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Resum 
Pathophysiological understanding of acute decompensated 

heart failure: a proteomic approach 

Introducció: La insuficiència cardíaca és una condició patològica 

dinàmica que presenta freqüentment episodis aguts d’empitjorament, 

coneguts com insuficiència cardíaca aguda descompensada (acute 

decompensated heart failure, ADHF, per les seves sigles en anglès). Es 

tracta d’una síndrome clínica complexa que pot afectar diversos òrgans 

i que involucra diferents mecanismes fisiopatològics, els efectes dels 

quals no es coneixen completament. L’ADHF està relacionada amb la 

disfunció renal, la qual afecta l’evolució de la malaltia i dona lloc a un 

major risc de complicacions. La nostra hipòtesi és que la identificació i 

una millor caracterització, mitjançant un enfocament proteòmic, de les 

proteïnes associades amb la descompensació aguda de la insuficiència 

cardíaca contribuiria a comprendre la fisiopatologia de la malaltia, 

aportaria un fenotip més precís i permetria identificar millor els pacients 

amb una pitjor evolució de la malaltia. 

Objectius: L’objectiu d’aquesta tesi va ser identificar i caracteritzar la 

signatura proteica diferencial a l’orina de pacients amb ADHF en 

associació amb funcions moleculars i processos biològics relacionats 

amb la progressió de la malaltia. 

Mètodes: A l’estudi s'hi van incloure pacients admesos a l’Hospital de 

la Santa Creu i Sant Pau. Les mostres d’orina es van analitzar 

mitjançant un enfocament no dirigit d’espectrometria de masses, i es 

van comparar amb les d'un grup d’individus sans a través d’electroforesi 

bidimensional acoblada a espectrometria de masses (MALDI-ToF/ToF). 

Es van realitzar anàlisis in silico i es van seleccionar proteïnes per a 

estudis de validació posteriors mitjançant immunoassaigs específics 

(ELISA), en mostres d’orina i plasma/sèrum. Els grups de comparació 
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d’ADHF es van definir per la filtració glomerular i la fracció d’ejecció del 

ventricle esquerre (FEVE). Es va utilitzar un grup d’individus sans per 

determinar el rang normal. La capacitat de les proteïnes per identificar 

els pacients ADHF segons la seva patologia, severitat de la malaltia i 

pronòstic es va obtenir mitjançant l’anàlisi de la corba característica 

operativa del receptor (ROC curve en anglès) i l’anàlisi de corba de 

supervivència de Kaplan-Meier. També es van realitzar estudis de 

mecanismes de la funció cel·lular.  

Resultats: La signatura diferencial va mostrar 26 proteïnes (amb canvis 

de més d'1.5 vegades), la majoria d’origen hepàtic. Aquestes proteïnes 

estan associades a funcions i processos moleculars, com ara el 

transport, l’hemostàsia i la immunitat. Cal destacar que es van observar 

nivells elevats a l’orina de l’ingrés hospitalari de transtiretina (TTR), 

antitrombina III (AT3), complement C3 (C3) i la proteïna transportadora 

de la vitamina D (VDBP) en comparació amb individus sans. Els nivells 

elevats de pèrdua en orina de proteïnes com la TTR i la proteïna d’unió 

al retinol 4 (retinol binding protein 4, RBP4, en anglès) podrien tenir un 

impacte perjudicial en l’evolució de la malaltia, donant lloc a un elevat 

risc de complicacions. A més, els nivells elevats d’AT3 a l’orina i al 

plasma van permetre identificar els pacients amb ADHF amb disfunció 

renal i FEVE conservada o lleugerament reduïda. Més enllà del seu 

paper en la coagulació, l’AT3 es correlaciona amb C3, un dels principals 

components de la immunitat innata, independentment de la inflamació 

sistèmica. Curiosament, C3 es localitza a la matriu extracel·lular 

vascular i estimula funcions cel·lulars com l’adhesió, la migració i la 

reorganització del citoesquelet. Els nivells de VDBP, juntament amb els 

de cistatina C i KIM-1 (kidney injury molecule 1 en anglès), podrien 

ajudar a estratificar els pacients d'ADHF amb major risc de 

desenvolupar dany renal durant l’hospitalització. 
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En conclusió, els resultats d’aquesta tesi mostren una signatura de 

proteïnes en orina en pacients d'ADHF molt diversa però, a la vegada, 

diferent a la d’individus sans. Els resultats obtinguts suggereixen un 

impacte perjudicial de la signatura diferencial de proteïnes en l’evolució 

de la malaltia, donant lloc a un major risc de complicacions després de 

l’alta hospitalària. Són necessaris més estudis en poblacions més grans 

per validar la rellevància de la signatura de proteïnes diferencials 

identificada en la fisiopatologia de l’ADHF.   
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Abstract 
Pathophysiological understanding of acute decompensated 

heart failure: a proteomic approach 

Introduction: Heart failure is a dynamic pathological condition that 

frequently presents episodes of acute worsening, recognised as acute 

decompensated heart failure (ADHF). This is a complex clinical 

condition that may affect different organs and involve several 

pathophysiological mechanisms that remain incompletely understood. 

ADHF is often related to kidney dysfunction, which impacts disease 

evolution resulting in higher risk for adverse outcomes. It is our 

hypothesis that identification and better characterisation by proteomic 

approaches of proteins associated with heart failure decompensation 

would contribute to gain understanding of the disease pathophysiology, 

support a more accurate disease phenotyping, and better identify 

patients with poor disease evolution. 

Objectives: The aim of this thesis was to identify and characterise the 

differential protein signature in urine of ADHF patients in association 

with molecular functions and biological processes related to disease 

progression. 

Methods: ADHF patients admitted to the emergency room at Hospital 

de la Santa Creu i Sant Pau were included in the study. Urine samples 

were analysed by an untargeted mass spectrometry approach and 

compared with a group of healthy subjects by 2 dimensional 

electrophoresis coupled to mass spectrometry (MALDI-ToF/ToF). In 

silico analysis was performed and proteins selected for further validation 

studies using specific immunoassays (ELISA), in urine and 

plasma/serum samples. ADHF comparison groups were defined by the 

glomerular filtration rate and left ventricular ejection fraction (LVEF). 

Healthy subjects were used to determine the normal range. Protein 
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power to discriminate ADHF patients according to their pathology, 

disease severity, and prognosis was achieved by Receiver operating 

curve (ROC) and Kaplan-Meier survival curve analysis. Cell function 

mechanistic studies were also performed. 

Results: A differential signature of 26 proteins (more than 1.5 fold), 

mostly of hepatic origin, was identified. These proteins relate to 

molecular functions and processes, such as transport, haemostasis, 

and immunity. Of note, we observed elevated levels in urine at hospital 

admission of transthyretin (TTR), antithrombin III (AT3), complement C3 

(C3) and vitamin D binding protein (VDBP) when compared to HS. The 

increased urinary loss of proteins, such as TTR and retinol binding 

protein 4 (RBP4) may have a harmful impact on disease evolution 

resulting in higher risk for adverse outcomes after hospital discharge. 

Furthermore, high AT3 levels in urine and plasma identified those ADHF 

patients with renal dysfunction and preserved and mildly reduced LVEF. 

AT3, beyond its role in coagulation, correlates with C3, a key component 

of innate immunity, independently of systemic inflammation. 

Interestingly, C3 is localised in vascular extracellular matrix and 

stimulates cell functions such as adhesion, migration and cytoskeletal 

reorganisation. Levels of VDBP, along with cystatin C and KIM-1, could 

help to stratify ADHF patients at higher risk of developing kidney injury 

during hospitalisation.  

In conclusion, the results of this thesis show a urinary protein signature 

in ADHF patients highly diverse yet different from healthy individuals. 

The obtained results suggested a harmful impact of the differential 

protein signature on disease evolution resulting in a higher risk for 

adverse outcomes after hospital discharge. Future studies in larger 

populations are needed to validate the relevance of the identified 

differential protein signature in ADHF pathophysiology. 
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1. Introduction 

1.1. Epidemiology of heart failure 
Heart failure (HF) is one of the most important causes of morbidity and 

mortality in the industrialised world. Heart failure is defined as a clinical 

syndrome with signs and/or symptoms caused by functional and/or 

structural abnormalities in the heart that leads to abnormal cardiac 

function, with impaired ventricular filling or ejection of flood, elevated 

natriuretic peptides and/or evidence of pulmonary or systemic 

congestion (1,2). 

The prevalence of symptomatic HF is estimated to range from 0.4 to 

2.0% in general the European population, and over 10% among the 

elder population (3–6). A recent Spanish study indicates that HF 

incidence ranges <1% in the younger population (18-44 years old), 2.1% 

between 45-64 years old, 3.5% between 65-79 years old and 8.7% in 

the elder population (>80 years old) (7), as shown in Figure 1. While it 

is the first cause of hospitalisation of people over 65 years old, it 

represents 3% of hospital admissions and 2.5% of health care costs (8). 

Despite the discovery and development of several new therapeutic 

strategies, many patients do not respond well to guidelines therapy, and 

their prognosis remains poor (9). 

Heart failure is often divided in two different presentations: chronic heart 

failure (CHF) and acute heart failure (AHF), that can be presented as a 

decompensation (ADHF) of a CHF patient or de novo, that is as a new 

occurrence in the patient.  

Acute heart failure is the first cause of hospitalisation in the elderly 

population (>65 years old) in industrialised countries, and is associated 

with high mortality and rehospitalisation rates (1), with in-hospital 
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mortality ranging from 4-10% (10–12), 60 to 90 day mortality ranging 

from 7% to 11%, and 60 to 90 day rehospitalisation rate from 25% to 

30% (13) despite the therapeutic advances. In Spain, about 100.000 

hospitalisations annually occur for this reason, and it is the main 

determinant of the huge expenditure related to AHF. 

 

Figure 1: Epidemiology of heart failure. 
Heart failure prevalence of several European countries. yo refers to years old; data 

obtained from several sources (7,14–23). 

1.2. Clinical relevance of heart failure 
Heart failure is mainly characterised by the impaired ejection of blood or 

ventricular filling (24). However, it also presents a great variety of signs 

and symptoms such as dyspnoea, elevated jugular venous pressure, as 

well as pulmonary congestion (an abnormal amount of fluid in the lungs 

or other organs), or tachycardia that can be caused by a structural 

and/or functional abnormality in the heart, resulting in a reduced cardiac 

output and/or elevated intracardiac pressures during stress or at rest 

(4,5).  
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Currently, HF diagnosis is restricted to stages with apparent clinical 

symptoms. Asymptomatic, structural or functional cardiac abnormalities, 

which are HF precursors, can already be present in patients before 

clinical symptoms appear (5,25). HF is usually caused by a myocardial 

abnormality that causes systolic and/or diastolic ventricular dysfunction. 

However, it can also be caused by abnormalities in the pericardium, 

endocardium, heart rhythm, or valves. It is essential to determine the 

underlying cause, as each pathology requires specific treatment, such 

as valve replacement, heart rhythm reduction, or specific 

pharmacological options. Furthermore, HF is often complicated by 

common comorbidities such as atrial fibrillation, diabetes, or chronic 

kidney disease (Table 1). 

 

Table 1: Common heart failure comorbidities. 

 
Adapted from several sources (26–39). 
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HF Comorbidities 
Adapted from Lardizabal & Deedwania PC. Med Clin North Am 2012; Carlisle MA 

et al. JACC Hear Fail 2019; Anter E et al. Circulation 2009; Schefold et al. Nat 

Rev Nephrol 2016; Mentz R & Felker G. Heart Fail Clin 2013; Güder G & Störk 

S. Herz 2009; Hawkins et al. Eur J Heart Fail 2009; de Miguel Díez et al. Int J 

COPD 2013; Badimon L et al. Eur Hear J Acute Cardiovasc Care 2012; Malakar 

AK et al. J Cell Physiol 2019; Bouhairie VE & Goldberg AC. Cardiol Clin 2015; 

Kenny HC & Abel ED. Circ Res 2019; Mehta A et al. Clin Geriatr Med 2020; 

Ingelsson E et al. J Am Med Assoc 2005. 

 

  

 Characteristics Effect 

Atrial fibrillation 
(AF) 

Main arrythmia in heart failure (up to 25% 
prevalence) 
Elevated heart rate at rest and 
exaggerated response to exercise 
Loss of ventricular response and atrial 
contractile function 

Exacerbates HF 
Persistent tachycardias eventually 
precipitate HF 

Chronic kidney 
disease (CKD) 

High prevalence, 30-50% in HF patients 
Established risk factor for adverse events 

Activation of vicious cycles that 
advance heart and kidney 
deterioration 
Complicates decongestive therapy 

Chronic 
obstructive 
pulmonary 
disease 
(COPD) 

Loss and remodelling of bronchiolar 
architecture 
9-41% prevalence in Europe 
More prevalent in men and in urban areas 
Mainly caused by smoking history 

Present 4.5x higher risk to develop 
HF 

Coronary artery 
disease 
(CAD) 

Atherosclerotic disease due to 
accumulation of lipoprotein droplets 
May present genetic origin, such as 
familial hypercholesterolaemia 

Unstable angina, myocardial 
infarction, cardiac sudden death 

Diabetes 

Insulin resistance, also associated with 
independent predictor of HF 
May induce inflammation, fibrosis, ROS 
cascade 

2x risk of developing HF 
Worse prognosis and increased 
severity 
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According to the 2021 Guidelines by European Society of Cardiology, 

heart failure patients are usually stratified in three different groups based 

on the contractile function of the left ventricular myocardium as outlined 

in Table 2, this includes HF with reduced ejection fraction (HFrEF), HF 

with preserved ejection fraction (HFpEF) (40), and the most recent 

category of HF with mildly reduced ejection fraction (HFmrEF) (1). 

 

Table 2: Heart failure classification according to left ventricular ejection 
fraction. 

 
Adapted from 2021 Guidelines (1). 

