patients with
symptoms even at rest or inability to perform any physical activity without discomfort. Although the
NYHA classification is based on symptoms and may therefore be partly subjective, it remains widely
used in clinical practice because it provides a simple assessment of functional impairment and disease

severity in patients with heart failure’.



2.2.  Acute heart failure
As these structural and functional alterations in HF progress, they can culminate in acute heart failure
(AHF), which encompasses a diverse group of clinical conditions associated with high morbidity and
mortality. Heart failure is broadly classified into chronic heart failure (CHF) and AHF which represent
different stages of the same disease continuum. CHF is a long-term, progressive condition
characterized by gradual neurohormonal activation, ventricular remodeling, and a relatively stable
but declining clinical status'2. In contrast, AHF is defined by a rapid onset or worsening of symptoms
and signs of heart failure, often requiring urgent medical intervention. While CHF is typically
managed in an outpatient setting with long-term pharmacological and device-based therapies!®, AHF
represents a state of acute decompensation with immediate hemodynamic instability and organ
congestion. AHF encompasses a diverse group of clinical conditions that are linked to high morbidity
and mortality. Although acute heart failure syndromes (AHFS) occur frequently, detailed information
regarding their presentation, patient profiles and clinical outcomes remain limited. Acute heart failure
is generally described as the sudden development of new symptoms or the rapid worsening of existing
symptoms of heart failure, these symptoms are for example shortness of breath and difficulty
breathing when lying flat. Physical signs include raised jugular venous pressure, pulmonary
congestion and swelling of lower extremities °>. AHF is frequently a life-threatening condition that
requires urgent hospitalization. Initial treatment primarily focuses on relieving fluid congestion and
stabilizing hemodynamic status. AHF is a term that includes both patients’ experiencing heart failure
for the first time (De Novo AHF) and those with an acute deterioration of previously diagnosed
cardiomyopathy, commonly referred to as acute decompensated heart failure. De Novo AHF may
result from a wide range of mechanisms, not solely intrinsic pump failure, it typically presents with
signs of reduced perfusion and pulmonary congestion!®. Although myocardial ischemia represents
one of the most common triggers, AHF may also be caused by non-ischemic myocardial injury. This
includes inflammatory conditions, such as myocarditis'¢, and toxic damage, including drug-induced
cardiotoxicity, for example related to trastuzumab treatment!’. In some cases, hospitalization for AHF
may be the first clinical presentation of previously unrecognized chronic heart failure, as acute
myocardial injury can result in persistent myocardial dysfunction. The most frequent cause of AHF
is myocardial ischemia, in which partial or complete coronary artery occlusion compromises blood
flow to a portion of the myocardium, leading to decreased contractility!®. AHF has been described as
a two-stage process: an “initiation phase” sparked by specific triggers, such as myocardial ischemia,
infection, uncontrolled hypertension, arrhythmias, this phase is characterized by an abrupt increase
in cardiac filling pressures and early hemodynamic deterioration, followed by an “amplification

phase” where various neurohormonal pathways, including the sympathetic nervous system and the



RAAS, together with systemic inflammation, endothelial impairment, and increasing fluid
accumulation. These mechanisms reinforce each other in a vicious cycle, progressively deteriorating
cardiac function and contributing to dysfunction across multiple organ systems. To navigate this
complexity, Troponin I (Tnl) and Troponin T (TnT) are utilized to decode the underlying
pathophysiology and guide clinics management'®. Troponins are structural proteins of the cardiac
contractile apparatus and are released into circulation when cardiomyocytes undergo injury or
necrosis. In the context of AHF, elevated troponin levels are thought to result from multiple
mechanisms, including myocardial strain due to increased wall stress, subendocardial ischemia,
neurohormonal activation, and inflammatory processes. Several studies have demonstrated that
increased concentrations of c¢Tnl or ¢cTnT are associated with worse clinical outcomes, including
higher in-hospital mortality, longer hospitalization, and increased risk of rehospitalization?°. The
decrease in cardiac reserve is an alarming sign of AHF!. Troponin concentration are therefore
considered highly specific biomarkers of myocardial injury, as their presence in the circulation reflect
disruption of cardiomyocyte membrane integrity when they undergo injury or necrosis and this way
cytosolic and structural pools of troponins leak into the bloodstream, making them sensitive indicators
of myocardial injury?!. Managing AHF remains a significant hurdle in modern cardiology, primarily

due to the clinical heterogeneity inherent in the syndrome?2.

2.3.  Epidemiology of acute heart failure
Heart failure affects approximately 64 million people worldwide. Despite medical advances,
mortality remains high: approximately 50% of patients die within 5 years of diagnosis. As life
expectancy increases, the incidence is rising, making heart failure the leading cause of hospitalization
over the age of 65%. HF persists as a clinical challenge, distinguished by its high prevalence and
significant rates of mortality and disability. It is a multisystem condition encountered by a broad
spectrum of medical and surgical specialists across both primary and secondary care. Over the past
two decades its epidemiological patterns and underlying pathophysiology has evolved dramatically,

paired with a rapid and ongoing transformation in diagnostic and therapeutic strategies’.

In high income countries, the epidemiology of symptomatic heart failure has been extensively
characterized. Overall, heart failure affects approximately 1-2% of the adult population (Figure 1).
However, its prevalence increases substantially with age, with around 6-10% of individuals older than

65 years of living with the condition. The lifetime probability of developing heart failure is estimated



to be about 20% for a 40-year-old individual. The overall prevalence is believed to be rising, likely

reflecting population ageing and improved survival®*,

Several registries have examined AHFS as a distinct clinical condition. Among the most relevant
there are: the Americal registry ADHERE, the Euro Heart Failure Surveys, and national registries
conducted in France, Finland and Italy. In Europe, the Euro Heart Failure Survey I described the
clinical features and management of patients hospitalized with heart failure in 115 hospitals across
24 countries. However, acute heart failure was the primary reason for admission in only about 40%
of cases. The Italian registry enrolled almost 3,000 patients in 206 cardiology centers with intensive
coronary care units. Across these studies, patients admitted with AHFS shared similar demographic
and clinical characteristics. The population was generally elderly, with a mean age of 70 and 75 years,
and a nearly balanced sex distribution. A high burden of cardiovascular risk factors and comorbidities
was consistently observed. Ischemic heart disease was present in 46-68% of patients, arterial

hypertension in 53-73%, diabetes in 27-42% and arrythmias in 21-42%2%.

In the United States, more than 1 million hospital admissions each year are primarily due to heart
failure, with an additional 3 million hospitalizations in which heart failure is recorded as a secondary
or tertiary diagnosis. Among individuals over 65 years of age, heart failure represents the most
common reason for hospital admission. Early rehospitalization is frequent, with rates reaching

approximately 35% within 60 days of discharge?®.
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Figure 1: Worldwide heart failure prevalence””.



In addition to its clinical burden, heart failure imposes a substantial economic and healthcare system
impact worldwide. The worldwide economic burden of heart failure is estimated to exceed 100 billion
dollars annually, with the majority of expenses driven by hospitalizations and long-term management.
Notably, nearly 70-80% of total costs are attributable to inpatient care, reflecting the recurrent nature
of decompensation episodes. Significant geographic disparities exist in both incidence and outcomes.
In low and middle-income countries, patients tend to present at a younger age and often with more
advanced disease, frequently related to untreated hypertension, rheumatic heart disease, or
cardiomyopathies of infectious origin®®. In contrast, in high-income regions, heart failure is more
commonly associated with ischemic heart disease and aging populations. Temporal trends also show
a shift in heart failure phenotypes, with an increasing prevalence of HFpEF, particularly among
elderly patients and women. Despite improvements in survival due to advances in pharmacological
and device-based therapies, the overall burden of disease continues to rise, driven by demographic
changes and the growing prevalence of comorbidities such as obesity, diabetes, and chronic kidney
disease. These evolving patterns highlight the need for tailored prevention strategies and optimized

healthcare resource allocation 2°,

2.4.  Therapeutic strategies

In recent decades, the prognosis of patients with heart failure has improved considerably due to major

therapeutic advances.

Several pharmacological strategies have been shown to reduce morbidity and mortality,
including beta-adrenergic blockers which are a class of drugs that act within the cardiovascular
system, including the heart and blood vessels exerting their effects by blocking beta-adrenergic
receptors, leading to a reduction in heart rate and blood pressure®’; angiotensin-converting enzyme
inhibitors that act by interfering with RAAS, reducing the production of angiotensin II, a molecule
responsible for vasoconstriction and fluid retention and as a result, they lower systemic blood
pressure, decrease peripheral vascular resistance, and improve overall cardiac function®'; and sodium-
glucose co-transporter 2 (SGLT2) inhibitors which act primarily at the renal level by blocking the

SGLT?2 in the proximal tubule, thereby reducing glucose and sodium reabsorption®?.



In addition, device-based therapies, such asimplantable cardioverter-defibrillators (ICDs)
and cardiac resynchronization therapy (CRT), have further contributed to improving survival in

patients with heart failure’.

2.5.  Multi-organ dysfunction in heart failure
Multiorgan dysfunction in HF is a frequent and prognostically relevant consequence. It is not only
the heart that is compromised: reduced cardiac flow, increased venous pressures and neurohormonal
activation (RAAS, sympathetic nervous system, vasopressin) determine systemic involvement.
Circulating biomarkers such as natriuretic peptides, high-sensitivity troponins, galectin-3 and soluble
Suppression of Tumorigenicity-2 (sST2) reflect not only myocardial stress but also systemic
remodeling processes. An AHF episode often triggers a series of systemic insults, ranging from
hepatic and cognitive impairment to endothelial dysfunction. This multi-organ involvement creates a
self-perpetuating cycle that further destabilizes the failing heart, complicating both the treatment and

the long term prognosis of the patient!®.

AHF frequently leads to renal dysfunction, traditionally attributed to reduced cardiac output and
consequent renal hypoperfusion; renal injury in AHF is now recognized to be more strongly
associated with venous congestion, which increases renal interstitial pressure, reduces glomerular
filtration gradient, and impairs tubular function®*. Renal involvement in HF is linked to increased
central venous pressure, reduced renal perfusion pressure and intrarenal RAAS activation®.
Emerging biomarkers such as neutrophil gelatinase-associated lipocalin (NGAL) and kidney injury

molecule-1 (KIM-1) may help detect early tubular injury before an overt creatinine rise, reflecting

the structural component of renal damage in AHF '3,

Pulmonary involvement primarily results from elevated left ventricular filling pressures, which
increase pulmonary capillary hydrostatic pressure and lead to interstitial and alveolar edema.

Manifestations are also pleural effusion and stress and rest dyspnea®.

Hepatic dysfunction in HF, often referred to as congestive hepatopathy, arises from chronic systemic
venous congestion, particularly in right-sided HF. The liver is a remarkably vascularized organ,
accounting for nearly 25% of the total cardiac output through a unique dual supply system. While the
hepatic artery provides approximately 25% of the total flow with highly oxygenated blood, the portal
vein supplies the remaining 75%, albeit with deoxygenated blood. This robust vascular architecture
provides a natural defense, rendering the liver highly resilient to ischemic injury. A primary example

of this resilience is the hepatic artery buffer response, a compensatory mechanism characterized by
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the up-regulation of arterial flow in response to a reduction in portal supply. This autoregulatory
process can offset up to a 60% decline in portal blood flow. Impaired hepatic perfusion and hypoxic
injury contribute to biochemical abnormalities such as hyperbilirubinemia and elevated
transaminases. Long standing congestion may evolve into cardiac cirrhosis. Cardiac cirrhosis
represents an advanced consequence of chronic congestive hepatopathy. It develops when prolonged
venous congestion, usually caused by right-sided heart failure or constrictive pericarditis, exposes the
liver to persistently increased venous pressure. Over time, this condition may promote hepatic
fibrosis, particularly around the central veins, leading to progressive impairment of liver structure and

function3®.

Cerebral hypoperfusion represents another clinically relevant consequence of HF. A significant
correlation exists between neurocognitive impairment and a spectrum of cardiovascular disorders,
including chronic hypertension, ischemic heart disease, and atrial tachyarrhythmias. Reduced cardiac
output and impaired cerebrovascular autoregulation have been associated with white matter lesions,
cognitive impairment and increased risk of ischemic stroke. Neuroinflammation and endothelial
dysfunction may further contribute to cognitive decline in heart failure patients®’. Although cognitive
impairment is more extensively described in chronic heart failure, acute heart failure may also be
associated with transient cerebral dysfunction, particularly in hospitalized and elderly patients. In the
acute setting, abrupt reductions in cardiac output and systemic blood pressure can impair cerebral
perfusion, especially in individuals with compromised cerebrovascular autoregulation. In parallel,
acute elevations in central venous pressure may reduce cerebral venous outflow, further contributing
to impaired oxygen delivery. Importantly, in AHF, cognitive impairment is typically acute and
potentially reversible, differing mechanistically from the progressive structural brain changes
observed in chronic HF. Therefore, cerebral involvement in AHF is best interpreted as a consequence
of acute hemodynamic instability and systemic inflammatory activation rather than as a primary
neurodegenerative process. From a biomarker perspective, systemic inflammatory mediators and
markers of endothelial dysfunction may indirectly reflect cerebral vulnerability during acute

decompensation®®.

Systemic inflammation is frequently present in AHF and contributes to its pathophysiology.
In patients with acute heart failure, activation of inflammatory pathways is commonly observed, even
in the absence of infection. Elevated levels of inflammatory mediators such as high-sensitivity C-
reactive protein, tumor necrosis factor-o (TNF-a), interleukin-6, interleukin-1, soluble suppression of
tumorigenicity-2 (sST2), and galectin 3 have been detected and are implicated in disease progression
and adverse outcomes. These biomarkers are associated with worse prognosis and may reflect

systemic inflammatory responses intertwined with the heart failure process. Systemic inflammation
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is a central feature of AHF?°. Acute congestion may also impair intestinal barrier integrity, promoting
endotoxin (lipopolysaccharide, LPS) translocation and Toll-like receptor 4 activation, thereby

amplifying systemic inflammatory responses*.

In AHF, multi-organ dysfunction therefore emerges from the interplay between hemodynamic stress
(congestion and hypoperfusion) and acute molecular responses involving neurohormonal activation,
endothelial dysfunction, mitochondrial impairment, and inflammatory signaling. Early biomarker
profiling is increasingly recognized as a key tool for risk stratification and mechanistic
characterization of systemic involvement in AHF. Figure 2 illustrates how non-cardiac organ failure
impacts on patients’ prognosis. As shown in the picture, the development of the failure of one organ
(beyond heart) is associated to increased mortality; in-hospital mortality is further increased in case

of >2 organs involved®*!.

Heart with Coronary Coronary Artery Heart with Dilated
Map with Thrombus Left Ventricle

Organ Failure/Dysfunction

I I
' o ®
o0®
Liver Red Blood Cells Brain
| | ]
I 1
0 1 22
31% In-Hospital Mortality 38% In-Hospital Mortality 48% In-Hospital Mortality

Figure 2: Organ failure in acute myocardial infraction with cardiogenic shock. Patients are stratified into three groups: 0 indicates
no additional non-cardiac organ failure, with dysfunction mainly confined to the heart; 1 indicates the presence of one additional
failing organ; and >2 indicates multiple non-cardiac organ failures, reflecting a more severe systemic involvement?!.