Different cardiovascular and non-cardiovascular factors can cause or 

precipitate the deterioration of heart function, and possibly lead to 

hospitalisation (1). Among cardiovascular causes are acute coronary 

syndrome, bradycardia (slow heart rate), tachycardia (rapid heart rate), 

myocarditis, or aortic dissection, among others. Non-cardiovascular 

factors such as anaemia, kidney dysfunction, pregnancy, excessive 

physical exercise, hyperthyroidism, or hypothyroidism, among others, 

can also precipitate AHF. Moreover, poor compliance with medication, 

drugs and/or alcohol abuse, as well as excessive salt or fluid intake can 

also cause AHF (13). 
 10 

Ejection fraction 
  

 Ejection 
fraction Characteristics Comorbidities 

Reduced EF 
(HFrEF) 

d40% 

Deficient pump volume 
Deficient cardiac output 
Progressive dilation 
Adverse cardiac remodel of left 
ventricle 
>75 years old 
Black population 

Atrial fibrillation 
Kidney dysfunction 
Diabetes 
Coronary artery disease 

Mildly 
reduced 
(HFmrEF) 

41-49% 
Elevated BNP and NT-proBNP 
Structural heart disease 
Very similar to HFrEF 

Elevated incidence of 
coronary artery disease 
 

Preserved 
(HFpEF) 

t50% 

Cardiac amyloidosis 
Hypertrophic cardiomyopathy 
Shrinkage of left ventricle 
Older population 
Primarily female 

Atrial fibrillation 
Chronic kidney disease 
Other non-cardiovascular 
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Currently, AHF diagnosis depends on several factors: patient history, 

and signs and symptoms. Signs and symptoms are analysed by several 

techniques including, but not limited to, echocardiography, chest X-ray, 

electrocardiogram, and elevated natriuretic peptides levels in blood (1). 

AHF is treated with both pharmacological and non-pharmacological 

strategies, and it must be started promptly and parallelly. Intravenous 

diuretics are crucial in ADHF treatment, such as furosemide or 

torasemide, are characterised by their rapid onset and efficacy, thus 

being commonly used to avoid or diminish congestion. Once the patients 

are stable, they are transitioned to oral diuretics. However, depending 

on their condition they may require a combination of diuretics, and their 

doses may be reassessed depending on their kidney function (1). 

Several different manifestations of AHF have been defined. However, 

the most common are de novo (or new onset) heart failure, or worsening 

or a decompensation of CHF, commonly known as acute 

decompensated heart failure (ADHF), which is the type concerning this 

project. Other phenotypes are cardiogenic shock (CS), right-sided HF, 

pulmonary oedema (PO), and acute coronary syndrome (11). 

Fluid status and cardiac output define the kinds of ADHF presentation 

and their treatment. Patients are classified depending on whether they 

are congested (wet) or not congested (dry), and on whether they exhibit 

adequate perfusion (warm) or poor perfusion (cold) (41). Thus, venous 

congestion is defined as elevated left ventricular diastolic pressure 

(LVDP), that is related to dyspnoea, oedema or abnormal lung sounds, 

all of which are hallmark signs and symptoms of ADHF (42). High LVDP 

in HF patients without apparent clinical congestion was coined as 

haemodynamic congestion, which can anticipate clinical congestion by 

several days or even weeks (42,43). Haemodynamic congestion can 

activate neurohormones, and lead to subendocardial ischaemia, 

resulting in myocardial necrosis, fibrosis or apoptosis, further 
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deteriorating heart function (42,44). However, a lot remains to be 

unravelled. 

1.3. ADHF pathophysiology 
Acute decompensated heart failure is a complex clinical condition that 

affects different organs and involves several pathophysiological 

mechanisms. Until now, the underlying biological processes have not 

been completely elucidated (45), emphasising the need for a deeper 

understanding of the molecular functions and pathways associated to 

the ADHF pathophysiology (Figure 2).  

 

 

Figure 2: Schematic ADHF pathophysiology. 
AHF: acute heart failure; CHF: chronic heart failure; RAAS: renin-angiotensin-aldosterone 

system. Adapted from Jackson et al. (46). 

In the heart, the elevation of ventricular filling pressure leads to 

increasing ventricular wall tension, myocardial stretching and 

CHF
decompensation

De novo HF

AHF ↓ Volume stroke
↓ Cardiac output

Neurohumoral 
response

Sympathetic system 
activation

RAAS 
activation

Stress on ventricular wall 
and dilatation

Worsening ventricular function

Vasoconstriction
Na+ and fluid retention

Worsening heart failure

Worsening renal function

Worse prognosis Longer hospitalisation

Frequent
rehospitalisation rate

Adapted from Jackson G et al. BMJ 2000.
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remodelling, which contributes to progressive worsening in cardiac 

contractility, valvular regurgitation and systemic congestion (47), this 

can also emerge from growing accumulation of fluid through other 

mechanisms, such as sodium retention from kidney disease, 

noncompliance with medication or diet, arrhythmias, infections, 

uncontrolled hypertension, cardiac ischaemia, or pulmonary embolisms 

among others (45,48). Systemic congestion is present in most AHF 

patients, and, in addition to impaired cardiac function, other organs 

participate in the development and propagation of congestion. 

Therefore, congestion is one of the most important pathophysiological 

mechanisms of damaged organ function in ADHF. If present, 

hypoperfusion can cause further deterioration of organ function, which 

is associated with increased mortality. Decongestive therapies have 

been associated with reduced mortality risk, thus, prevention and 

treatment are essential therapeutic targets in ADHF patients (47). 

Within ADHF pathophysiology, several mechanisms have been 

suggested to be dysregulated, contributing to the disease severity and 

progression. This includes alterations in renin-angiotensin-aldosterone 

system, inflammatory and immune system, the haemostatic pattern, in 

the extracellular matrix, and natriuretic peptides (Figure 3). 

 

 

Figure 3: Pathophysiological mechanisms affecting heart failure. 
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1.3.1. Renin-angiotensin-aldosterone system  
The renin-angiotensin-aldosterone system (RAAS) was the first 

mechanism to be studied in HF due to its pivotal role in systemic 

vasoconstriction (49). The initial body response to impaired cardiac 

function is the activation of the neurohumoral system including RAAS, 

among others (4). Baroreceptors found in the afferent arteriole wall 

respond to diminished perfusion pressure by triggering renin release 

from secretory granules (50) in the juxtaglomerular cells. Renin cleaves 

ten amino acids from angiotensinogen to form angiotensin I, which is 

cleaved by angiotensin-converting enzyme (ACE) to form angiotensin II. 

Chymase, a protease, is also involved in angiotensin I into angiotensin 

II conversion (51). 

Angiotensin II mainly acts through the AT1 receptor, which activates 

several cardiovascular and renal processes (49). Although angiotensin 

II is a general vasoconstrictor, there is a notable effect on the renal 

efferent arterioles, which stimulates aldosterone release, inducing 

noradrenalin excretion and inhibiting the vagal tone (4). Angiotensin II 

also stimulates the reabsorption of sodium and water (49). This results 

in the rise of intraglomerular pressure and glomerular filtration, and the 

decline of hydrostatic pressure and increase of oncotic pressure. Due to 

passive mechanisms, sodium is eventually reabsorbed (4). Moreover, 

as described in Figure 4, angiotensin II promotes vascular smooth 

muscle contraction as well as aldosterone release from adrenal glands 

and prostaglandins, which hamper excessive vasoconstriction in the 

systemic and renal circulation (49). These actions are translated into an 

increase of renal tubular sodium storage and an increase in circulating 

aldosterone (49). In case of decreased renal perfusion, the glomerular 

filtration rate is preserved by an increase in efferent arteriolar resistance 

(49). 
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Figure 4: RAAS activation pathway and its adverse effects. 
Adapted from Tanai E & Frantz S (4). 

As a remarkable drawback, angiotensin II is cardiotoxic. Independently 

of systemic vasoconstriction, angiotensin II produces myocyte 

hypertrophy and stimulates fibroblast hypertrophy, as well as collagen 

deposition. Eventually it leads to myocardial fibrosis and apoptosis (52–

54). Furthermore, it is associated with cardiac dysfunction severity and 

prognosis (54). RAAS activation also leads to noradrenalin increase, is 

associated with mortality in advanced heart failure patients (55), and can 

lead to arrhythmias and worsen myocardial ischaemia (4). Moreover, 

aldosterone may stimulate collagen synthesis and ACE levels in the 

heart, further increasing angiotensin II levels, as it was observed in 

studies in adult rat cardiac fibroblasts (56). 

Besides aldosterone adrenal production, angiotensin II may also 

promote myocardial production of aldosterone, as it has been observed 

that aldosterone receptor density is upregulated, which would suggest 

an increase in local aldosterone production due to RAAS activation (57). 

Angiotensinogen Angiotensin I

Angiotensin IIAdrenal
effects

Aldosterone
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Renin

Angiotensin-converting
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Cardiac and vascular 
fibrosis
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Kidney

Salt and fluid retention
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Electrolyte imbalance
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The roles of RAAS and adrenergic system in HF are known, in contrast, 

the roles in ADHF are not completely understood (44), although, 

elevated levels of renin, aldosterone, endothelin-1 and noradrenalin 

have been reported (58,59). In advanced HF patients, Biegus et al. (60) 

suggested that elevated RAAS levels are related to low glomerular 

filtration rate (GFR) and natriuresis, which would lead to lower 

decongestive strength and poorer outcome (60). 

In addition, angiotensin II maintains an intricate relationship with 

vasopressin (VP) (61), a nonapeptide hormone, also known as 

antidiuretic hormone, that plays a pivotal role in cardiovascular 

homeostasis and HF progression. VP is synthesised in supraoptic and 

paraventricular hypothalamic nuclei by neurons to respond to osmotic 

or hypovolemic stimuli (62). A reduction of 3% of plasma volume triggers 

VP release (62). VP acts through specific G protein-coupled receptors 

(GPCRs) stimulation, which are classified into three different types: V1-

vascular, V2-renal, and V3-pituitary. VP is mainly responsible for 

vasoconstriction and cardiac remodelling through V1a receptor 

activation in smooth blood vessels, however, excessive direct 

myocardial stimulation can lead to inappropriate ventricular remodelling, 

increased diastolic wall stress, fluid retention and hyponatraemia (63). 

1.3.2. Immune system and inflammation 
The innate immune system is responsible for inflammatory responses in 

HF (4). Since the discovery that tumour necrosis factor (TNF) was 

elevated in HFrEF (64), many other cytokines have been identified in 

chronic and acute HF (65), suggesting the contribution of inflammatory 

response in both HF manifestations. 

As a response to tissue injury, both innate and adaptive immune 

responses are activated (65). While the adaptive immune system 

provides highly specific response mediated by B and T cells, the innate 
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immune system produces a general, non-specific defence against tissue 

injury and pathogens (65). However, this response can become 

uncontrolled, which can lead to collateral left ventricle (LV) myocardial 

damage. 

Pattern-recognition receptors (PRRs) are expressed on the surface of 

cardiomyocytes and recognise specific ligands known as pathogen-

associated molecular patterns (PAMPs) and damage-associated 

molecular patterns (DAMPs) (66). Within PRRs, toll-like receptors 

(TLRs) play a vital role in the innate immune system, with TLR4 being 

the most expressed in the heart. Regarding HF, TLR4 contributes to 

myocardial inflammation, among others (67). The interaction between 

TLR4 and DAMPs or PAMPs triggers a signalling cascade that leads to 

inflammasome activation and the expression of several proinflammatory 

mediators and genes, such as TNF-a, interleukin 6 (IL-6) or nuclear 

factor kappa-light-chain-enhancer of activated B cells (NFkB) (67,68). 

An excessive and long-term TLR4 signalling becomes maladaptive and 

results in proinflammatory cytokines and adhesion molecules 

expansion, encouraging adverse cardiac remodelling and recruitment of 

inflammatory cells (66). 

1.3.2.1. Interleukins, cytokines & growth factors 

Elevated levels of proinflammatory cytokines, such as interleukin 1b (IL-

1b), TNF, and chemokines have been detected in hearts of both 

ischaemic and dilated cardiomyopathy, but not in healthy hearts (69,70), 

however, the reasoning and clinical meaning is not clear yet (71). TNF-

a is a ubiquitous cell signalling protein mainly produced by 

macrophages although it has been observed that, to a lesser extent, 

cardiomyocytes also produce this protein (72) (Figure 5). 

Several interleukins have been found to be associated with the failing 

heart, such as IL-1b, IL-6, or IL-18 (70). These interleukins have been 
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found to be involved in ischaemia/reperfusion (I/R) injury, while IL-1b, 

IL-4, IL-10 and IL-18 have been previously involved in acute myocarditis 

(70). IL-6 and IL-1b also play a role in dilated cardiomyopathy; whereas 

IL-4, IL-6 and IL-18 have been reported in association with cardiac 

fibrosis and HF (70) (Figure 5). 

C-reactive protein (CRP) is an acute phase inflammatory protein 

produced by hepatocytes in response to IL-6 signalling (73,74). CRP 

has been found elevated in ADHF patients at hospital admission, 

however their levels were not always associated with increased risk of 

rehospitalisation or death (73,75). Thus, it is necessary to further study 

its mechanisms to be able to better interpret its levels. Elevated CRP 

levels have been observed in myocardial infarction (MI) patients with 

structural heart disease and more severe HF patients (76). Moreover, 

elevated levels of CRP have been associated with 30 day mortality in 

MI patients and increased HF development risk (77). 

Furthermore, ADHF patients have also been observed to present 

elevated levels of proinflammatory markers such as interleukins (78) 

and TNF-a (44), which could facilitate a proapoptotic and prothrombotic 

environment and be involved in HF progression (79,80). 

Transforming growth factor b (TGF-b) family is composed of four main 

members (TGF-b 1-4), although there are 26 other members (70). 

Myocardial TGF-b has been found to be persistently upregulated in 

animal models of heart failure and involved in cardiac remodelling (81). 

Furthermore, elevated expression of TFG-b has also been found to be 

involved in myocardial hypertrophy and cardiac fibrosis in animal 

models (70,81) (Figure 5). Moreover, TGF-b was elevated during 

hypertrophic growth in rats undergoing pressure overload (82).  
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Figure 5: Cytokines and CRP effects on the heart. 
TGF-b: transforming growth factor b; TNF-a: tumour necrosis factor a; CRP: C reactive 

protein; IL: interleukins; HF: heart failure; IR ischaemia/reperfusion; MI: myocardial 
infarction. Adapted from Bartekova et al. (70). 