2.6. Innate Immune Activation and Cytokine Storm in Acute Heart Failure

Acute heart failure is increasingly recognized not only as a hemodynamic disorder but also as a
condition characterized by rapid activation of the innate immune system. Myocardial stress, ischemia,

and tissue injury promote the release of damage-associated molecular patterns (DAMPs), which
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activate pattern recognition receptors such as Toll-like receptors on cardiomyocytes, endothelial cells,
and immune cells. This triggers downstream Nuclear Factor kappa-light-chain-enhancer of activated
B cells (NF-kB) signaling and the production of pro-inflammatory cytokines including interleukin
IL-1B, IL-6, and TNF-a*. In the acute setting, this amplified inflammatory response may resemble a
“cytokine storm,” characterized by markedly elevated circulating cytokines that exert direct negative
inotropic effects, impair [B-adrenergic signaling, and promote nitric oxide overproduction,
contributing to myocardial depression. TNF-a and IL-1f can reduce calcium handling efficiency in
cardiomyocytes*?. Beyond the myocardium, systemic cytokine release induces endothelial activation,
increased vascular permeability, and microvascular dysfunction, facilitating tissue edema and
contributing to multi-organ impairment, including renal and hepatic dysfunction®’. Elevated
circulating cytokines correlate with disease severity and adverse outcomes, suggesting that
inflammation is not merely a bystander but an active driver of cardiac dysfunction and systemic
complications. Inflammatory signaling amplifies neurohormonal activation and oxidative stress,
creating a self-perpetuating cycle that worsens cardiac remodeling and organ cross-talk’. The liver
plays a central role in the systemic response to cytokine storm, acting both as a target organ and an
active contributor to inflammation. Elevated circulating cytokines such as IL-6, TNF-a, and IL-1f
directly affect hepatic function by altering hepatocyte metabolism and promoting the acute-phase
response. 1L-6, in particular, drives the synthesis of acute-phase proteins, including C-reactive
protein, fibrinogen and serum amyloid A, thereby amplifying systemic inflammation. At the same
time, reduced cardiac output and venous congestion impair hepatic perfusion, leading to hypoxic
injury and the clinical entity often referred to as congestive hepatopathy**. This results in
hepatocellular dysfunction, cholestasis, and elevated liver enzymes, which are frequently observed in
patients with acute decompensated heart failure. Hepatic dysfunction further exacerbates systemic
inflammation by impairing the clearance of circulating cytokines and endotoxins, contributing to a
self-perpetuating cycle of immune activation. Recent evidence suggests that liver injury markers,
such as transaminases and bilirubin, are not only indicators of organ damage but also correlate with
disease severity and worse clinical outcomes. This highlights the importance of the heart-liver axis in
acute heart failure and underscores how cytokine storm contributes to multi-organ dysfunction

beyond the cardiovascular system* 4°,

2.7.  The role of biomarkers

Given the central role of innate immune activation and inflammatory mediators in the

pathophysiology of acute heart failure, circulating biomarkers may provide a valuable link between
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the underlying biological processes and their clinical expression. Biomarkers represent an essential
diagnostic tool for the detection and characterization of myocardial insults, as well as the subsequent
maladaptive remodeling observed in the acute heart failure population. Furthermore, the strategic
application of these molecular indicators can improve diagnostic accuracy and allow more precise

risk stratification, ultimately enhancing the prognostic evaluation of these patients.

Acute heart failure is not only a hemodynamic syndrome but also a condition characterized
by systemic and myocardial inflammation, in which pro-inflammatory cytokines play a fundamental
role in disease progression, impairment of cardiac function, and adverse clinical outcomes*’. These
inflammatory mediators are released from immune cells (macrophages, monocytes), activated
endothelial cells, and stressed cardiomyocytes, contributing to local myocardial dysfunction as well

as systemic effects on vascular tone, neurohormonal activation, and multi-organ interaction.

Clinical guidelines emphasize the measurement of NP plasma levels as a primary diagnostic
instrument for patients presenting with symptoms indicative of heart failure, facilitating the
confirmation or exclusion of the diagnosis. In modern emergency department settings, NPs are
essential components of the standard diagnostic protocol for dyspnea due to their immediate
availability and they are considered the “gold standard”*®. Elevated concentrations are critical for
both diagnosis and prognostic assessment, their accuracy can be compromised by various
physiological and clinical modifiers, such as advanced age, obesity, renal impairment, atrial
fibrillation and sepsis*’. B-type natriuretic peptide (BNP) and its inactive cleavage fragment N-
terminal pro-B-type natriuretic peptide (NT-proBNP) are cardiac neurohormones predominantly
synthesized and released by ventricular cardiomyocytes in response to increased wall stress, volume
overload, and pressure overload. BNP is generated from the precursor molecule proBNP, which is
cleaved into the biologically active 32-amino acid BNP and the biologically inactive NT-proBNP
fragment>®. While BNP exerts physiological effects including natriuresis, diuresis, vasodilation, and
inhibition of the RAAS, NT-proBNP does not have direct biological activity but is released in
equimolar amounts and has a longer plasma half-life, making it particularly useful for laboratory
measurement®!. Clinically, both BNP and NT-proBNP are established biomarkers for the diagnosis,
risk stratification, and prognostic assessment of heart failure. The circulating levels of natriuretic
peptides are tightly regulated by enzymatic systems that control both their activation and degradation.
The biological activity of natriuretic peptides is regulated by enzymes involved in their activation and
degradation. Corin promotes the conversion of pro-ANP and pro-BNP into their active forms, whereas

neprilysin contributes to their enzymatic degradation, thereby limiting their effects.’. This balance

influences the circulating levels and biological activity of BNP and related peptides in heart failure®?.
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BNP and NT-proBNP concentrations correlate with ventricular filling pressures and myocardial
dysfunction, and elevated levels are associated with an increased risk of hospitalization and mortality
in both acute and chronic heart failure®*. Due to their high negative predictive value, especially in
acute dyspnea, normal BNP or NT-proBNP levels can effectively exclude heart failure as the

underlying cause’.

In addition to haemodynamic stress, inflammation plays an important role in the pathophysiology of
AHF>, Several inflammatory mediators, including TNF-a, IL-1f and IL-6, have been implicated in
myocardial dysfunction, fibroblast activation, extracellular matrix remodeling and adverse clinical
outcomes. These cytokines may interact with neurohormonal pathways, oxidative stress and
endothelial dysfunction, contributing to disease progression and multi-organ involvement®. Other
biomarkers, such as growth differentiation factor-15 (GDF-15) and IL-18, have also been associated
with inflammation, oxidative stress, tissue injury and worse outcomes in acute heart failure. However,
in the context of this thesis, particular attention is given to sST2, which provides prognostic

information related to myocardial stress, inflammation, fibrosis and adverse cardiac remodeling 37 47,

Beyond classical cytokines, sST2 has emerged as a robust biomarker of myocardial stress and
fibrosis. sST2 is a member of the interleukin-1 receptor family and represents the circulating isoform
of the ST2 protein, which exists in two main forms: a transmembrane receptor (ST2L) and a soluble
decoy receptor®®. ST2 is the receptor for IL-33, a cytokine that exerts cardioprotective effects by
reducing myocardial fibrosis, hypertrophy, and apoptosis through activation of intracellular anti-
remodeling signaling pathways (Figure 3) *. In the setting of myocardial stress and mechanical strain,
cardiomyocytes and cardiac fibroblasts upregulate sST2 production. Elevated circulating sST2 acts
as a decoy receptor for IL-33, preventing its binding to ST2L and thereby attenuating its
cardioprotective effects, ultimately promoting fibrosis and adverse ventricular remodeling.
Importantly, sST2 has demonstrated strong and independent prognostic value in AHF, associated with
increased short-term mortality and risk of rehospitalization, independently of natriuretic peptides and
traditional clinical risk factors®®. From a clinical perspective, a commonly used prognostic cut-off for
sST2 is 35 ng/mL%°. Values above this threshold have been associated with worse prognosis in patients
with heart failure, and the International ST2 consensus Panel recommended sST2 >35 ng/mL as a
threshold for identifying patients with AHF at higher risk of adverse outcomes. However, in AHF,
some studies have suggested that higher cut off-values may improve prognostic specificity, reflecting
the particularly elevated biomarker levels observed during acute decompensation®!. sST2 reflects
activation of the IL-33/ST2 signaling pathway and is strongly associated with mortality and

rehospitalization in both acute and chronic heart failure settings®?. Importantly, sST2 provides
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prognostic information independent of natriuretic peptides and is less affected by age, renal function,

or body mass index (BMI) compared to BNP or NT-proBNP®,
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Figure 3:Interleukin-33/ST2L signaling pathway®*.
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3. Objective of the thesis

The primary objective of this thesis was to evaluate the association between plasma ST2
concentrations and 30-day mortality in patients admitted to the Emergency Department for AHF. In
particular, the study aimed to assess whether ST2 levels differed between survivors and non-survivors
and whether ST2 could independently predict short term mortality after adjustment for clinically
relevant variables. The secondary objectives were to describe the distribution of ST2 concentrations
according to clinical severity, particularly NYHA functional class, and to compare the prognostic
information provided by ST2 with that of traditional clinical and laboratory parameters, including
NT-proBNP, renal function, heart rate and comorbidities. Overall, this thesis aimed to explore the

potential contribution of ST2 to early risk stratification in patients with AHF.
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4. Materials and methods

4.1. Study design and population

The present work involved the recruitment of patients presenting to the Emergency Department of
the “Maggiore della Carita” University Hospital in Novara with either newly diagnosed acute heart
failure or acute decompensation of chronic heart failure. This was a retrospective observational study
approved by the local ethics committee (Study 371/CE , protocol number: E00116-2026). The patient
cohort analyzed for this thesis was collected between January 24" 2018, and March 37 2020 .

4.1.1. Patients

Patients were enrolled based on the following inclusion criteria:

- Age > 18 years,

- Expression and signature of informed consent

- Admission to the Emergency Department for Acute Heart Failure based on the following:
- Dyspnea with minimal exertion or at rest that has worsened in the last 2 weeks

- Clinical and radiological signs of HF according to the Framingham Criteria

Among the major criteria: pulmonary edema, cardiomegaly, hepatojugular reflux, jugular distension,
paroxysmal nocturnal dyspnea or orthopnea, pulmonary rales, S3 tone and weight loss greater than
4.5 kg in 5 days in response to diuretic treatment. While, ankle edema, dyspnea on exertion,
hepatomegaly, nocturnal cough, pleural effusion and heart rate > 120 bpm were considered minor

criteria.

While, the exclusion criteria chosen were:

- Under 18 years of age;

- Refusal or inability to give informed consent;

- Severe hemodynamic instability (cardiogenic shock);

- Active acute coronary syndrome (Non-STEMI and STEMI);
- Pregnant women;

- Patient previously enrolled in the study.
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Patient enrollment took place at the time of presentation to the Emergency Department, after
obtaining written signed informed consent. For each patient, demographic data, medical history, home
therapy, vital and instrumental parameters, and laboratory data were collected at baseline (TO, time

of enrollment) and 30 days after admission to the emergency department.

The final dataset consisted of samples collected from 137 patients. To ensure patient confidentiality,
all patient data and identifying information were coded and anonymized within Research Electronic

Data Capture (REDCap) platform.

4.2.  Samples and Laboratory analysis
At time zero (T0), corresponding to the time of enrollment, a venous blood sample from the patients
was collected in EDTA tubes, and the tubes were subsequently centrifuged at 3000 rpm for 10 minutes
at 25°C to allow plasma separation. The obtained plasma was then aliquoted into Eppendorf-type
tubes. After being labeled with an anonymous patient code, the samples were stored at -80°C until

ELISA analysis was performed.

The laboratory procedures were conducted inside the laboratory of Medical Clinic at the University

of Piemonte Orientale inside the department of Translational Medicine.

4.3. Enzyme-Linked Immunosorbent Assay (ELISA)

The Critical Diagnostics Presage® ST2 Assay (3030 Bunker Hill St. Suite 117A San Diego, CA
92109) EIA Test Kit REF# BC-1065E which, is a quantitative sandwich monoclonal ELISA, was
used to measure plasma ST2 levels according to the manufacturer’s instructions. Absorbance was

measured at 450 nm using Perkin Elmer Victor X4 Multimode Microplate Reader.

The 137 samples were initially tested at a 1:50 dilution. Samples with values falling outside the

standard curve were subsequently retested at a 1:200 dilution.

ST2 concentrations were calculated by plotting the standard curve and performing linear
interpolation of the data using GraphPad PRISM 11 (GraphPad Software, La Jolla, California,
USA).Statistical analysis.

19



4.4. Statistical analysis

The statistical analysis was performed using Stata Statistical Software, version 19.5 (StataCorp LLC,

College Station, TX, USA).

Continuous variables were expressed as median and interquartile range (IQR) or as mean + standard
deviation (SD), according to data distribution, whereas categorical variables were reported as
frequencies and percentages. Comparisons between independent groups were performed using the
Mann-Whitney U test for continuous variables and the Pearson chi-square test or Fisher’s exact test

for categorical variables, as appropriate.

Correlations between continuous variables of interest, including ST2 and NT-proBNP concentrations,
were evaluated using Spearman’s rank correlation coefficient (Spearman’s rho). Correlation analyses
were performed to investigate the relationship between biomarkers associated with acute heart failure

severity.

Survival analysis was performed using the Kaplan-Meier estimator to evaluate 30-day overall
survival in the study population. Survival curves were generated to describe the probability of survival
during the follow-up period. To identify independent predictors of 30-day mortality, multivariable
logistic regression analysis was performed including clinically relevant variables associated with
mortality in univariate analyses. Results were expressed as odds ratios (ORs) with corresponding 95%
confidence intervals (95% CI). Graphical analyses, including box plots of ST2 concentrations
according to mortality and NYHA functional class, were generated to visually assess biomarker
distribution and variability across clinical groups. For the stratification analysis, patients were divided
according to the median ST2 concentration in order to obtain two numerically comparable groups.

Survival curves between ST2 groups were compared using the log-rank test.

A two-sided p value < 0.05 was considered statistically significant for all analyses.
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5. Results

5.1. Baseline characteristics of the study Population

The study population consisted of 137 patients admitted to the ED because of acute heart failure.
Patients were predominantly elderly, with a median age of 81 years, and showed a slight male
predominance. A high burden of comorbidities was observed, reflecting the clinical complexity
typically associated with acute heart failure. Most patients presented with advanced symptomatic
status at admission, as demonstrated by NYHA functional class III-IV. Atrial fibrillation or flutter was
highly prevalent within the cohort, together with alterations in vital parameters such as increased

heart rate and respiratory rate.

Renal dysfunction was frequently observed, although patients with severe impairment of glomerular
filtration represented a minority of the study population. Biomarker analysis demonstrated elevated
levels of both NT-proBNP and ST2 in a substantial proportion of patients, supporting the presence of
significant myocardial stress and advanced heart failure severity. Overall, the baseline characteristics
describe a frail and clinically complex cohort of patients admitted with acute decompensated heart

failure.

Table 1:Baseline characteristics of the study population.

Continuous variables are presented as median (IQR), while categorical variables are expressed as frequencies (%).

Variable Total Patients
N=137
Age, years 81 (78-89)
Male/Female, N. 74 (54)/63 (46)
Body mass index (BMI), kg/m? 27 (24-30)
Charlson Comorbidity Index
2-4 11(19)
5-7 25 (44)
>8 21 (37)
NYHA class at admission, N.
NYHA II 19 (14)
NYHA III 61 (45)
NYHA IV 56 (41)
Cardiac thythm at admission, N.
Sinus rhythm 61 (45)
Atrial fibrillation/flutter 68 (50)
Other arrhythmia 8(6)
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Systolic blood pressure, mmHg 140 (120-160)
Heart rate, bpm 88 (73-105)
Respiratory rate, rpm 24 (22-30)
Peripheral oxygen saturation, % 92 (85-94)
Hemoglobin, g/dL 12.2 (10.0-14.0)
White blood cells, x10°/L 9.8 (7.6-11.8)
Platelets, x10°/L 210 (191-275)
eGFR, mL/min 49 (37-58)
eGFR <30 mL/min, N. 8 (14)
NT-proBNP, ng/mL 119 (96-157)
ST2, ng/mL 83 (52-140)

NYHA = New York Heart Association; eGFR = estimated glomerular filtration rate; NT-proBNP = N-terminal pro-B-

type natriuretic peptide.

Table 1 summarizes the main demographic, clinical, and laboratory characteristics of the study

population.

5.2, ST2 Concentrations according to NYHA Functional class

ST2 concentrations were compared across NYHA functional classes. Considering NYHA classes 11—
IV, median ST2 values were 84.47 ng/mL in NYHA I, 73.87 ng/mL in NYHA III, and 114.79 ng/mL
in NYHA IV patients (Kruskal-Wallis p = 0.027). Patients with more advanced NYHA classes tended
to exhibit higher ST2 concentrations, suggesting a relationship between elevated ST2 levels and
greater clinical severity of acute heart failure. In particular, patients classified as NYHA IV
demonstrated higher median ST2 concentrations and greater variability of values compared with
patients presenting with lower NYHA classes. Furthermore, several elevated outliers were observed
among patients with advanced NYHA classes, supporting the hypothesis that ST2 reflects both

myocardial stress and disease severity in acute heart failure.
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Figure 4: Distribution of ST2 concentrations according to NYHA functional class.