A proinflammatory milieu at the coronary microvascular endothelium 

can lead to impaired nitric oxide and elevated reactive oxygen species 

(ROS) production (83), which can drive to cardiomyocytes stiffening and 

hypertrophy and collagen production through local fibroblasts activation 

that eventually lead to HF (84). Endothelial inflammation can originate 

other adverse effects, such as expression of vascular cell adhesion 

molecule 1 (VCAM-1) and E-selection adhesion molecules, which 

attract and activate monocytes, leading to interstitial collagen deposition 

(85), proliferation of fibroblasts and myofibroblasts, capillary rarefaction 

and impaired microvascular vasodilation (66,83,86). 
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1.3.2.2. Complement system 
The complement family is an essential part of the innate immune system 

and is comprised of more than 30 proteins (87). The complement 

cascade presents different roles, from identifying foreign organisms, 

generation of potent inflammatory mediators (anaphylatoxins C3a, C4a 

and C5a), coating of pathogenic surface or formation of the membrane 

attack complex (MAC) to destroy cells (87,88). The complement system 

can be activated through three different sub-pathways (Figure 6): 

• Classical pathway: activation by antigen-antibody immune 

complex. 

• Lectin pathway: activation by binding of mannose-binding lectin 

to mannose residues on bacterial surface. 

• Alternative pathway: active under inhibitory activity of 

complement regulators. 

 

 

Figure 6: Simplified complement system pathway. 
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However, all three arms converge at complement C3 (C3) cleavage and 

present a common effector phase, which involves accumulation of 

potent opsonin in C3b, proinflammatory molecules (C3a, C4a, C5a), and 

lysis of target cell via MAC (C5b-9) (87). The complement system, 

though, is tightly regulated by several complement proteins, including 

Factor I, Factor H, or membrane cofactor protein (89). 

Huber-Lang et al. (90) discovered that there is another complement 

activation via direct activation of C5 without previous C3 activation. This 

new activation route leads to the common C3 and C5 activation and 

followed by the terminal pathway with anaphylatoxin C5a release and 

terminal C5b-9 complex formation (90). 

Aukrust et al. (91) reported, in 2001, increased complement system 

activation in HF patients. While, previously, del Balzo et al. (92) found in 

1985 that activated C3 (C3a) caused tachycardia, left ventricular 

contractile function, atrioventricular conduction dysfunction and 

histamine release in the heart after injection into hearts of isolated 

guinea pigs. 

The uncontrolled complement activation, be that by acute or chronic 

tissue damage, transplants, biomaterials or effect of age, attacks host 

cells and participates in inflammatory disorders (93). Elevated C3a 

levels were associated with rehospitalisation and mortality (94), as they 

were also associated with inflammation and acute-phase response, 

endothelial cell activation and cellular stress response, while lower C3c 

and C4c levels were associated with higher risk of death in HF patients 

(95). In addition, Frey et al. (88) suggested that elevated C3c levels were 

associated with lower adverse remodelling and better survival in HF 

patients. 

Furthermore, the kidney is sensitive to complement damage, which is 

depicted by its role in several renal diseases (C3 glomerulonephritis as 
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an example), as well as in haemodialysis and kidney transplant 

complications (93). 

Zhang et al. (96) discovered that hypertensive mice presented elevated 

complement system levels. They found that C3a and C5a were 

statistically elevated, and that C5a receptor expression was also 

increased. While they also observed elevated C5a levels in humans, 

they did not observe elevated C3a levels. Moreover, it has been 

suggested (97) that lack of functional C5a leads to heart distress and 

cardiac dysfunction predisposition if faced with additional injury. 

MAC of the complement system activates TNF-a and other proteins, 

which may participate in further HF progression by cellular remodelling 

and apoptosis, when anchored to the eukaryotic cell membrane. 

Therefore, if MAC is present in the hearts of HF patients, it may 

contribute to HF progression, as Oliveira et al. (98) suggested. They also 

reported that complement inhibition could become another potential 

therapeutic strategy in HF patients. 

1.3.3. Haemostasis imbalances 
Heart failure can often be complicated by coagulation disturbances, and 

current epidemiological data associate HF to an increased risk of 

thrombosis leading to increased risk of ischaemic stroke, systemic 

and/or venous thromboembolism, and sudden death (99). It is known 

that HF is more prone to arterial and venous thromboembolism, which 

occurs to about 30% of the patients (99). While stroke incidence has 

been reported to be 18‰ during the first year after HF diagnosis, it 

increases to 47‰ incidence within five years of diagnosis (99). 

Furthermore, with a prevalence of 25%, atrial fibrillation is the most 

common arrythmia within HF patients, and their combination is 

associated with even higher coagulation irregularities and higher risk of 

thromboembolism than either pathology alone (27).  



INTRODUCTION 

 
 

18 

For many years it has been acknowledged that thrombi formation is 

precipitated by endothelial dysfunction, blood flow stasis and 

hypercoagulability (99). The combination of these components 

increases thrombosis risk in HF patients (100,101). 

1.3.3.1. Hypercoagulability 
Hypercoagulability in HF is mediated by chronic inflammation, defective 

fibrinolysis, platelet hyperreactivity and increased procoagulants levels 

(100). D-dimer, plasminogen activator inhibitor (PAI-1) antigens and 

tissue plasminogen activator (tPA) levels were elevated in HFpEF 

patients in the study performed by Jug et al. (102), which manifested 

impaired fibrinolysis. Markers of platelet activation have also been found 

to be elevated in HF patients, which would indicate an intense platelet 

activation (100). Moreover, platelet interaction with monocytes can lead 

to monocyte-platelet aggregates (MPAs), which also serve as a platelet 

activity marker, and were found to be elevated in HF patients by Wrigley 

et al. in 2013 (103).  

1.3.3.2. Endothelial dysfunction 
The main characteristics of endothelial dysfunction are the 

prothrombotic and proinflammatory states, as well as reduced 

vasodilation (100), mediated by impaired nitric oxide (NO) availability. 

Furthermore, endothelium damage caused by oxidative stress (eg ROS) 

and inflammatory background (eg CRP) associates to a higher 

permeability, which could allow toxins to pass into the underlying 

tissues, such as the myocardium and the heart (104). Moreover, 

damaged endothelium initiates platelet adhesion cascade, activation 

and aggregation to form an occlusive thrombus (100). Within HF, 

however, endothelial dysfunction is mainly depicted by the elevated 

formation of superoxide radicals, which contributes to heart dysfunction 
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development and progression (105). Evidence of the endothelial 

dysfunction relevance in HF patients was provided by Fischer et al. 

(106), who reported that endothelium-mediated vasodilation 

independently predicts increased hospitalisation incidence, heart 

transplant, or death in chronic patients. 

1.3.3.3. Blood flow stasis 
Debilitated contractility, abnormal regional vessel walls and dilated 

chambers can lead to low blood flow, which in turn, lead to thrombi 

formation in the left ventricles (100). In case of HF with atrial fibrillation, 

the ineffective and disorganised atrial activity leads to greater risk of 

thromboembolism (32), especially in the left atrial appendage (100). 

1.3.4. Extracellular matrix remodelling 
Heart failure is characterised by abnormal function, structure, rhythm, or 

conduction (107). An abnormal structure is caused by alterations in the 

extracellular matrix (ECM), which is a very dynamic 3-dimensional 

network present in most tissues with a relevant role in tissue remodelling 

in association to haemostasis and disease. In the heart, its main role as 

a mechanical scaffold is to maintain cardiac geometry, at the time that 

may transduce important regulating signals to cardiomyocyte and to 

non-myocyte cells (108). ECM structure is regularly degraded and 

rebuilt by non-myocyte cells, being in normal conditions tightly regulated 

in order to preserve tissue homeostasis (109). In the heart, cardiac 

fibrosis is depicted by ECM expansion and is found in many myocardial 

diseases, although myocardial fibrosis is not always the initial 

dysfunction cause (110). 

The ECM can undergo two different and important dynamic changes 

that can have a critical impact on the heart function deriving in heart 

failure. The activation of a reparative process in response to 
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cardiomyocyte injury following MI can lead to cardiac fibrosis (110). On 

the other hand, the process of the accumulation of ECM proteins, such 

as amyloids, is known to derive in an extensive remodelling intimately 

associated with deleterious outcome (109,110). Cardiac amyloidosis is 

represented by two main examples: immunoglobulin light chain 

amyloidosis, usually acquired, and transthyretin amyloidosis (ATTR), 

that can be inherited in younger individuals but acquired in older 

population (111). ATTR is increasingly being recognised as a possible 

heart failure origin (112). 

Fibroblasts are crucial in creating new ECM, wound healing, and 

breaking down fibrin clot (113). During the inflammatory phase following 

an injury process, fibroblasts are activated. In the heart after a 

myocardial injury, fibroblasts are differentiated into myofibroblasts, 

which produce ECM proteins, especially collagen, in an attempt to 

preserve structural integrity and avoid cardiac rupture (114). However, 

the excessive ECM remodelling and collagen deposition leads to 

cardiac fibrosis, ventricle stiffness and disrupts heart contractility (115). 

1.3.5. Other mechanisms 
Natriuretic peptides (NP) are endogenous peptide hormones that are 

released from the heart during myocardial stretch due to pressure or 

volume overload. NP main biological effects in the heart are the 

reduction in preload that leads to a drop in cardiac output and the 

inhibition of cardiac remodelling. Moreover, other NP functions are 

vasorelaxation and RAAS, VP and endothelin inhibition. More 

specifically in the kidney, NP induce vasodilation of the afferent 

arterioles and vasoconstriction of the efferent arterioles to increase 

glomerular filtration rate increase; Na+ and water reabsorption inhibition, 

and reduce renin secretion (116). 
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1.4. ADHF as a multiorgan disorder 
Cardiac dysfunction and the causes leading to it have been studied for 

several years now and the main characteristics of HF are congestion 

and hypoperfusion, which often drive to multi-organ injury. The most 

common organs affected are the kidney, lungs, liver, brain and intestine 

(Figure 7), and injury in either organ is associated with increased 

mortality (117). Unfortunately, organ injury pathophysiology remains 

poorly elucidated and understood, especially if it affects another organ 

(117). 

A very common complication in acute and chronic HF patients is the 

development of worsening renal function (WRF), known as cardiorenal 

syndrome, which affects 20-30% of acute HF patients (118). Even 

though the pathophysiology behind cardiorenal syndrome is not 

completely clear, it has been divided in two different subtypes: WRF 

associated to increased central venous and right heart pressure and 

venous renal congestion. Whereas the second subtype is associated 

with low cardiac output and arterial underfilling, which would lead to 

renal blood flow hypoperfusion, and systemic and renal artery afferent 

vasoconstriction (119). Decongestive treatment is the first step in acute 

HF, however, it is still very difficult to predict and detect WRF in acute 

HF patients undergoing decongestive treatment (117). 

Liver dysfunction is a frequent complication in HF patients (120) and can 

affect 20-30% of acute HF patients (121,122), and they often coexist 

due to systemic disorders that involve both organs, such as 

inflammation, infections, alcohol or drug abuse, or autoimmunity (123). 

Furthermore, HF may lead to liver disease, but prior liver disease can 

also drive towards HF, in any case, the development of either 

dysfunction complicates management and worsens patient prognosis 

(123). 
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Figure 7: Main organs affected in heart failure. 

 

Hepatic congestion and hepatic hypoperfusion are two pivotal 

pathophysiological mechanisms and are involved in both cardiogenic 

liver injury and hepatic congestion. Hepatic I/R injury in heart failure 

triggers the early activation of Kupffer cells, late activation of 

polymorphonuclear cells, intracellular calcium overload, oxidative 

stress, cytokines and chemokines, mitochondrial damage, and liver 

microcirculation disruption (123). As described earlier, elevated levels 

of cytokines, chemokines and oxidative stress can lead to adverse 

cardiac effects. 

Cardiohepatic and cardiorenal syndromes (Figure 7) have already been 

studied extensively from a clinical point of view, however, it has only 

recently been observed that there may be a three-way relationship 

between heart, kidney, and liver. Dysfunction of both kidney and liver 

are related to HF severity and independently correlated with adverse 

prognosis, according to Poelzl et al. results (124). Nevertheless, the 

pathophysiological processes behind this relationship remain poorly 
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understood. A better understanding is pivotal to better stratify risk of HF 

patients and ameliorate patient outcome. 

 

1.4.1. Cardiorenal syndrome 
ADHF is a complex syndrome that affects all organs, especially the 

kidney, with which it has a very intertwined and bidirectional relationship 

(125). Elevated central venous pressure leads to venous hypertension, 

which increases renal interstitial pressure. If the hydrostatic pressure 

exceeds the intratubular hydrostatic pressure, it can result in the 

collapse of tubules, thus, reducing glomerular filtration rate (47). Ten to 

forty per cent of ADHF patients develop worsening renal failure (125–

128), which is associated with a poorer clinical outcome. This wide 

range can be attributed to the different threshold values of renal failure.  

A very frequent complication of ADHF is the development of acute 

kidney injury (AKI). The National Heart, Lung and Blood Institute defined 

in 2004 in a working group meeting the cardiorenal syndrome (CRS), 

wherein therapy to relieve congestive symptoms of heart failure is 

limited by further decline in renal function, as heart dysfunction often 

occurs along with kidney dysfunction, overlapping one another. Both 

organs are heavily involved in basic physiology, and their functions are 

strongly intertwined, when either organ fails, the other organ frequently 

suffers as well (129). The classic interpretation of renal dysfunction in 

HF was that low renal plasma flow signals the kidneys to retain water 

and sodium, which would lead to refilling and improved perfusion to 

other essential organs (130). Recently, however, it became evident that 

kidney hemodynamic adaptations and other related pathophysiological 

mechanisms could be independent of cardiac hemodynamic (131) 

(Figure 8).  
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Figure 8: Mechanisms involved in cardiorenal syndrome. 

 

Chronic heart failure is characterised as the attempt to preserve GFR 

and low renal plasma flow, which results in an increased filtration rate. 