The distribution of ST2 concentrations according to NYHA functional class is illustrated in Figure
4.

5.3.  Thirty-day survival analysis

Kaplan-Meier analysis demonstrated a progressive decline in survival probability during the 30-day
follow-up period among patients admitted with acute heart failure. Although survival probability
remained relatively high throughout the observation period, a gradual reduction over time was
observed, corresponding to the occurrence of mortality events during follow-up. The estimated
overall 30-day survival rate in the analyzed cohort was approximately 86%. 19 out of 137 patients
died. These findings reflect the prognostic burden associated with acute heart failure and highlight

the importance of early risk stratification using clinical and laboratory biomarkers.
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Figure 5: Kaplan-Meier survival curve showing 30-day overall survival in the study population.
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Thirty-day overall survival was evaluated using Kaplan-Meier survival analysis, as shown in Figure

5.

5.4.  Comparison between survivors and non-survivors
Patients died during follow-up presented significantly higher ST2 concentrations compared with
survivors (285.767 vs 116.966 ng/mL, p < 0.001). Non-survivors also exhibited significantly higher

heart rate values and a higher prevalence of chronic obstructive pulmonary disease (COPD).

Although systolic blood pressure tended to be lower among non-survivors, the difference did not
reach statistical significance. Non-survivors were significantly older. No statistically significant
differences were observed for BMI, creatinine, NT-proBNP, eGFR, diabetes mellitus, obesity,

smoking status, or atrial fibrillation.

Overall, these findings support the potential prognostic role of ST2 in patients admitted with AHF.

Table 2: Comparison between survivors and non-survivors

Continuous variables are presented as mean (SD), whereas categorical variables are expressed as frequencies (%). P
values refer to comparison between survivors. NT-proBNP * was measured in a subgroup of 57 patients put of the total

study population of 137 patients.

Variable Survivors Non-survivors P value
N=118 N=19
Age, years 80.65 (9.13) 84.32 (6.44) 0.01
BMI 27.19 (5.08) 26.62 (4.57) 0.65
Creatinine (mg/dL) 1.25 (0.63) 1.47 (0.89) 0.17
NT-proBNP * 122.67 (42.60) 141.75 (48.57) 0.16
ST2 116.97 (140.35) 285.77 (290.58) <0.001
Heart rate 88.80 (21.57) 101.95 (26.18) 0.018
Systolic blood pressure | 143.59 (26.33) 131.105 (23.48) 0.05
e¢GFR (mL/min) 52.91 (21.22) 49.32 (29.53) 0.52
Sex 0.55 (0.50) 0.53 (0.51) 0.53
Diabetes mellitus 0.41 (0.63) 0.26 (0.65) 0.33
Atrial fibrillation 0.48 (0.50) 0.58 (0.51) 0.42
COPD 0.12 (0.40) 0.47 (0.51) 0.008
Obesity 0.35(0.48) 0.368 (0.50) 0.90
Smoking 0.96 (0.94) 0.79 (0.97) 0.47
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The main clinical and laboratory characteristics of survivors and non-survivors at 30 days are

summarized in Table 2.

5.5.  Distribution of ST2 levels according to thirty-day mortality
The box plot illustrates the distribution of ST2 concentrations among survivors and non-survivors at
30-day follow-up. Patients died during follow-up presented substantially higher ST2 levels compared
with survivors. The non-survivor group demonstrated greater variability and dispersion of ST2
values, with the presence of several elevated outliers. Notably, the median ST2 concentration in both
groups was above the commonly reported prognostic reference threshold of 35 ng/mL, indicating
that the majority of patients were at increased risk according to current evidence. However, ST2 levels
were markedly higher among non-survivors, suggesting a greater degree of myocardial stress,
inflammation, and adverse cardiac remodelling. These graphical findings are consistent with the
statistical analysis of the study, in which ST2 was significantly associated with 30-day mortality (p <
0.001). Overall, the figure further supports the potential prognostic role of ST2 as a biomarker in
patients admitted with AHF and highlights its ability to identify patients at particularly high risk of

short-term mortality.
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Figure 6: Distribution of ST2 concentrations according to 30-day mortality.

Figure 6 illustrates the distribution of ST2 concentrations according to 30-day mortality status.
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5.6.  Multivariable logistic regression analysis
Multivariable logistic regression analysis was performed to identify independent predictors of 30-day
mortality among patients admitted with AHF. Among the analyzed variables, ST2 remained
independently associated with mortality risk after adjustment for clinically relevant covariates (OR

1.003, 95% CI 1.001-1.006, p = 0.007).

Heart rate showed a borderline association with mortality, whereas age, eGFR, diabetes mellitus, and
NYHA functional class were not independently associated with the outcome in the multivariable
model. These findings support the potential prognostic role of ST2 as an independent biomarker in

patients admitted with AHF.

Results are summarized in Table 3.

Table 3: Multivariable logistic regression analysis for 30-day mortality

Variable Odds Ratio (OR) 95% Confidence | p-value
Interval

ST2 1.003 1.001-1.006 0.007
Age 1.046 0.963-1.137 0.286
eGFR (mL/min) 1.002 0.972-1.034 0.876
Heart rate 1.022 0.999-1.046 0.052
Diabetes mellitus 0.708 0.269-1.865 0.485
NYHA class at | 1.674 0.711-3.944 0.239
admission

OR = Odds Ratio; CI = Confidence Interval. Variables with p < 0.05 were considered statistically significant.

5.7.  Stratification analysis according to median ST2 levels
Patients were stratified according to the median ST2 concentration in order to obtain two numerically
comparable groups. The median ST2 value was 83.19 ng/mL; therefore, the low-ST2 group included
patients with ST2 values <83.19 ng/mL (n = 69), whereas the high-ST2 group included patients with
ST2 values >83.19 ng/mL (n = 68). Clinical and biomarker characteristics of the two groups are

summarized in Table 4.

Patients with ST2 concentrations above the median were significantly older and showed lower BMI
compared with patients in the low-ST2 group. NT-proBNP concentrations tended to be higher in the
high-ST2 group, although this difference did not reach statistical significance (p = 0.061). This
finding should be interpreted with caution, since NT-proBNP values were available only for a
subgroup of 57 patients.
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Atrial fibrillation was significantly more frequent among patients with ST2 values above the median
(p =0.003), whereas COPD and smoking status did not significantly differ between groups. Obesity
was more frequent in the low-ST2 group (p = 0.011). Regarding clinical outcomes, 30-day mortality
was significantly higher in patients with ST2 concentrations above the median (p = 0.007). Overall,
these findings suggest that elevated ST2 may identify a subgroup of patients with a more severe

clinical profile and higher short-term mortality risk.

Table 4: Clinical and biomarker characteristics according to median ST2 levels

Continuous variables are expressed as median (IQR), while categorical variables are expressed as number (%).

Variable ST2 < median ST2 > median p-value
(n=69) (n=68)

Age, years 80.09 (72.31-86.06) 84.29 (78.86-89.61) 0.01
BMI, kg/m? 28.90 (23.50-31.10) 25.90 (22.50-29.47) 0.02
Creatinine, mg/dL 1.03 (0.85-1.43) 1.20 (0.84-1.68) 0.35
eGFR, mL/min 52.00 (39.00-73.00) 45.00 (32.75-61.25) 0.05
NT-proBNP, ng/mL* 107.87 (90.14-151.60) 136.13 (104.55-170.39) 0.06
Male sex 40 (58.0%) 34 (50.0%) 0.39
Diabetes mellitus 0.51
No diabetes 47 (68.1%) 47 (69.1%)

Non-complicated diabetes 18 (26.1%) 14 (20.6%)

Diabetes with end-organ damage 4 (5.8%) 7 (10.3%)

Atrial fibrillation 25 (36.2%) 42 (62.7%) 0.003
COPD 18 (26.5%) 14 (20.6%) 0.54
Obesity 32 (46.4%) 16 (24.2%) 0.01
Smoking status 0.68
No 31 (44.9%) 34 (50.7%)

Active smoker 9 (13.0%) 6 (9.0%)

Ex-smoker 29 (42.0%) 27 (40.3%)

30-day mortality 4 (5.8%) 15 (22.1%) 0.007

Patients were stratified according to the median ST2 concentration: ST2 < 83.19 ng/mL and ST2 > 83.19 ng/mL. P values were calculated
using the Mann-Whitney U test for continuous variables and Fisher s exact test or chi-square test for categorical variables, as appropriate.
*NT-proBNP values were available only for 57 patients. BMI = body mass index; eGFR = estimated glomerular filtration rate; NT-proBNP =

N-terminal pro-B-type natriuretic peptide; COPD = chronic obstructive pulmonary disease.
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Kaplan-Meier survival curves showing 30-day survival according to median ST2 levels. Patients with
ST2 concentrations above the median value of 83.19 ng/mL showed lower survival probability
compared with patients with ST2 values at or below the median. The difference between the survival

curves was statistically significant according to the log-rank test (p = 0.0065).

Thirty-day survival according to median ST2 levels
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Figure 7: Kaplan-Meier survival curves according to median ST2 levels

Kaplan-Meier survival curves showing 30-day survival according to median ST2 levels. Patients with
ST2 concentrations above the median value of 83.19 ng/mL showed lower survival probability
compared with patients with ST2 values at or below the median. The difference between the survival

curves was statistically significant according to the log-rank test (p = 0.0065).
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6. Discussion

AHF is one of the most challenging clinical presentations in cardiovascular medicine. It is not only
the abrupt worsening of cardiac pump function, but rather a systemic syndrome in which congestion,
hypoperfusion, neurohormonal activation, inflammation, endothelial dysfunction and organ cross-
talk interact with each other. For this reason, the prognosis of patients admitted with AHF remains
unfavorable, especially during the early post-admission period, when the risk of death and
rehospitalization is particularly high’. In this setting, early risk stratification is essential. Clinical
evaluation remains the first step in patient assessment, but it may not fully capture the biological
heterogeneity of AHF. This has encouraged the study of circulating biomarkers able to reflect different
pathophysiological pathways and to provide prognostic information beyond standard clinical
parameters® %, The work evaluated the prognostic role of sST2 in patients admitted to the Emergency
Department with AHF. The population analyzed in this study was clinically complex, elderly and
highly comorbid, with a high prevalence of advanced NYHA functional class at admission. This
profile is consistent with the real-world population typically hospitalized for AHF, in which frailty,
cardiovascular comorbidities and non-cardiac diseases frequently coexist’”. The main finding of the
study was that circulating ST2 concentrations were markedly higher in patients who died during the
30-day follow-up compared with survivors. Furthermore, ST2 remained independently associated
with mortality after adjustment for clinically relevant variables, supporting its potential value as a

prognostic biomarker in this clinical setting.

This result is relevant because mortality in AHF is determined by multiple mechanisms that are not
completely reflected by conventional biomarkers. NPs, particularly BNP and NT-proBNP, are
established tools for the diagnosis and prognostic assessment of heart failure, and they remain central
in current clinical practice®®. However, they mainly reflect ventricular wall stress, volume overload
and increased filling pressures®. Although these mechanisms are fundamental in heart failure, they
do not fully describe other biological processes that become particularly important during acute
decompensation, such as myocardial injury, inflammation, fibrosis, endothelial activation and adverse
remodeling’®. ST2 may add complementary information because it is linked to myocardial stress and
inflammatory-fibrotic pathways, especially through the IL-33/ST2 axis®*. The biological
interpretation of ST2 is based on the presence of two main isoforms: the transmembrane receptor
ST2L and the soluble circulating form, sST2. Under conditions of biomechanical stress, IL-33 binds
to ST2L and activates protective pathways that can limit cardiomyocyte hypertrophy, fibrosis and
apoptosis. Experimental studies have described this pathway as a cardioprotective fibroblast-

cardiomyocyte signalling system activated in response to myocardial strain. By contrast, soluble ST2
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acts as a decoy receptor. It binds IL-33 in the circulation and prevents its interaction with ST2L,
thereby reducing the protective effect of IL-33/ST2L signalling®. In AHF, increased sST2 may
therefore indicate a disruption of a protective pathway, with a shift toward fibrosis, inflammation and
maladaptive remodeling. This mechanism provides a biologically plausible explanation for the

association observed in our cohort between elevated ST2 levels and early mortality.

The prognostic relevance of ST2 has already been described in several studies involving both acute
and chronic heart failure. In patients presenting with acute dyspnea, ST2 was shown to predict
mortality and to provide prognostic information when considered together with NT-proBNP’!. In
patients with acute destabilized heart failure, increased plasma sST2 concentrations were associated
with worse outcomes and higher mortality’?. Manzano-Fernandez et al. reported that soluble ST2
concentrations predicted mortality in patients with acutely decompensated heart failure’; other
studies also support the role of ST2 in multi-marker risk stratification, especially when combined
with biomarkers reflecting different domains, such as NPs’ 7>, These data suggest that ST2 should
not be interpreted as a replacement for established biomarkers, but rather as an additional tool able to
describe a different component of risk. A particularly important aspect of the present study is the
comparison between ST2 and NT-proBNP. In our cohort, NT-proBNP values were numerically higher
in non-survivors than in survivors, but the difference did not reach statistical significance. In contrast,
ST2 showed a strong association with 30-day mortality. This finding does not reduce the clinical
importance of NT-proBNP, which remains one of the most validated biomarkers for heart failure
diagnosis and prognosis®® ; it suggests that in this specific cohort ST2 may have captured a
dimension of risk that was not fully represented by NT-proBNP. Several explanations may be
considered. NT-proBNP is influenced by age, renal function, atrial fibrillation, body mass index and
other conditions that are very common among patients admitted with AHF’. ST2, although not
completely free from biological variability, appears to be less dependent on some of these
confounders, particularly renal function and body mass index’¢. The interpretation of NT-proBNP in
the present cohort requires caution, since this biomarker was available only in a subgroup of 57
patients out of the total population of 137. Although higher NT-proBNP concentrations in patients
with elevated ST2 suggest a possible relationship between ST2 elevation and greater haemodynamic
burden, the incomplete availability of NT-proBNP data limits the generalizability of this observation
and reduces its statistical robustness. For this reason, the comparison between ST2 and NT-proBNP
should be considered exploratory rather than definitive®'.The relationship between ST2 and NT-
proBNP should therefore be considered complementary rather than competitive. NT-proBNP mainly
reflects haemodynamic stress, whereas ST2 may better reflect the downstream consequences of

cardiac stress, including inflammation, extracellular matrix activation and tissue remodeling®. This
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distinction is clinically meaningful: two patients may have comparable natriuretic peptide
concentrations but different degrees of myocardial injury, systemic inflammation, pulmonary disease,
renal reserve and frailty. In such cases, ST2 may help to identify an additional layer of biological
vulnerability. This interpretation is consistent with the growing interest in multi-marker approaches
for AHF, in which each biomarker contributes information on a specific pathophysiological domain’.
The concept of multi-marker risk stratification is particularly appropriate for AHF because the
syndrome cannot be reduced to a single mechanism. NPs reflect congestion and wall stress; troponins
indicate myocardial injury; inflammatory markers such as CRP or IL-6 reflect immune activation;
renal biomarkers describe kidney involvement; and biomarkers such as ST2 are related to fibrosis
and remodeling”’. The results of this thesis are aligned with this view and support the idea that ST2
may contribute to a more complete biological characterization of patients admitted with AHF. The
baseline profile of the present cohort confirms the clinical complexity of patients admitted with acute
decompensated heart failure. Most patients were elderly, highly comorbid and frequently presented
with advanced functional limitation at admission’8. This pattern is consistent with the typical real-
world population hospitalized for AHF, in which frailty, cardiovascular disease and non-cardiac

comorbidities often coexist and may contribute to early clinical deterioration”.