An increase in efferent arteriolar resistance and glomerular capillary 

hydrostatic pressure maintains GFR until cardiac function is 

dangerously impaired. An Acute Dialysis Quality Initiative (ADQI) 

conference in 2008 proposed a novel classification for CRS depending 

on the inciting organ (128,132) as outlined in Table 3. 

Acute heart failure is mainly involved in cardiorenal syndrome type 1; 

however, it may also be a consequence in cardiorenal syndrome type 3 

and 5. 
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Table 3: Cardiorenal syndrome classification 

 
Adapted from Cole et al. (133). 

1.4.1.1. Cardiorenal syndrome type 1 
Acute cardiorenal syndrome, the type of CRS that concerns this project, 

is characterised by the acute worsening of cardiac function, that is 

ADHF, that leads to acute kidney injury (128). Worsening renal function 

greatly impacts treatment, monitoring and the prognosis of the patient, 

affecting between 30-40% of hospitalised ADHF (132). WRF/AKI 

development has been associated with short and long term all-cause 

and cardiovascular mortality, longer hospitalisation, increased 

readmission rates, increased progression to chronic kidney disease 

(CKD) stages 4-5 (134), and higher healthcare expenditure (135). 

Even though aggressive decongestive treatment is the first step in 

ADHF patients with loop diuretics, it might lead to the development of 

WRF or AKI. WFR refers to the acute and/or subacute changes in renal 

function that occur during decongestion and treatment of ADHF (119). 

However, the definition can vary across different studies, as it can be 

associated with different biomarkers (estimated GFR, serum creatinine, 

 12 

 

 

 

 

 

 

 

  

 Characteristics Aetiology / examples 

CRS type 1 
Acute CRS 

Rapid worsening of cardiac function 
leading to AKI 

Acute MI with cardiogenic shock, 
acute valvular insufficiency 

CRS type 2 
Chronic CRS 

Chronic abnormalities in cardiac 
function leading to CKD 

Chronic inflammation, long-term 
RAAS and SNS activation, chronic 
hypoperfusion 

CRS type 3 
Acute renocardiac 
syndrome 

Acute worsening of renal function 
leading to cardiac dysfunction (HF, 
arrhythmias, etc) 

Uraemia causing impaired 
contractility, elevated K+ levels 
causing arrhythmias, volume 
overload causing PO 

CRS type 4 
Chronic 
renocardiac 
syndrome 

Chronic worsening of renal function 
leading to worsening cardiac function 

CKD leading to left ventricular 
hypertrophy, coronary disease and 
calcification, diastolic dysfunction 

CRS type 5 
Acute or chronic systemic disease 
leading to both cardiac and renal 
dysfunction 

Diabetes mellitus, amyloidosis, 
vasculitis, sepsis 

CRS: Cardiorenal syndrome; AKI: acute kidney injury; CKD: chronic kidney disease; PO: pulmonary 
oedema. 
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or cystatin C), but it is also important to notice the magnitude of said 

change (136). Even though the term AKI refers to an increase in serum 

creatinine levels, there are three different criteria sets to assess AKI 

severity: Risk, Injury, Failure, Loss of kidney function, and End-stage 

kidney disease (RIFLE), Kidney Disease Improving Global Outcomes 

(KDIGO), and Acute Kidney Injury Network (AKIN). According to the 

2010 consensus, RIFLE and AKIN criteria are applied in type 1 

cardiorenal syndrome (132). In any case, the development of CRS can 

severely complicate patient management, lengthen hospital stay, and 

worsen their prognosis. 

Recently, cardiorenal syndrome type 1 has been divided in two different 

subtypes: WRF associated to increased central venous and right heart 

pressure, right cardiac dysfunction, with its consequent tubular collapse, 

venous renal congestion, and tubuloglomerular feedback that leads to 

further salt and water retention (congestional WRF). While, the second 

subtype is associated with low cardiac output and arterial underfilling, 

which would lead to renal blood flow hypoperfusion, and systemic and 

renal artery afferent vasoconstriction (119).  

Currently, AKI is assessed by creatinine and GFR levels, however, 

these are affected by several factors (137). According to Metra et al. 

(138) creatinine and GFR levels can overestimate renal damage in 

advanced renal dysfunction and are not sensitive to tubular damage. 

Furthermore, to date there is a lack of an early biomarker that indicates 

high risk of developing AKI in AHF patients, which further complicates 

treatment and worsens patient prognosis. 
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1.5. Protein biomarkers 
Biomarkers are measurable and quantifiable biological parameters that 

are used as indices for physiology and patient’s health assessments. It 

is important that biomarkers include disease risk and diagnosis (139). A 

good biomarker is characterised by its accuracy, reproducibility, its easy 

obtention, easy interpretation by clinicians, and more importantly, its 

high sensitivity and high specificity, and that it can be used as a 

substitute marker for disease and its severity (139,140). 

Most current molecular biomarkers are found in blood, as blood carries 

thousands of molecules that reflect what is happening in the body, 

although other fluids can also be used, such as urine, cerebrospinal 

fluid, or bronchoalveolar lavage, among others. However, molecular 

biomarkers are not the only kind as other types exist. For example, 

histology reflects biochemical and molecular alterations in tissues, cells, 

or fluids; physiologic biomarkers measure body processes, while 

radiographic biomarkers are obtained from imaging studies.  
Most protein biomarkers are indicative of present disease, such as 

creatinine for kidney dysfunction, troponins for MI, however, genetic 

biomarkers are used to study predisposition to different diseases (141).  

1.5.1. Biomarkers in acute heart failure 
Over the last years, several biomarkers have been described to be used 

in the evaluation of both heart failure and kidney function. However, 

these biomarkers have several flaws as described below, thus exposing 

urgent unmet needs regarding diagnosis and risk stratification in HF. 

Moreover, identification of new molecules associated to these 

pathologies would contribute to better understand the underlying 

mechanisms. 
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Table 4 summarises the current gold biomarkers (in bold) for evaluation 

of HF and kidney dysfunction, as well as other molecules that have 

emerged during the last years associated to HF pathophysiology, and 

those proposed as biomarkers for heart or kidney dysfunction. 

 

Table 4: Established and potential biomarkers in AHF. 

 
Adapted from Gaggin & Januzzi (142). 

 

1.5.1.1. Acute heart failure 

Natriuretic peptides 

Currently, ADHF diagnosis work-up is performed by patient history and 

signs and symptoms analyses. The diagnosis gold standards are, 

currently, elevated natriuretic peptides (BNP and NT-proBNP), which 

are indicative of an acute heart failure event. To notice, plasma NT-

proBNP has lower threshold levels for younger patients, that is, levels 

 22 

Biomarkers 

 

Adapted from Gaggin H & Januzzi L Biochim Biophys Acta Mol Basis Dis 2013. 

Heart 

Myocardial 
damage 

Myocardial stretch BNP, NT-proBNP, MR-proANP 

Myocardial injury Troponins T and I 

Neurohormonal 
activation 

RAAS Renin, angiotensin II, aldosterone 

Sympathetic nervous system Noradrenaline 

Arginine vasopressin Vasopressin 

Remodelling 
Inflammation CRP, TNF-a, ILs, osteoprotegerin 

Hypertrophy 
Soluble ST2, galectin 3, matrix 
metalloproteinases 

Kidney 

Worsening renal 
function 

Kidney function evaluation Creatinine, GFR, urea, cystatin C 

Proximal tubule damage KIM-1, NAG 

Distal tubule damage NGAL 
In bold the established biomarkers for acute heart failure (NT-proBNP) and kidney deterioration (creatinine and glomerular 
filtration rate or GFR. 
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above 450 pg/mL is considered ADHF if the patient is <55 years old, 

above 900 pg/mL for patients 55-75 years old, and 1800pg/mL and 

higher for patients >75 years old, according to 2021 ESC Guidelines (1).  

BNP and NT-proBNP levels are also used to evaluate prognosis and 

long-term mortality in ADHF patients (143–146). On the one hand, it has 

been observed that BNP was an independent predictor for short-term 

mortality (143,146) as well as long-term mortality (145). On the other 

hand, NT-proBNP was also an independent predictor for short-term 

mortality (147), while in an another study, predischarge NT-proBNP 

levels were associated with better short-term outcomes (148). 

Nonetheless, natriuretic peptides several limitations as it can be affected 

by other factors such as sex (149,150), age (150), body mass (151), and 

medication (152,153), kidney dysfunction (154), anaemia, pulmonary 

heart disease, among others (142). Therefore, it is important to consider 

how these factors can affect patient diagnosis and prognosis.  

Soluble suppression of tumorigenicity 2 

Soluble suppression of tumorigenicity 2 (sST2) is a member of the IL-1 

receptor-like family of proteins that are expressed on fibroblasts and 

cardiomyocytes in response to mechanical stress and cardiac overload 

(155,156). 

Borovac et al. (157) found elevated sST2 and catestatin in ADHF 

patients. Furthermore, their results indicated that patients who died 

during hospitalisation presented higher sST2 and CST levels than 

patients alive at discharge. Additionally, patients with sST2 levels 

>35ng/mL were at higher risk for adverse events (157). Another study 

by Januzzi et al. (158) also found elevated sST2 levels in patients 

complaining of dyspnoea and later being diagnosed with AHF, although, 

NT-proBNP levels were superior at acute HF diagnosis. They also 

reported that sST2 levels strongly predicted mortality after one year, and 
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that sST2 levels could complement NT-proBNP levels for diagnosis and 

prognosis. However, a study by Mueller et al. (159) reported that the 

addition of sST2 levels to BNP levels did not improve AHF diagnosis. A 

recent review (160) and a meta-analysis (161) examined sST2 levels 

and its use in AHF diagnosis and patient prognosis. They concluded 

that, even though sST2 has good potential, a lot remains to be 

elucidated, such as when and how it should be analysed, which cut-off 

value should be used, or what is the sST2 role in AHF (160,161). 

High sensitivity cardiac troponin 

Cardiac troponins (cTn) are specific of the myocardium and have 

become the gold standard biomarker for MI diagnosis since their levels 

rise 3-4h after cardiac symptoms of MI. Cardiac troponins are released 

upon myocardium damage such as cardiomyocyte injury or necrosis 

(156), but not its damage mechanism (162). However, it has been 

observed that they are also elevated in other cardiac disorders (142). 

Xue et al. (163) reported that small cTn elevation had been seen in AHF 

patients. They analysed troponin I (TnI), and their results indicated that 

TnI levels were associated with elevated 90-day mortality in HF-related 

rehospitalisation; and that serial increases TnI levels were associated 

with higher mortality than decreasing or stable TnI levels. The 

combination of TnI and BNP levels resulted in better risk stratification 

(163). Whereas, Pascual-Figal et al. (164) study revealed that the 

combination of cardiac troponin T (cTnT), NT-proBNP and sST2 

enhanced prognostic ability. In a recent meta-analysis by Aimo et al. 

(165) it was revealed that high sensitivity cTnT was a strong 

independent predictor of adverse outcome in HF, be that cardiovascular 

rehospitalisation, cardiovascular and all-cause death, independently of 

sex, age, systolic and renal function, and NT-proBNP levels. 
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Galectin-3 

Galectin-3 (Gal-3) is a member of the galectin superfamily that plays 

pivotal roles in cell growth and differentiation, cell adhesion, 

inflammation, tumour progression, angiogenesis and fibrogenesis, and 

apoptosis (166). It is mainly expressed in macrophages and damaged 

cardiomyocytes (166) and increases cardiac fibroblasts proliferation, 

collagen deposition stimulation and ventricular dysfunction (156). 

Even though Gal-3 levels are elevated in AHF patients (167), a recent 

study performed by Stoica et al. (168) reported that although their 

patients presented higher Gal-3 levels than healthy individuals, its levels 

capability of AHF diagnosis were similar to those of NT-proBNP (168), 

however the combination of both molecules led to better diagnostic 

value. However, Mueller et al. (159) reported in 2016 that Gal-3 and 

BNP were equally useful at AHF diagnosis, and that the combination of 

both molecules did not lead to better patient diagnosis. 

Other potential AHF biomarkers 

Other potential biomarkers are being studied such as adiponectin, 

osteoprotegerin (OPG), heart-type fatty acid binding protein (H-FABP), 

among others, however with controversial results (156). 

1.5.1.2. Kidney function evaluation in AHF 
Creatinine is the main kidney function biomarker currently, however due 

to its drawbacks (see below) a search for new and better renal function 

biomarkers is ongoing. Cystatin C, kidney injury molecule 1, and 

neutrophil gelatinase-associated lipocalin are the most remarkable, 

among others, as of these last years. 
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Creatinine and glomerular filtration rate 

Kidney function is nowadays evaluated using serum creatinine (sCr) 

levels and estimated GFR, which can be calculated using different sCr-

based models (169). However, creatinine is not a perfect biomarker as 

its levels can be influenced by several factors such as advanced age, 

sex, excessive protein intake, muscle mass, medication, or intense 

exercise (137,169). Another inconvenient of creatinine is that its 

elevation is indicative of present kidney injury, not that the patient is at 

high risk of developing kidney injury. Kidney dysfunction, though, is very 

difficult to reverse. 

Cystatin C 

Cystatin C (CysC) is a small (13KDa), non-glycosylated protein. It is 

freely filtered in the glomerulus and reabsorbed and catabolised, but not 

secreted, by the proximal tubules (170). It is produced by all human 

nucleated cells and its plasma levels seem to be altered only by 

dysfunctional glomerular filtration (170). It has been shown to be 

particularly superior to creatinine or estimation of GFR to identify mild 

renal insufficiency. CysC levels has had very good results at predicting 

kidney injury as several studies have found (171). Recently, serum 

CysC levels have been associated with prognostic in patients with ADHF 

(172).  

However, Breidhart et al. (173) study concluded that CysC did not 

adequately predict AKI in their ADHF patients. Furthermore, altered 

levels of CysC have been found in preeclampsia (174), breast cancer 

(175), and migraine (176). Stephan et al. (177) suggested in their study 

that subjective age, especially in the older population, could lead to 

increased CysC levels. Musaimi et al. (178) studied whether CysC levels 

were affected by non-renal disorders, and their results reveal that 

statistically significant CysC levels were found between 
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hyperthyroidism, diabetes and cardiac dysfunction than healthy 

individuals. Maahs et al. (179) also suggested that there might be a 

relationship between age, sex and CysC levels in adolescents. CysC 

role, be that in blood or in urine, to predict onset or mechanism of renal 

dysfunction in ADHF patients remains unexplored and requires further 

evaluation. Therefore, it is vital to understand why CysC levels are 

altered. 

Kidney injury molecule 1 

Kidney injury molecule 1 (KIM-1) is a 38.7 KDa cell membrane 

glycoprotein (180) and very low levels of KIM-1 are expressed in healthy 

kidneys (181), which would be ideal to detect kidney injury. According 

to data, it was suggested that KIM-1 expression was protective only 

during early injury, but not in chronic states (182). KIM-1 may play a role 

in kidney proximal epithelial cells transformation into phagocytes, which 

would mean that in the clearance of dead cells increases to protect the 

kidney after early injury (183). It also may play a role in innate immune 

response modulation in AKI patients (183). Urinary KIM-1 levels have 

been studied as a possible AKI biomarker and it has yielded several 

good results, for example Huang et al. study (184). Unfortunately, there 

are not many studies with ADHF patients and AKI. One example is 

Verbrugge et al. study (185), however, they reported that urinary KIM-1 

was only a modest AKI predictor, and actually being outperformed by 

IL-18. Similarly, urinary KIM-1 levels were not able to predict AKI in 

ADHF patients in the study performed by Atici et al. (186). 

Even though KIM-1 may be an ideal biomarker due to its low levels in 

healthy kidneys, its performance in ADHF levels require further 

evaluation as they have not been as promising as in other clinical 

settings. 
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Neutrophil gelatinase-associated lipocalin 

Neutrophil gelatinase-associated lipocalin, or commonly known as 

NGAL, is a 25 KDa glycoprotein (187). NGAL exists in two other forms: 

a homodimer (45KDa) and an heterodimer conjugated with gelatinase 

(135KDa) (181). NGAL is encoded by the LCN2 gene (188) and 

secreted in kidneys (189), liver (190), as well as lungs, breast, bone 

marrow and trachea, among others (191) 

Both urinary and blood NGAL levels have been studied in AKI settings, 

although with controversial results. The same study performed by 

Verbrugge et al. (185) also revealed that urinary NGAL levels were not 

able to predict AKI in AHF patients nor persistent renal impairment, and 

also being outperformed by IL-18 levels. Legrand et al. (192) evaluated 

urinary NGAL levels but their results also revealed that NGAL levels 

were not able to predict WRF. Breidhart et al. (193) evaluated plasma 

NGAL levels in AHF patients, however, their results revealed that 

plasma alone was not able to predict AKI, and, additionally, neither in 

combination with sCr levels. Serial NGAL measurements did not add 

predictive power of plasma NGAL at admission. Whereas Aghel et al. 

(194) found elevated serum NGAL levels in ADHF at day 3 of 

hospitalisation and their NGAL levels were associated with adverse 

clinical outcomes as well. A study concerning serum NGAL reported that 

NGAL levels were also not able to predict AKI in AHF patients (195). 

To notice, altered NGAL levels have also been found in other 

pathologies such as diabetes and different types of tumours and cancers 

(endocrine gland, gastrointestinal tumours, breast, nervous system, etc) 

(196–198). Thus, it is crucial to know how these pathologies can affect 

NGAL levels and its interpretation in AKI, especially in ADHF patients. 
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N-acetyl-b-D-glucosamininidase 

N-acetyl-b-D-glucosamininidase is commonly known as NAG and 

formed in the lysosomes of proximal tubule cells. Given NAG large size 

of 140 KDa it is unlikely that its origin is non-renal (199). Elevated urine 

levels have been previously associated with proximal tubule injury with 

lysosomal integrity loss (199). According to PubMed search in January 

2022 there is only one study concerning NAG and AHF/cardiorenal 

syndrome, where Legrand et al. (192) found that urinary NAG levels 

were not able to predict WRF in cardiorenal syndrome patients. 

Other potential biomarkers 

Liver fatty acid binding protein (L-FABP), IL-18, the combination 

of urinary tissue inhibitor of metalloproteinase-2 and insulin-like growth 

factor–binding protein 7 (TIMP2/IGFBP7), among others, have also 

been proposed as AKI biomarkers. These molecules might have very 

interesting results in other pathologies, but due to the complex 

pathophysiology of AKI in AHF or cardiorenal syndrome it their 

specificity or sensitivity might not be enough to detect early changes 

consistently. Furthermore, there aren’t many studies performed in ADHF 

or cardiorenal syndrome type I patients from where definitive 

conclusions can be drawn (185,192,200–203) as Fu et al. recently 

reviewed (204). 

Final remarks 

After evaluating the current potential biomarkers, it is clear that there are 

no candidate biomarkers able to consistently detect early AKI, before 

the increase in  creatinine, in ADHF. Furthermore, the pathophysiology 

of both ADHF and AKI remains poorly understood, which further 

complicates the discovery of novel and better biomarkers. It is crucial to 

discover the underlying mechanisms behind both pathologies to better 

stratify high risk patients and to find novel biomarkers with a higher 
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sensitivity, less susceptibility to patients’ characteristics, and an earlier 

change to that of creatinine. 

 

1.5.2. Plasma/serum and urine as matrices for 

biomarker analysis in acute heart failure 
As mentioned earlier, there are several matrices used to study 

biomarkers, such as plasma and serum, urine, saliva and cerebrospinal 

fluid. Nevertheless, plasma and serum have been the main biological 

matrix for heart failure studies for many years. In the last few years, urine 

has emerged as a promising biofluid to study not only heart failure, but 

many other disorders. 

Blood samples contain a wide amount of information, including proteins, 

ions and salts, other molecules (O2, CO2, lipids, carbohydrates, etc) that 

are transported between tissues (205). Therefore, blood samples 

require subfractionation prior to analysis. Urine, on the other hand, is a 

much simple body fluid. It contains lower content of components, thus 

no subfractionation is required. Differing from plasma/serum where 

endogenous proteases may be activated generating breakdown 

products during blood sample collection and handling, urine is a much 

more stable sample that enables larger and more recurrent sampling 

without causing discomfort to the patient (206). 

1.5.2.1. Urine as a sample 
Urine is produced by the kidney, where the glomeruli filter plasma 

resulting in primitive urine, and it permits the body to dispose of waste 

products from the blood through glomerular filtration (Figure 9) (206). 

However, besides glomerular filtrate, urine composition also results from 

urogenital tract secretions and renal tubule extraction that can reflect the 
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patient’s pathophysiologic and metabolic state (207). In healthy 

subjects, 30% of the urinary protein content comes from glomerular 

filtration, while the remaining 70% of urinary proteins come from the 

kidney or urogenital tract. Given that urine is formed by waste from all 

over the body, effects of drugs or environmental toxins can be studied 

as well (208).  

 

 

Figure 9: Urine production. 

 

Given these characteristics, and that urine can be collected by non-

invasive techniques and relatively large volumes, urine has become a 

highly desirable biospecimen. Usually, adults excrete 1.5-1.6L of urine 

in 24h, typically ranging 0.6-2L daily. 

Usually, urine contains very low levels of protein, up to 150mg ever 24h 

or 10mg/dL. The most abundant protein, albumin, represents a third of 

the urinary protein content, while the remaining is composed by small 
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globulins. In healthy individuals, small plasma proteins are able to cross 

the glomeruli and later the most part of filtered protein is reabsorbed by 

receptor-mediated processes, leaving only a small quantity of protein in 

urine (209). 

Several studies suggest that urinary biomarkers are able to detect a 

pathological state even before it is observed in the affected organ, as 

seen by Wu et al. (210). 

The main urinary disadvantage is that its protein concentration varies 

depending on daily fluid intake, which complicates reproducibility if 

normalisation is not considered. 

1.5.3. Urinary proteomics in heart and kidney failure 
Proteomics is the study of the proteins in different samples at a given 

moment, also known as the proteome (211). Therefore, proteome 

alterations reflect the development or on-going of different biological 

processes. The proteome is defined as the science that characterises 

and quantifies cellular and molecular effectors that reflect the genic 

expression (212). Proteins and their levels can be used for diagnosis as 

well as prognostic and therapeutic targets. The proteome has become 

a crucial tool to study the protein amino acid sequence, structure, 

possible modifications, and the functional pathways in the cell where it 

may play a role. Modifications in their structure and expression levels 

might indicate presence of a disease (213). 

Differential proteomic patterns and signatures can be achieved by using 

different proteomic approaches, be that different sample types and 

analytical strategies. A large number of proteome studies are performed 

in blood samples, while urine remains under-represented, with less than 

10% of publications, regarding the search of biomarkers with either 

blood, plasma or serum (214). 
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Urine has been used primarily to study renal diseases, and so far 

different biomarkers have been found for acute kidney injury after 

cardiopulmonary bypass (215), diabetic nephropathy (216), and bladder 

cancer (217). Nevertheless, urinary proteome has been studied to see 

whether it changes before and after exercise (218), changes in 

menstrual cycle and in women taking estro-progestin pills (219), and 

Parkinson’s disease (220), among others. Several reviews also evaluate 

the different potential urinary biomarkers for different pathologies in 

humans, such as lupus nephritis (221), renal cell carcinoma (222), 

familial nephrolithiasis (223), as well as Alzheimer’s and Parkinson’s 

diseases (224). Therefore, urine samples have been used to study many 

different pathologies.  

However, there are not many studies concerning urinary proteome of 

HF. Farmakis et al. (225) studied the urinary proteome in HFrEF patients 

and chronic kidney disease (CKD). Even though they did not have a very 

large patient cohort, 62 HF patients, which is similar to this project’s 

cohort, they were able to identify 107 urinary peptides specific to HFrEF 

with CKD as complicating factor.  

Proteomic studies in kidney and heart pathologies are not limited to 

human patients and, for example, Templeton and colleagues (226) 

investigated the proteome in kidney samples of adult sheep with ADHF 

in search for novel AKI biomarker. Furthermore, Malagrino et al. (227) 

studied the serum and urine proteome in swine with AKI. Additionally, 

Ferlizza et al. (228) studied the urinary proteome and metabolome in 

dogs with CKD. Even though there are considerable differences 

between humans, sheep, swine and dogs, their studies offer new 

possible targets that could be useful in human studies and new insights 

into the pathophysiology of HF and kidney disease. 
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1.5.4. Proteomic approaches to identify and 

characterise differential proteomic signatures 
In proteomic studies there are two different working strategies: top-down 

and bottom-up, nevertheless, both strategies can be combined to obtain 

more detailed results. On the one hand, bottom-up methodology 

requires sample proteolysis, which destroys information on protein size 

and connectivity between peptide fragments (240). On the other hand, 

the top-down approach, main strategy of this thesis, is based on the 

analysis of the intact proteins by mass spectrometry (MS). This 

methodology enables the identification of protein isoforms and possible 

post-translational modifications (PTM) of proteins since it utilises 

molecular and fragment ion mass data.  

An important step in top-down strategies is the separation method. 

There are several separation techniques that can be coupled with MS. 

In this thesis we have focused on isoelectric focusing (IEF) of proteins 

followed by electrophoresis, resulting in 2 dimensional electrophoresis 

(2DE) coupled to MS (2DE-MS). In this technique, proteins are 

separated according to their isoelectric point in the first step, followed by 

separation according to molecular weight in the second step. 2DE-MS 

allows proteins in a large molecular weight range to be studied. Even 

though this methodology requires longer time of analysis is difficult to 

automate, its results are highly specific (240).  
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1.6. Proteomic approaches 
Proteomic techniques are based on the combination of different 

technologies for sample preparation, protein separation, proteomic 

pattern analysis and protein identification and characterisation by mass 

spectrometry (Figure 10). With the information obtained, in silico 

analyses are performed to determine the pathways wherein these 

proteins are involved and if they can become possible targets.  

 

 

Figure 10: Proteomic techniques summarised. 
ELISA: enzyme-linked immunosorbent assay; ICAT: isotope-coded affinity tag; iTRAQ: 
isobaric tag for relative and absolute quantitation; SDS-DIGE: sodium dodecyl sulphate 
difference gel electrophoresis; SDS-PAGE: sodium dodecyl sulphate polyacrylamide gel 
electrophoresis; SILAC: stable isotope labelling by/with amino acids in cell culture 2D-
PAGE: 2 dimensional polyacrylamide gel electrophoresis. Adapted from Aslam et al. (241). 

1.6.1. Two-dimensional electrophoresis 
Within the nowadays accepted proteomic protocols there is 2DE (242). 

After several modifications and improvements (243,244), the definitive 

approach was described in 1975 by Patrick O’Farrell (245), when he 

combined a first dimension of IEF by separating proteins by their 
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isoelectric point (pI, charge). And, a second dimension where proteins 

are separated by molecular weight in a polyacrylamide gel with sodium 

dodecyl sulphate (SDS-PAGE), which was chosen due to its high 

resolution based on protein size (245). This new technique was deemed 

crucial for protein separation as the double separation of proteins, by 

charge and molecular weight, allows for better visualisation of protein 

concentration and distribution, as it can be observed in Figure 11. 

 

 

Figure 11: Representative 2DE gel 

Although several improvements have been accomplished since then, 

the protocol has remained unaltered. Within these improvements it is 

important to notice the development of immobilised pH gradients (IPG 

strips), which replaced the carrier ampholyte-based pH gradient in tube 

gels (244). Furthermore, these IPG strips allow now for separation by 

lineal or non-lineal pH gradient. Another improvement was the 
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development of new chaotropes and detergents that increased 

hydrophobic proteins solubility (244). 

The following step is protein staining, for which several options have 

been developed. Coomassie brilliant blue has good linearity and 

accuracy but only moderate sensitivity (ng level). This option is based 

on the dye binding to aromatic amino acids by electrostatic and 

hydrophobic interactions. Silver staining, another option, is more 

sensitive (pg level) but with worse linearity and accuracy (246), 

furthermore, it is not completely adapted for mass spectrometry. 