Another element that should be considered is the timing of ST2 measurement. In this study, blood
samples were collected at baseline, at the time of presentation to the Emergency Department. This is
a clinically relevant moment, because the first hours after admission represent a critical window in
which physicians must rapidly estimate the patient risk and decide the intensity of monitoring and
treatment. A biomarker measured at admission may be useful if it is able to identify biological stress
before the full clinical trajectory becomes evident. In this perspective, elevated ST2 at presentation
may indicate that the acute episode is not limited to hemodynamic congestion, but is accompanied by

more intense systemic activation and adverse myocardial remodeling.

The marked difference in ST2 concentrations between survivors and non-survivors is therefore not
only a statistical result, but also a clinically meaningful observation. The box plot distribution showed
higher values and greater dispersion among patients who died during follow-up, suggesting that some
non-survivors had extremely elevated ST2 concentrations. This variability is not surprising, because
AHF is a heterogeneous syndrome that may arise from different underlying mechanisms, including
ischemic disease, arrhythmias, uncontrolled hypertension, valvular disease, infection, renal
dysfunction or poor therapeutic adherence. In this context, very high ST2 values may identify patients
with a particularly severe biological phenotype, characterized by intense myocardial stress and
systemic inflammatory-fibrotic activation. The independent association between ST2 and mortality

in the multivariable logistic regression model further supports the relevance of this biomarker. ST2
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remained significantly associated with mortality after adjustment for age, eGFR, heart rate, diabetes
mellitus and NYHA class. This means that the prognostic information provided by ST2 was not fully
explained by older age, renal dysfunction, clinical severity or metabolic comorbidity. Although the
odds ratio per unit increase may appear numerically small, this is expected when a biomarker with a
wide range of values is analyzed as a continuous variable. When ST2 concentrations increase
substantially, as observed in several non-survivors, the cumulative effect on risk becomes more
relevant. This point is important when interpreting biomarkers whose clinical impact becomes clearer

across larger concentration differences.

The relationship between ST2 and NYHA functional class also deserves discussion. In our analysis,
patients with more advanced NYHA class tended to show higher ST2 concentrations, particularly
those classified as NYHA IV. NYHA class is based on symptoms and functional limitation, and it
remains a useful clinical indicator of disease severity and prognosis®’. The tendency toward higher
ST2 values in patients with more severe NYHA class suggests that ST2 may reflect not only molecular
remodeling, but also the clinical burden of disease. However, NYHA class did not remain
independently associated with 30-day mortality in the multivariable model. This may be explained
by the limited sample size, by the high proportion of patients already presenting with advanced
NYHA classes, and by the partly subjective nature of symptom-based classification. In elderly and
comorbid patients, dyspnea and exercise limitation may be influenced by COPD, anemia, obesity,
frailty or deconditioning, and not only by heart failure severity. Heart rate was significantly higher in
non-survivors and showed a borderline association with mortality in the multivariable model. This
finding is clinically plausible. In AHF, tachycardia may reflect sympathetic activation, reduced stroke
volume, respiratory distress, hypoxia, pain, anxiety, infection or arrhythmias. Initially, an increased
heart rate may help maintain cardiac output when stroke volume is reduced. However, persistent
tachycardia may become harmful by increasing myocardial oxygen demand, shortening diastolic
filling time and reducing cardiac efficiency. In elderly patients, and particularly in those with atrial
fibrillation, high heart rate may also indicate limited cardiovascular reserve. Previous studies have
suggested that heart rate during hospitalization or at discharge may have prognostic relevance in acute

decompensated heart failure, although this association is less established than in CHF??,

Another relevant finding was the higher prevalence of COPD among non-survivors. The coexistence
of COPD and heart failure is common and clinically challenging. Both diseases can cause dyspnea,
reduced exercise tolerance and hypoxemia, making clinical assessment more complex. COPD may
worsen heart failure through chronic hypoxia, pulmonary hypertension, right ventricular overload,
systemic inflammation and a higher risk of respiratory infections. COPD can complicate treatment,

especially with regard to beta-blockers, bronchodilators, oxygen therapy and non-invasive
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ventilation. Previous evidence has shown that COPD is associated with worse outcomes in patients
hospitalized for acute decompensated heart failured!. In our cohort, COPD was significantly more
frequent among non-survivors, suggesting that pulmonary vulnerability may have contributed to early

mortality.

Atrial fibrillation was also frequent in the study population. This is consistent with the known
relationship between atrial fibrillation and heart failure, two conditions that often coexist and worsen
each other. Atrial fibrillation may precipitate acute decompensation by increasing heart rate, reducing
atrial contribution to ventricular filling and worsening haemodynamic stability. At the same time,
chronic pressure and volume overload in heart failure promotes atrial remodeling and favours the
development of arrhythmias®2. In our stratification analysis, atrial fibrillation was more frequent
among patients with higher ST2 levels, which may reflect a more advanced structural and remodeling
phenotype. However, atrial fibrillation was not significantly associated with mortality in the survivor
versus non-survivor comparison, possibly because of its high overall prevalence in the cohort,
reducing its ability to discriminate risk between groups. The stratification analysis provides an
additional clinical interpretation of elevated ST2 levels. The stratification analysis provides an
additional clinical interpretation of elevated ST2 levels. Patients with ST2 concentrations above the
median showed a higher prevalence of atrial fibrillation and higher 30-day mortality, while COPD
did not significantly differ between the two groups. This suggests that increased ST2 may identify a
phenotype characterized by greater cardiac stress, arrhythmic burden and short-term vulnerability,
rather than by pulmonary comorbidity alone. This suggests that increased ST2 may identify a
phenotype characterized by more pronounced cardiac stress together with arrhythmic and pulmonary
comorbidity. Such interpretation is coherent with the concept of AHF as a systemic syndrome, in
which cardiac dysfunction, inflammation, pulmonary involvement and comorbid conditions interact

and contribute to short-term vulnerability®'.

Age was higher among non-survivors but did not reach statistical significance. This may appear
unexpected, since advanced age is one of the strongest predictors of adverse outcomes in HF®’.
However, the entire cohort was already elderly, with a median age above 80 years. In this context, the
limited age difference between groups may have reduced the possibility of detecting a significant
association. In older patients, chronological age alone may not be sufficient to explain prognosis.
Frailty, comorbidity burden, nutritional status, cognitive function, renal reserve and inflammatory
activation may be more informative than age considered as an isolated variable. This may explain
why a biomarker such as ST2, which reflects biological stress and remodeling, remained associated
with mortality even when age did not. Renal function is another key aspect in AHF. Cardiorenal

interactions are central in the pathophysiology of decompensation, and renal dysfunction is usually
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associated with worse outcomes’®. In our study, eGFR did not differ significantly between survivors
and non-survivors and was not independently associated with mortality. This finding should be
interpreted with caution. A single baseline eGFR value may not fully reflect dynamic renal changes
occurring during hospitalization. In AHF, venous congestion may impair renal function even in the
absence of severe baseline renal disease, and creatinine-based measures may not capture early tubular
injury. Serial measurements of renal function and the inclusion of tubular injury biomarkers could
provide a more complete assessment of the relationship between renal impairment, ST2 and
prognosis. The short term nature of the outcome evaluated in this thesis is also important. Thirty-day
mortality is a clinically relevant endpoint because it reflects early vulnerability after an acute episode,
death occurring within the first month may be related to persistent congestion, arrhythmias,
respiratory complications, myocardial injury or failure to recover from the initial decompensation.
Biomarkers measured at admission may be particularly informative for this endpoint, because they
reflect the biological condition of the patient at the beginning of the acute event. At the same time,
longer follow-up would be useful in future studies, because ST2 has also been associated with
medium and long term outcomes, including cardiovascular mortality and rehospitalization®®. The
potential value of serial ST2 measurements should also be considered. In the present study, ST2 was
measured only at baseline. This approach is practical and provides useful prognostic information, but
it does not allow evaluation of biomarker kinetics during hospitalization. Previous studies suggest
that changes in ST2 concentrations over time may improve prognostic accuracy and may reflect
response to therapy or persistent biological stress®. A patient whose ST2 levels decrease during
hospitalization may have a different prognosis from a patient whose levels remain elevated despite
symptomatic improvement. This could be clinically relevant because standard parameters may
improve rapidly after diuretic therapy, while molecular remodeling and inflammatory activation may
persist. ST2 is not only a laboratory value, but the circulating expression of a specific biological
pathway. Its measurement connects molecular mechanisms, including cytokine signalling, receptor
decoy activity, inflammation and fibrosis, with clinical outcomes. This represents a clear example of
translational medicine, in which a molecular biomarker may contribute to the interpretation of a
complex clinical syndrome. In AHF, where patients are highly heterogeneous, biomarkers may help
move from a purely symptom-based classification toward a more biologically informed risk

assessment.