Fluorescent staining solutions such as Sypro Ruby and Flamingo 

combine high linearity, high sensitivity (pg-ng level) and compatibility 

with mass spectrometry (247). Additionally, fluorescent staining allows 

performing multiplexing samples on 2DE gels, which is called difference 

gel electrophoresis (DIGE). This combination allows the user to perform 

2DE of different samples in the same gel (248). 

The resulting proteomic pattern can be analysed using specific software, 

which allows the protein quantification and comparison to other 

performed gels from the same or different groups for differential analysis 

(249). 

Differential proteomic analysis is based on the comparison of different 

proteomic profiles from different samples in order to identify differences 

between them, which can be between different patients and groups or 

from a same patient but different time points (249). The analysis of 

differential protein profiles from 2DE allows investigating not only 

changes in quantity of the proteins, but also whether these proteins have 

undergone post-translational modifications, such as oxidations, 

glycosylation, or acetylation, among others.  
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1.6.2. Mass spectrometry 
Identification of the proteins, or other molecules, obtained by mass 

spectrometry (MS). There are different MS technologies, however 

Matrix-assisted desorption ionisation time of flight (MALDI-ToF MS) was 

the technology used for this study (Figure 12).  

MALDI-ToF is one of the main techniques for protein ionisation. Michael 

Karas et al. (250) in 1985 described protein ionisation, and later in 1988 

it was experimentally demonstrated by Tanaka et al. (251) for the first 

time, which led to the Chemistry Nobel prize in 2002. 

 

 

Figure 12: MALDI-ToF mass spectrometer principle. 
Adapted from several sources (252,253). 

MALDI-ToF is a very accurate and sensitive technique (254). To analyse 

samples in a MALDI-ToF, they need to be mixed in a matrix solution that 

will be applied to the MALDI target, in many cases a stainless-steel plate 

Gas phase

Reflectron
mode

Linear
mode

Matrix with peptide mix

MALDI plate

Mass analyser

Ion source
(laser)

MS spectrum

Vacuum

High vacuum

Adapted from AG Woods et al. Advances in Experimental Medicine and Biology. 2019.
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(Figure 12). This solution, containing the sample and the matrix, is 

crystalised and introduced into the mass spectrometer. A very small 

amount of sample is required (approximately 1µL) for the analysis, thus, 

several samples can be applied to the MALDI plates each occupying a 

unique location. One by one, the dried samples are irradiated with a 

pulsed laser beam generating ions that are accelerated down the ToF 

analyser and detector. The abundance and time of flight of each ion are 

recorded. These results are converted to mass spectrum, which is a 

vertical bar graph with the position of each peak on the abscissa axis 

representing m/z of an ion, while the height of each bar indicates the 

relative abundance (255). The obtained peptide results are compared to 

theoretical mass from databases in order to potentially identify the 

molecules analysed. MALDI-ToF mass spectrometers can perform 

analyses for large molecules up to 100KDa (255). 

For a more reliable protein identification, peptide mass fingerprinting 

(PMF) was developed. The protein separated by 2DE is extracted from 

the gel and digested by trypsin, usually. Trypsin, a protease, cuts the C-

terminal of lysine (L) and arginine (K) amino acids. This process leads 

to the obtention of the protein peptides. PMF analyses and measures 

the m/z of the peptides obtained and compares the resulting mass list 

of peptide m/z to databases. One or more proteins are suggested 

alongside a probability score (252). If the ionisation source is attached 

to ToF-ToF mass analysers in tandem, as is the set-up for this work, the 

peptides are fragmented into two other ions (B and Y), and along with 

the peptide mass, a more accurate identification can be obtained (256). 
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1.7. Future perspectives 
Nowadays, ADHF is one of the leading causes of morbidity and mortality 

in the industrialised world and it mainly affects the older population (>65 

years old). Moreover, ADHF patients often develop AKI during 

hospitalisation. The combination of these pathologies complicates 

treatment, lengthens hospital stay, and worsens patient prognosis. 

Furthermore, these patients usually present, or develop, concomitant 

comorbidities such as arterial hypertension, type 2 diabetes mellitus, 

dyslipidaemia, atrial fibrillation, and cardiovascular disease, which 

further aggravates patient outcomes. Many pathways have been studied 

within heart failure; however, the pathophysiology and molecular drivers 

behind ADHF and AKI remain poorly understood.  

Currently, renal function is assessed using serum creatinine levels and 

GFR. But, the increase of creatinine levels, or decrease in GFR, is 

indicative of present kidney dysfunction, which, unfortunately, is difficult 

to revert, and conditions  a worsened cardiac function at short and long-

term. Several potential molecules have been proposed as early AKI 

biomarkers; however, their consistency and usefulness are 

controversial. 

Therefore, it is crucial to elucidate the pathophysiology of ADHF and AKI 

in order to improve the detection and stratification of ADHF patients at 

a higher risk of developing AKI before its onset and creatinine levels 

increase. A greater pathophysiology knowledge could help us 

understand the main triggers behind both disorders and target new 

proteins, individually or in combination, as potential biomarkers. An early 

AKI biomarker in ADHF patients would enable personalised treatment 

strategies according to their AKI risk. As for the patient, an early 

biomarker(s) would translate into shorter hospital stay, diminished risk 

for kidney injury development, lower risk of rehospitalisation, and 

overall, a better quality of life.  



  

 

 
 

CHAPTER II: 
HYPOTHESES 



  

 49 

2. Hypothesis 
Acute decompensated heart failure (ADHF) is one of the main causes 

of hospital admission, especially in the elderly. It is a life-threatening 

condition characterised by the rapid onset of signs and symptoms of 

heart failure, requiring urgent evaluation and usually hospitalisation. It is 

often accompanied by kidney function deterioration, which worsens 

patients’ prognosis. 

Even though many studies have been conducted on ADHF, its 

pathophysiology and the underlying triggers remain elusive. Because of 

the clinical link of ADHF with kidney function deterioration, it was our 

hypothesis that the mapping of the urinary proteomic signature could 

provide key novel information to advance our understanding of ADHF 

pathophysiology. 



 

 

 
 

CHAPTER III: 
OBJECTIVES 

 

 



 

 51 

3. Objectives 
The specific objectives proposed to prove the hypothesis were: 

 

Objective 1: To comprehensively identify, using an untargeted mass 
spectrometry approach, the differential protein signature related to acute 
decompensation of heart failure (ADHF) at hospital admission: 

• To investigate the differential proteomic profile of urine from 
ADHF patients as compared to healthy individuals using 2 
dimensional electrophoresis. 

• To identify and validate the differential proteins associated with 
ADHF. 

 

Objective 2: To investigate whether changes in differential protein 
signature relate to biological functions underlying the pathophysiology 
of ADHF and cardiovascular disease, and associate with kidney 
dysfunction and/or cardiorenal syndrome. 

 

Objective 3:  To examine the pathophysiological link between changes 
in selected proteins and disease progression in ADHF. 

 

Objective 4: To unveil early changes in the urine protein signature 
associated with kidney function deterioration in patients hospitalised due 
to ADHF. 
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4. Materials and methods 

4.1. Experimental design 
This study was performed mainly in a well-controlled cohort of patients 

with ADHF, consecutively recruited during hospitalisation according to 

inclusion / exclusion criteria indicated below. 

Patients and biological samples (urine, plasma/serum) were studied at 

hospital admission and at three days after hospitalisation. This included 

determination of clinical variables, biochemical variables, and a 

proteomic-based approach to identify differential urine protein signature 

to identity and characterise the differential urinary protein profile in 

ADHF patients at hospital admission in comparison with healthy 

subjects used as reference group and relate it to mechanistic processes 

associated with the pathophysiology of ADHF and disease progression.  

Based on in silico analysis and available literature, several proteins with 

differential pattern in ADHF patients were selected and further 

investigated both in urine and plasma in association with disease 

pathophysiology: renal dysfunction by GFR and cardiac function defined 

by the LVEF hospital at admission, disease severity (kidney function 

deterioration during hospitalisation) and progression during 18-month 

follow-up after hospital discharge. 

Mechanistic studies were performed in cultured human vascular smooth 

muscle cells. 

Figure 13 shows a flow-diagram of the study design used for 

identification and validation of the differential protein signature in ADHF 

patients. 
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Figure 13: Experimental design. 

4.2. Patients 
Two different sets of patients were used for this thesis. The first, and 

main, group is the ADHF group with their healthy individuals 

(Manuscripts 1-3). The second set includes familial 

hypercholesterolaemia patients, and their respective healthy individuals, 

for the mechanistic study (Manuscript 4). 

4.2.1. ADHF study 
The ADHF study includes 67 patients (71 [65-77] years old) 

hospitalised at the Hospital de la Santa Creu i Sant Pau (HSCSP) in 

Barcelona. A group of healthy subjects (HS, N=60, 49.0 [44.5-53.5] 

years old) was used to establish the urine and plasma normal range for 

the different studied proteins (Manuscripts 1, 2, and 3). 

ADHF patients were separated in two different groups based on their 

GFR levels at hospital admission. Patients’ renal function was 
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calculated using MDRD-4 formula, which is based on serum creatinine, 

age, race, and sex of the patient. Levels below 60mL/min/1.73 m2 were 

considered pathological. 

• NRF group: ADHF patients with normal renal function (MDRD-

4 83.0 [68.9-99.0] ml/min/1.73m2) at hospital admission (N=35, 

69 [58-75] years old, 29% female). Three days after admission, 

NRF patients were subgrouped depending on the evolution of 

their kidney function: 

o noRI group: ADHF patients who maintained normal 

renal function (N=22, 62 [54-70] years old, 32% female). 

o RI group: ADHF patients who developed kidney injury, 

usually after day 5 of hospitalisation (N=13, 74 [69-77] 

years old, 23% female). 

• RD group: ADHF patients with renal disease (MDRD-4 39.7 

[31.3-45.0] ml/min/1.73m2) at admission (N=32, 74 [69.5-77.5] 

years old, 38% female).  

Inclusion criteria: men and women, at least 18 years old, and 

hospitalised due to acute decompensated heart failure (ADHF). 

Exclusion criteria: chemotherapy patients, pregnant or post-delivery 

ischemic heart syndrome women, patients younger than 18 years old, 

de novo HF patients with other causes of acute episode (myocardial 

infarction, myocarditis, or toxic aetiology), or patients already defined for 

organ transplantation. Medication was not considered as exclusion 

criteria except those required in oncological treatment (who were 

already excluded). 

Main baseline characteristics of the ADHF patients included in the study 

for demographic and clinical characteristics are shown in Table 6. 

Untargeted proteomic studies were performed in a representative and 

randomly taken subgroup of ADHF patients (76% male, 72 [69-76] years 

old) that referred to the 25% of the total ADHF study population. As 
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shown in the Table 7, the subgroup used in the urine proteomic studies 

(2DE group) did not statistically differ from the total study group 

(Validation Group) regarding demographic characteristics (sex, age), 

kidney and cardiac function markers and risk factors including 

hypertension and pulmonary hypertension, diabetes type 2 and 

dyslipidaemia. No major differences were observed concerning 

background medication. 

ADHF patients had plasma NT-proBNP values above the pathological 

cut-off defined by the European Society of Cardiology’s most recent 

Guidelines (1). Forty per cent of ADHF patients had reduced left 

ventricular ejection fraction (LVEF ≤40%: 32 [21-35]%), and 42% had a 

LVEF ≥50% (60 [56-61]%) at admission. The remaining group of 

patients (18%) presented mildly reduced LVEF, with values between 41-

49% (45 [44-47]%), as per the most recent Guidelines by the European 

Society of Cardiology (1). Mean hospitalisation time was 10.8±5.3 days 

for all patients. 

The Ethics Committee of the Santa Creu i Sant Pau Hospital in 

Barcelona, Spain, in March 2016 (reference number 16/022), approved 

this project and all studies were performed according to principles of 

Helsinki’s Declaration. All patients signed informed consent prior being 

included in the study.   
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Table 6: Clinical characteristics of ADHF patients. 

 

 
 1 

Table 1: Patient baseline characteristics. 

 All patients 
N=67 

NRF 
N=35 

RD 
N=32 P-value 

DEMOGRAPHIC CHARACTERISTICS  
Female/male, N 22/45 10/25 12/20 0.603 
Age, years 71.0 [65.0-77.0] 69.0 [58.0-75.0] 74.0 [69.5-77.5] 0.008 
Weight, kg 73.0 [61.6-86.8] 70 [61.2-86.6] 77.2 [62.0-88.6] 0.543 
KIDNEY FUNCTION MARKERS    
Creatinine, µmol/L 105.0 [78.0-147.0] 78.0 [67.0-97.0] 147.0 [122.5-194.0] <0.001 
Glomerular filtration (MDRD-4)a 61.0 [40.9-83.3] 83.0 [68.9-99.0] 39.7 [31.3-45.0] <0.001 
Urea, mmol/L 10.2 [6.8-16.1] 7.0 [5.8-9.2] 16.5 [13.0-22.9] <0.001 
CARDIAC FUNCTION MARKERS    
NT-proBNP, ng/L 4.0 [2.3-8.6] 3.2 [1.9-6.4] 4.5 [2.8-14.7] 0.026 
Left ventricular ejection fraction 
(LVEF), % 45.0 [33.0-58.0] 38.0 [33.0-57.0] 51.0 [35.5-59.5] 0.225 

Reduced LVEF £40%, N (%) 29 (43) 19 (54) 10 (31) 
0.125 Mid-range LVEF 41-49%, N (%) 10 (15) 5 (14) 5 (16) 

Preserved LVEF ³50%, N (%) 28 (42) 11 (31) 17 (53) 
Atrial fibrillation, N (%) 32 (48) 16 (47) 16 (50) >0.999 
Cardiovascular disease, N (%) 23 (34) 11 (31) 12 (38) 0.618 
OTHER BIOCHEMICAL MARKERS    
Haemoglobin, g/L 122 [101-138] 128 [114-142] 110 [95-124] 0.004 
RISK FACTORS; N (%)  
Active smoking 10 (15) 8 (23) 2 (6) 0.086 
Hypertension 49 (74) 21 (62) 28 (88) 0.024 
Pulmonary hypertension 16 (24) 8 (23) 8 (25) >0.999 
Diabetes mellitus type 2 30 (45) 11 (32) 19 (59) 0.047 
Dyslipidaemia 46 (70) 20 (59) 26 (81) 0.063 
BACKGROUND MEDICATION; N (%)    
Diuretics 49 (73) 21 (60) 28 (88) 0.014 
Statins 43 (64) 18 (51) 25 (78) 0.040 
Anticoagulants 27 (40) 14 (40) 13 (41) >0.999 
Antiplatelet agents 38 (57) 19 (54) 19 (59) 0.806 
Beta-blockers 46 (69) 21 (60) 25 (78) 0.124 
Antiarrhythmic agents 7 (10) 4 (11) 3 (9) >0.999 
Antidiabetics 27 (40) 8 (26) 19 (59) 0.003 

Insulin 12 (18) 2 (6) 10 (31) 0.010 
Oral antidiabetic agents 22 (33) 8 (23) 14 (44) 0.117 

ACE inhibitor/ARB 43 (66) 26 (74) 17 (57) 0.189 
aMDRD-4 levels expressed in mL/min/1.73m2; Quantitative values were given in median [Q1-Q3]. P values of categorical variables 
were calculated with Fisher exact test, except for LVEF where χ2 was used. LVEF classification according to 2021 Guidelines by the 
Euroean Society of Cardiology. P values of numerical data were calculated with Mann-Whitney, except for LVEF where Kruskall-
Wallis was used. Diuretics: hydrochlorothiazide, furosemide, eplerenone, and spironolactone. Statins: atorvastatin, pravastatin, 
simvastatin, ezetimibe. Anticoagulants: warfarin, acenocumarol, bemiparin, heparin, dabigatran, rivaroxaban, edoxaban, and 
apixaban. Antiplatelet agents: acetylsalicylic acid and clopidogrel. Beta-blockers: bisoprolol and carvedilol. Antiarrhythmic agents: 
amiodarone. Oral antidiabetic agents: metformin and repaglinide. Angiotensin-converting enzyme inhibitors (ACEI) include: captopril, 
enalapril, and ramipril. Angiotensin receptor blockers (ARB): losartan, olmesartan, and valsartan. 
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Table 7: Clinical characteristics of 2DE patients. 

 

 

  

 8 

2DE cohort vs all patients 

 

  

 2DE group 
N=17 

All patients 
N=67 

P value 

DEMOGRAPHIC CHARACTERISTICS   

Female/male, n 3/14 22/45 0.565 
Age, years 72 [69-76] 71 [65-77] 0.624 
Weight, kg 76 [66-87] 73 [62-89] 0.583 
CARDIAC FUNCTION MARKERS   

NT-proBNP, µg/L 2.4 [1.7-4.6] 4.0 [2.3-8.6] 0.160 
Left ventricular ejection fraction (LVEF), % 48 [33-56] 45 [33-58] 0.738 

Reduced LVEF £40%, N (%) 6 (35) 27 (40) 
0.916 Mildly reduced LVEF 41-49%, N (%) 3 (18) 12 (18) 

Preserved LVEF ³50%, N (%) 8 (47) 28 (42) 
Atrial fibrillation 12 (71) 32 (48) 0.283 
Cardiovascular disease 4 (24) 23 (34) 0.563 
KIDNEY FUNCTION MARKERS   

Creatinine, µmol/L 101 [73-131] 105.0 [78.0-147.0] 0.693 
Glomerular filtration, MDRD-4a 68 [43.2-81.7] 61.0 [40.9-83.3] 0.476 
Urea, mmol/L 9.0 [5.8-13.1] 10.2 [6.8-16.1] 0.367 
OTHER BIOCHEMICAL MARKERS   

Haemoglobin, g/L 122 [106-139] 122 [101-138] 0.889 
RISK FACTORS; N (%)   
Active smoking 3 (18) 10 (15) 0.721 
Hypertension 12 (71) 49 (74) >0.999 
Pulmonary hypertension 6 (35) 16 (24) 0.364 
Diabetes mellitus type 2 6 (35) 30 (45) 0.586 
Dyslipidaemia 11 (65) 46 (70) >0.999 
BACKGROUND MEDICATION; N (%)   

Diuretics 11 (65) 49 (73) 0.253 
Statins 9 (53) 43 (64) 0.415 
Anticoagulants 10 (59) 27 (40) 0.415 
Antiplatelet agents 7 (41) 38 (57) 0.286 
Beta-blockers 11 (65) 46 (69) 0.777 
Antiarrhythmic agents 0 (0) 7 (10) 0.335 
Antidiabetics 4 (24) 27 (40) 0.265 

Insulin 3 (18) 12 (18) >0.999 
Oral antidiabetics 3 (18) 22 (33) 0.373 

ACE inhibitor/ARB 13 (76) 43 (66) 0.562 
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4.2.2. Patients of the mechanistic study 
Subjects (N=49, 38.6±11.3 years old, 36% female) with genetic 

diagnosis of heterozygous familial hypercholesterolemia (FH) and, thus, 

lifelong exposure to high LDL cholesterol plasma levels and high risk of 

premature atherosclerosis from the SAFEHEART cohort were included 

in the mechanistic study. A group of young healthy volunteers (non-FH 

subjects, N=28, 24.5±4.6, 57% female) from the same cohort was used 

as reference group to establish the normal plasma range of C3 levels in 

a healthy population, at very low risk of presenting subclinical 

atherosclerosis (Table 8) (Details in manuscript 4). 

This part of the study was approved by the Local Ethics Committee for 

Clinical Investigation in the Fundación Jimenez Diaz (CEIC-FJD; 

Madrid, Spain) [protocol’s number: 01/09], was conducted according to 

the Declaration of Helsinki (2013) and a written in-formed consent was 

obtained from all participants. 

  



MATERIALS AND METHODS 

 
 

60 

Table 8: Demographic and clinical characteristics of familial 
hypercholesterolaemia population. 

  

 24 

FH patients 
 

 Familial 
Hypercholesterolaemia 

N=49 

Healthy 
Subjects 

N=28 
DEMOGRAPHIC CHARACTERISTICS; mean ± SEM 
Female/male, N 18/31 16/12 
Age, years 38.6±11.3 24.5±4.6 
RISK FACTORS; N (%) 
Smokers 14 (29) 12 (43) 
Hypertension 1 (2) 0 (0) 
Diabetes mellitus 0 (0) 0 (0) 
Dyslipidaemia 48 (98) 0 (0) 
BIOCHEMICAL DATA, mean ± SEM  
Total cholesterol, mg/dL 282±72 170±20 
Triglycerides, mg/dL 104±67 77±35 
HDL cholesterol, mg/dL 47±11 56±15 
LDL cholesterol, mg/dL 221±78 99±15 
Apo AI, mg/dL 135±20 139±29 
Apo B, mg/dL 134±41 61±10 
Lipoprotein(a), mg/dL 42±35 18±21 
Glucose, mg/dL 89±9 78±9 
C-reactive protein, mg/L 1.86±2.6 0.73±0.2 
SUBCLINICAL ATHEROSCLEROTIC DISEASE; (%)  
Plaque burden, % 23.5±6.3 - 
Calcium burden, % 2.2±2.5 - 
Non-calcium burden, % 21.3±5.3 - 
BACKGROUND MEDICATION; N (%)  
Angiotensin-converting-enzyme 
inhibitors 0 (0) 0 (0) 

Angiotensin II receptor blockers 1 (2) 0 (0) 
b-blockers 0 (0) 0 (0) 
Diuretics 2 (4) 0 (0) 
Statins* 39 (80) 0 (0) 
SEM: standard error of the mean; HDL: high density lipoprotein; LDL: low density lipoprotein. 
Statins include: rosuvastatin, ezetimibe, atorvastatin, simvastatin, lovastatin, pravastatin, 
fluvastatin, pitavastatin, resins, and fibrates. Healthy subject population was used to establish 
the C3 range in a healthy group. 
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4.3. Sampling 
Urine and blood (serum / plasma EDTA) samples were collected from 

ADHF patients at hospital admission and at day 3 of hospitalisation. 

From healthy subjects, FH patients and their controls, samples were 

collected at first time in the morning after 10–14h fasting. All samples 

were processed within 30 minutes of obtention. 

Urine samples were stabilised with the protease inhibitor cOmplete Mini 

(Roche, Basel, Switzerland) to avoid protease activity. Urine samples 

were centrifuged for 10 minutes at 1200g and at room temperature to 

precipitate debris. The supernatant was aliquoted for 4 mL and 1 mL 

aliquots and stored at -80ºC until further analysis. 

Serum was obtained after incubation of 30 minutes at 37ºC, 30 minutes 

at 4ºC, followed by 30 minutes centrifugation at 4ºC and 1800 g, 

aliquoted and stored at -80ºC until analysed. Plasma EDTA was 

obtained after centrifugation of blood samples at 1600g (20 minutes, 

room temperature), aliquoted and stored at -80ºC until analysed. 

4.4. Biochemical variables 
Blood creatinine (Jaffe reaction), haemoglobin, urea (kinetic urease), 

and NT-proBNP (electroquimioluminescence), were analysed by 

standard laboratory methods as part of the patients’ routine analyses in 

the hospital. Glomerular filtrate was calculated using MDRD-4 formula 

with each patient’s blood creatinine levels, age, sex, and race (176). 

Total protein and creatinine in urine were analysed using Gernon kits 

(RAL S.A., Barcelona, Spain) for creatinine and total protein (Variables 

for Manuscript 1, 2, and 3; see manuscript 1 for further details). 

For lipid profile, total cholesterol, triglycerides, and HDL cholesterol 

were measured by standardised enzymatic methods; serum LDL 

cholesterol concentration was calculated using the Friedewäld formula; 
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and lipoprotein (a) levels were measured using a turbidimetric method. 

Genetic diagnosis of FH was performed using a DNA-microarray 

(LIPOCHIP), described in Alonso et al. (257) (Variables in Manuscript 

4). 

4.5. Two-dimensional electrophoresis 
Two-dimensional electrophoresis (2DE) experiments in ADHF patients 

and healthy subjects are based on three main steps: preparation of urine 

samples, isoelectric focusing (IEF) of the total protein extracts (1st 

dimension) and electrophoresis (2nd dimension) that are described 

below (Figure 14). 

 

 

Figure 14: Summarised 2DE workflow. 
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4.5.1. 2DE urine sample preparation 
Urine protein samples of ADHF patients and healthy controls (4-5mL) 

were centrifuged with Amicon Ultra-4 centrifugal filters units (3KDa cut-

off, MilliporeSigma, Burlington MA, USA) to deplete our samples of 

smaller proteins for 30 minutes, at 3220g and 10ºC. Tris-HCl 100mM 

was added to lower samples pH, and it was centrifuged once again in 

the same conditions.  

The next step involved the depletion of albumin and IgGs from urine 

samples using ProteoExtract Albumin/IgG Removal Kit (Calbiochem, 

San Diego, CA, USA). The column buffer, which included the kit buffer 

and urine sample for a total of 2-3mL, was changed by centrifuging the 

samples with 9 mL of 2DE buffer (7M urea, 2M thiourea, 2% CHAPS) at 

3220g and room temperature, to a final volume of 400µL of every 

sample. These sample extracts were quantified using 2D Quant Kit (GE 

Healthcare, Chicago, IL, USA) and aliquots containing 100µg of total 

protein per aliquot were prepared and frozen at -80ºC until further 

analysis.  

4.5.2. First dimension 
The first dimension of 2DE experiments involves the separation of 

proteins based on their isoelectric point (pI) in commercial acrylamide 

strips with an immobilised pH gradient (IPG strip). 

Before the first dimension step, protein samples were added: 

• 1% ampholytes pH 3-10 of a commercial solution (Bio-Rad, CA, 

USA) to help proteins migrate towards their pI, 

• 1% of 0.2% bromophenol blue, 

• 100mM dithiothreitol to break disulphide bonds, 

• And 2DE buffer (7M urea, 2M thiourea, 2% CHAPS) to final 

volume of 300µL.  
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Solubilised samples were separated by 17cm IEF ReadyStrips IPG 

strips (Bio-Rad, CA, USA) 4 to 7 linear using PROTEAN i12 IEF system 

(Bio-Rad, CA, USA) for the first dimension using the recommended 

protocol by the provider. 

Before the protocol begins, the strips needed to be hydrated for protein 

separation. For this thesis’ samples, the active hydration was 

performed, which involved 100V for 12h in a constant manner to 

facilitate proteins absorption by the strip. Once hydrated, different 

currents are applied so that the proteins are properly separated along 

the strip according to their pI (Table 9). 

During steps 1 and 2, proteins move along the strip towards their pI, 

whereas during step 3 all the molecules of each protein focus forming a 

protein cluster. While steps 1 and 2 have set timings, 30 minutes and 2 

hours, respectively; step 3 lasts until 43000 Vh are accumulated, which 

for these samples usually lasted 3-4 additional hours. Step 4, the 

maintenance step, is an optional step that protects the proteins from 

diffusion in-between the end of step 3 and extraction of the strips for 

storage or further analysis. Even though the strips can be kept in step 4 

for several hours, the strips from ADHF patients and HS were never left 

in step 4 for more than two hours. 

 

Table 9: Isoelectric focusing steps and their characteristics. 

 

 7 

 

 

2DE 
 

Step Voltage Gradient Current Duration 

Hydration 100 Hold  12:00 h 

1 250 Rapid 50 00:30 h 

2 10000 Gradual 50 2:00 h 

3 10000 Rapid 50 43000 Vh 

4 1000 Hold 50  

Voltage in volts (V), current in micro amperes (µA); duration: hour (h) and volt 
hour (Vh). 

 

  



MATERIALS AND METHODS 

 
 

65 

4.5.3. Second dimension 
The second dimension of 2DE experiment is based on the separation of 

proteins according to their molecular weight in SDS-PAGE gels, also 

known as electrophoresis. 