The occurrence of deaths within the first 30 days further emphasizes the unfavorable short-term
prognosis associated with AHF. Although most patients survived during follow-up, early mortality in
this setting reflects the high clinical vulnerability that characterizes acute decompensation’. This

finding supports the need for early risk stratification based on both clinical variables and circulating
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biomarkers, in order to identify patients who may require closer monitoring and more individualized

management’.

The ELISA-based measurement of ST2 also has practical implications. ELISA assays allow
quantitative assessment of circulating proteins and are widely used in biomedical research. In this
thesis, the use of the Presage ST2 assay allowed the measurement of plasma ST2 concentrations in a
standardized experimental setting. However, for routine clinical implementation, biomarker assays
must be reproducible, rapid and cost-effective. This is especially important in the Emergency
Department, where turnaround time may influence clinical decisions. Although ELISA is appropriate
for experimental and research purposes, the translation of ST2 into routine acute care would require

platforms able to provide reliable results within a clinically useful timeframe®*.

The clinical implications of our findings should be interpreted with balance. ST2 could be
incorporated into risk stratification models rather than used as a stand-alone marker. A patient with
AHEF, elevated ST2, advanced age, atrial fibrillation, high heart rate or advanced NYHA class may
represent a particularly vulnerable phenotype, even when natriuretic peptide values do not fully
capture the overall clinical risk. In our cohort, patients were stratified according to the median ST2
value, which allowed two numerically comparable groups to be obtained. However, this cut-off is
data-driven and should therefore be interpreted as exploratory rather than as a validated clinical
threshold. The marked difference in ST2 concentrations between survivors and non-survivors
provides one of the strongest elements supporting its prognostic relevance in this cohort. The
graphical distribution of ST2 according to 30-day mortality further reinforces this observation, since
patients who died showed not only higher values but also wider dispersion, suggesting a
heterogeneous but generally more severe biological profile. These findings are in line with previous
studies showing that sST2 is associated with adverse outcomes in acute and chronic heart failure and
may help identify patients at increased short-term risk®!. This result was further supported by the
Kaplan-Meier analysis performed according to median ST2 levels, which showed significantly lower
30-day survival in patients with ST2 concentrations above 83.19 ng/mL compared with those with

lower values.

It is also important to avoid overinterpreting ST2 as a diagnostic biomarker. Natriuretic peptides
remain superior for the initial diagnostic evaluation of suspected heart failure, particularly in patients

presenting with acute dyspnea®. ST2 appears more useful for prognostic assessment once AHF has
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been diagnosed’®. This distinction is essential. The value of ST2 lies not in confirming the diagnosis,
but in helping to identify patients at higher risk of adverse outcomes. Therefore, ST2 may be most
useful when interpreted together with clinical presentation, echocardiographic parameters, natriuretic
peptides, renal function, troponin and relevant comorbidities. Whether ST2 could guide therapy
remains an open question. At present, evidence mainly supports ST2 as a prognostic biomarker rather
than as a direct therapeutic guide. Some studies suggest that serial changes in ST2 may reflect
treatment response, but interventional evidence is still limited®*. Unlike natriuretic peptides, which
have been more extensively investigated in therapy-guided strategies, ST2 guided management is not
yet established in routine practice. Nevertheless, the identification of patients with markedly elevated
ST2 could indirectly influence clinical management by encouraging careful optimization of

guideline-directed therapy, closer follow-up and a more individualized discharge plan.

This study has several strengths. First, it was conducted in a representative population of patients
(elderly, comorbid and clinically complex) admitted for AHF, making the findings clinically relevant.
Indeed, in this type of population, risk stratification is often difficult, and biomarkers reflecting
biological severity may be particularly valuable. Second, ST2 was measured using a quantitative
ELISA-based method, which is appropriate for experimental biomarker evaluation. Third, the study
focused on 30-day mortality, an endpoint of clear clinical importance in AHF. Fourth, the
multivariable analysis included clinically meaningful covariates, allowing assessment of whether ST2
provided prognostic information beyond standard clinical variables. Importantly, the association
between ST2 and mortality persisted after adjustment for clinically relevant variables. This supports
the hypothesis that ST2 provides prognostic information beyond traditional clinical parameters and
may reflect biological mechanisms not fully captured by age, renal function, heart rate, diabetes
mellitus or NYHA functional class. Therefore, in this cohort, ST2 appears to behave as an independent

biomarker of early adverse outcome in patients admitted with AHF®°,

Several limitations must be acknowledged. The first limitation is the single-center design, which may
reduce the generalizability of the results. Patients were recruited from one hospital, and local
characteristics related to patient population, admission pathways and clinical management may have
influenced the findings. The second limitation is the relatively limited sample size, particularly the
number of deaths during follow-up. This may reduce statistical power and increase uncertainty in the
multivariable model. Therefore, the results should be interpreted as hypothesis-generating rather than
definitive. The third limitation is the short follow-up period. Although 30-day mortality is clinically
relevant, it does not provide information on longer term outcomes such as rehospitalization,
cardiovascular mortality or one-year survival. Additional limitations should also be considered: ST2

was measured only at baseline, preventing analysis of biomarker changes during hospitalization or
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after treatment. The study did not include a complete multi-marker panel including troponin, CRP,
IL-6, which would have allowed a more detailed comparison between different biological pathways.
Echocardiographic parameters, frailty measures, details of in-hospital therapy and discharge
treatment were not fully integrated into the prognostic model. Despite these limitations, the results
provide useful evidence supporting the prognostic role of ST2 in AHF. Some subgroup findings
should be interpreted with particular caution: Some subgroup findings should be interpreted with
caution. In the stratification analysis, patients were divided according to the median ST2 value in
order to obtain two numerically comparable groups. This approach allowed a more balanced
comparison than the conventional 35 ng/mL cut-off, which would have classified only a small number
of patients as having low ST2 levels in this cohort. Patients with ST2 values above the median showed
higher 30-day mortality compared with those with ST2 values at or below the median, and this finding
was further supported by the Kaplan-Meier survival analysis. However, the use of a data-driven cut-
off should be considered exploratory and requires external validation in larger cohorts. Similarly,
associations involving NT-proBNP should be interpreted carefully, because NT-proBNP values were
available only for a subgroup of patients rather than for the entire cohort. Overall, these elements do
not weaken the main finding regarding ST2 and mortality, but they indicate that subgroup analyses

require confirmation in larger and more complete datasets.

Future studies should validate these findings in larger and multicenter cohorts. It would be useful to
evaluate ST2 together with NT-proBNP, high-sensitivity troponin, inflammatory markers and renal
biomarkers, in order to build integrated risk models. Such an approach could clarify whether ST2
improves prognostic prediction beyond established scores and whether it identifies specific biological
phenotypes of AHF. Serial measurements should be performed to determine whether changes in ST2
during hospitalization are associated with treatment response and post discharge outcomes. Finally,
prospective studies would be needed to determine whether ST2 guided management can improve

clinical prognosis.

In conclusion, the present study supports the prognostic relevance of soluble ST2 in patients admitted
with AHF. ST2 concentrations were significantly higher in patients who died during follow-up and
remained independently associated with mortality after adjustment for clinically relevant variables.
These findings are consistent with the biological role of ST2 as a marker of myocardial stress,
inflammation, fibrosis and adverse remodeling, and with previous evidence supporting its prognostic
value in AHF’!. Although NT-proBNP remains a cornerstone biomarker for diagnosis and risk

assessment, ST2 may provide complementary prognostic information, particularly for early risk
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stratification. The integration of ST2 into a broader clinical and biomarker-based approach may

contribute to a more precise and individualized evaluation of patients with acute heart failure’.
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