After IEF and before the electrophoresis, strips needed to be 

equilibrated using a reducing solution (50mM Tris-HCl pH 8.8, 6M urea, 

2% SDS, 30% glycerol, and 2% dithiothreitol (DTT)) and an alkylating 

solution (50mM Tris pH 8.8, 6M urea, 2% SDS, 30% glycerol, and 2% 

iodoacetamide). Each step lasted 15 minutes in order to protect proteins 

from oxidation and to avoid vertical lines in the gel, also known as 

streaking. 

For the electrophoresis, samples strips were transferred onto 12% SDS-

PAGE gels where two different electric current steps were applied. The 

first step was set to a slow current (current applied depends on number 

of gels) for 30 minutes to enable the proteins enter the gel, and a second 

step with higher current where proteins were separated. This second 

step was left running at a constant current, although the amount 

depended on the number of gels analysed, until the sample front 

reached the end of the gel. This last step usually lasted 4-5h. 

Once the electrophoresis was finished, gels were fixed for two hours 

(40% ethanol, 10% acetic acid), and stained with a fluorescent 

commercial solution, Flamingo (Bio-Rad, CA, USA), overnight for 

protein visualisation. At the end of the process, protein visualisation was 

performed using Typhoon FLA 9500 (GE Healthcare, Chicago, IL, USA) 

to obtain the protein profile of each sample. 

In the discovery phase, two different kinds of gels were prepared: 

analytical gels where 100µg of total protein was loaded. These gels 

were used in the comparison step between patients and healthy 

individuals. And preparative gels contained 300µg of total protein was 

loaded to facilitate protein identification by mass spectrometry. 
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4.6. Differential analysis 
All samples were handled the same way to minimise variability between 

samples and groups. The proteomic patterns were compared using 

PDQuest analysis software (version 8.0, Bio-Rad, CA, USA). A master 

gel is created in which all gels are included and used to compare with 

each individual sample. The program assigns every protein spot a 

relative value, according to the total sum of protein spots, after 

background substraction. After that, ADHF patients and HS gels were 

compared manually so that the equivalent spots of each gel are 

compared between them, also known matching. 

4.7. Protein identification 
After differential analysis, the spot proteins were analysed by MS 

(Figure 15). To prepare the spots for MS the following protocol was 

followed: 

1. Protein spots were excised and separated automatically using 

Ettan Spot Picker (GE Healthcare, Chicago, IL, USA). 

2. The excised protein spots were washed with 25mM ammonium 

bicarbonate (Ambic) solution for 20 minutes. 

3. Protein spots were dehydrated first with 25mM Ambic / 50% 

acetonitrile (ACN, three times 20 minutes each time) and 100% 

ACN. 

4. The samples were dried in a vacuum program using 

Concentrator Plus (Eppendorf International, Hamburg, 

Germany). 

5. The dried gel pieces were rehydrated with 0.2ng/µl of trypsin 

Gold (Promega Corporation, Madison, WI, USA) in 25nM 

ammonium bicarbonate and incubated overnight at 30°C. 

6. The trypsin activity was stopped by the addition of 100% ACN 

for 15 min at 37°C. 
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7. The protein peptides were extracted with 0.2% trifluoroacetic 

acid (TFA) 30min at room temperature and concentrated using 

µC18-Zip Tips (MilliporeSigma, Burlington, MA, USA). 

8. Samples and calibrant were mixed 1:1 with a-cyano-4-

hydroxycinnamic acid (HCCA) matrix (0.7mg/mL) and were 

applied to Anchor Chip plates (BrukerDaltonics, Billerica, MA, 

USA) for MS analysis, which is described below. 

 

 

Figure 15: Summarised mass spectrometry workflow 

4.8. Mass spectrometry 
Proteins were identified after by matrix-assisted laser desorption 

/ionisation time-of-flight (MALDI-ToF) using an AutoFlex III Smart beam 

MALDI-ToF/ToF (Bruker Daltonics, Billerica, MA, USA), as previously 

described (Figure 15) (258). 
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Mass spectra were obtained with flexControl on reflectron mode, (mass 

range m/z 850–4,000; reflectron 1, 21.06 kV; reflectron 2, 9.77 kV; ion 

source 1 voltage, 19 kV; ion source 2, 16.5kV; detection gain, 2.37×) 

with an average of 3500 added shots at a frequency of 200 Hz. Samples 

were analysed with flexAnalysis (version 3.0, Bruker Daltonics, Billerica, 

MA, USA) considering a signal-to-noise ratio >3, eliminating background 

peaks, and applying statistical calibration. 

After processing, spectra were sent to the BioTools software (version 

3.2, Bruker Daltonics, Billerica, MA, USA) and MASCOT search on 

Swiss-Prot 57.15 database for protein identification. For this search the 

following parameters were selected:  

• Taxonomy: Homo sapiens taxonomy 

• Mass tolerance: 50 to 100 ppm 

• Maximum of two trypsin miss cleavages 

• Global modification: carbamidomethyl (C) and variable 

modification: oxidation (M) 

Protein identification was carried out by peptide mass fingerprinting 

(PMF) where MASCOT scores >56 and at least five matched peptides 

was accepted. Confirmation of identified protein was performed by 

peptide fragmentation working on the LIFT mode (MS/MS) (258,259). 

4.9. Validation techniques 
The validation of the proteomic results obtained by 2DE in manuscripts 

1-3 was performed using two different techniques: Western Blot and 

ELISA. 
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4.9.1. Western Blot 
Western blot (WB) is a semi-quantitative method where one single 

protein is detected using a specific antibody against that protein and the 

relative amount this protein is measured. 

For the studies in ADHF patients (manuscripts 2 and 3), pool samples 

(5 representative patients) were prepared by the following protocol. A 

total of 4 mL of pool urine samples were centrifuged for 30 minutes, at 

10ºC and 3220g. Filtrate was discarded, and 100mM Tris-HCl (pH 7.6) 

was added to lower sample pH. Samples were once again centrifuged 

with the same conditions. Then, albumin and IgGs were depleted using 

ProteoExtract Albumin/IgG Removal Kit (Calbiochem, San Diego, CA). 

Proteins in the filtrate were precipitated overnight with 100% acetone. 

The following day samples were centrifuged for 30 minutes, at 4ºC and 

16200g to precipitate the protein content. The supernatant was 

removed, and the pellet obtained resuspended with 400µL of 100mM 

Tris-HCl (pH 7.6).  

These samples were quantified using 2D Quant Kit (GE Healthcare, 

Chicago, IL, USA). The equivalent amount of 15 µg of total protein were 

precipitated with 100% acetone, centrifuged, and resuspended with 

20µL of 100mM Tris-HCl (pH 7.6) and 4µL of sample buffer 6x with 

reducing conditions (with 6% b-mercaptoethanol), boiled at 95ºC for 5 

minutes before unidimensional electrophoresis in 12% SDS-PAGE gels. 

The separated proteins were transferred to a nitrocellulose membrane 

(Bio-Rad, CA, USA) for 2 hours, 400 mA and 4ºC. To confirm the proper 

transfer of proteins, the membranes were stained with Ponceau solution 

(0.1M Tris, 1M NaCl, 0.05% Tween and pH 7.4). 

These membranes were later incubated for 1h at room temperature and 

gentle agitation with a blocking solution (5% of non-fat dried milk or 

bovine serum albumin (BSA) in Tris buffer with 20% of Tween (TBS-T), 

to avoid non-specific binding. Next, membranes were incubated 
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overnight with gentle agitation at 4ºC with primary antibodies, whose 

characteristics are detailed Table 10: Antibodies used for Western Blot.. 

The following morning, membranes were washed with TBS-T and 

incubated for 1h at room temperature with the corresponding secondary 

antibody. 

After two additional washing steps with TBS-T and two with TBS, protein 

signal was detected by chemiluminescence using peroxidase reaction 

(SuperSignal chemiluminescence system, Pierce), and the image was 

obtained with ChemidocTM XRS system (Bio Rad). Obtained bands 

were normalised with total protein from Ponceau staining. 

Western blots for mechanistic studies (Manuscript 4) were performed for 

each independent cell extract and ECM-extracts (Details in methods 

Manuscript 4, page 13) using following human primary antibodies 

against C3, C5, C3aR, C11b, and C18. Human β-actin and total protein 

(Ponceau staining) were used as loading controls. 

 

Table 10: Antibodies used for Western Blot. 

 
 

 5 

Primary antibodies Secondary antibodies  

Antigen Brand Reference Species Dilution Solution Antibody Dilution Manuscript 
AT3 Abcam ab124808 Rabbit 1:500 BSA 5% Anti-rabbit 1:5000 Manuscript 2 

CD11b Abcam ab133357 Rabbit 1:1000 Blotto 5% Anti-rabbit 1:5000 Manuscript 4 

CD18 Abcam ab119830 Rat 1/500 Blotto 5% Anti-rat 1:5000 Manuscript 4 

C3 Abcam ab200999 Rabbit 1:1000 BSA 5% Anti-rabbit 1:10000 Manuscript 2, 4 

C3a R Abcam ab126250 Rabbit 1:1000 BSA 5% Anti-rabbit 1:10000 Manuscript 4 

C5 Abcam ab11876 Mouse 1:500 BSA 3% Anti-mouse 1:10000 Manuscript 4 

TAT Abcam ab191378 Mouse 1:500 BSA 3% Anti-mouse 1:10000 Manuscript 2 

VDBP Abcam ab81307 Rabbit 1:5000 Blotto 5% Anti-rabbit 1:2000 Manuscript 3 

b-actin Abcam ab8226 Mouse 1:5000 BSA 3% Anti-mouse 1:5000 Manuscript 4 

AT3: antithrombin III; C3: complement C3; C3aR: complement C3a receptor; TAT: thrombin-antithrombin complex; VDBP: Vitamin D 
binding protein; BSA: bovine serum albumin in Tris buffer with 20% of Tween; blotto: non-fat dried milk in Tris buffer with 20% of Tween.  

 

 

 

AT3: antithrombin III; CD11b: ; CD18: ; C3: complement C3; C3aR: C3a receptor; TAT: thrombin-antithrombin complex; 

VDBP: Vitamin D binding protein. 
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4.9.2. ELISA immunoassay 
The Enzyme-Linked ImmunoSorbent Assay (ELISA) is a quantitative 

method that enables the measurement of one single protein 

concentration in a sample. All the ELISAs were performed using 

commercial kits known as sandwich ELISA where the plate contains the 

specific antibody against the desired protein. The proteins of the sample 

are held back by the antibody once added to the plate. A second 

antibody that recognises the antigen is added to the plate where it binds 

to the protein-antibody. This second antibody contains an enzyme that 

will react with another specific substrate leading to a colour change 

detectable by colourimetry (Figure 16). 

 

 

Figure 16: Sandwich ELISA steps 
Adapted from “Sandwich ELISA”, by BioRender.com (2022). Retrieved from 

https://app.biorender.com/biorender-templates  

 

Specific quantitative sandwich enzyme immunoassays were used to 

quantify levels of different selected proteins in urine and plasma-EDTA, 

including TTR and RBP4 (Manuscript 1), AT3, C3, TAT, and CRP 
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(Manuscript 2 and Manuscript 4), and VDBP, Cystatin C, and KIM-1 

(Manuscript 3), as described in Table 11 and Table 12. 

Table 11: ELISAs used to analyse urine samples. 

 

 

Serum and plasma EDTA samples of ADHF and FH patients, and all 

healthy subjects were analysed for several other proteins and described 

in Table 12. 

 

Table 12: ELISAs used to analyse blood samples. 

 

 

Each kit was performed following respective instruction manuals. 

Concentration trials were performed to determine appropriate urine 

concentration for each ELISA kit, usually based on instruction manual 

recommendations. 

 2 

 

 ELISAs orina extended 
  

Protein Brand Reference Dilution 
Detection 

limit 
Intra-assay 

CV (%) 
Inter-assay 

CV (%) 
Manuscript 

AT3 AssayPro EA3301-1 1:3 – 1:10 9.93 ng/mL <5.9 <9.8 Manuscript 2 

C3 AssayPro EC3201-7 1:5 0.30 ng/mL <4.3 <9.8 Manuscript 2 

CysC Biovendor RD191009100 1:20 0.25 ng/mL <3.4 <6.9 Manuscript 3 

KIM-1 Abcam ab235081 1:5 1.28 pg/mL <2.2 <4.8 Manuscript 3 

RBP4 Abcam ab196264 1:1000 2.60 pg/mL <5.1 <8.9 Manuscript 1 

TTR Immundiagnostik K6331 - 0.93 ng/mL <3.4 <5.6 Manuscript 1 

VDBP R&D Systems DVDBP0B 1:2 – 1:8 0.34 ng/mL <1.9 <3.6 Manuscript 3 

AT3: antithrombin III; C3: complement C3; CysC: cystatin C; KIM-1: kidney injury molecule-1; RBP4: retinol binding protein 4; TTR: 
transthyretin; VDBP: vitamin D binding protein; CV: coefficient of variation 

 3 

ELISAs sang 
 

 

  

Protein Brand Reference Sample Dilution Detection limit 
Intra-assay 

CV (%) 
Inter-assay 

CV (%) 
Manuscript 

AT3 AssayPro EA3303-1 P-EDTA 1:300 51 ng/mL <5.6 <10.4 Manuscript 2 

CRP AssayPro EC1001-1 P-EDTA 1:4000 0.11 ng/mL <3.9 <9.2 Manuscript 1, 2 

C3 AssayPro EC2101-1 P-EDTA 1:1500 77 ng/mL <5.6 <9.5 Manuscript 2, 4 

TAT AssayPro ET1020-1 P-EDTA - 0.78 ng/mL <6.2 <9.9 Manuscript 2 

TTR Immundiagnostik K6331 P-EDTA 1:10000 0.933 ng/mL <3.4 <5.6 Manuscript 1 

VDBP R&D Systems DVDBP0B Serum 1:5000 0.338 ng/mL <1.9 <3.6 Manuscript 3 

AT3: antithrombin III; CRP: C reactive protein; C3: complement C3; TAT: thrombin-antithrombin complex; TTR: transthyretin; VDBP: vitamin D 
binding protein; P-EDTA: plasma EDTA; CV: coefficient of variation 
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4.10. Methods for mechanistic studies 
The detailed methods used for the mechanistic study can be found in 

Manuscript 4 (pages 11-14).  

4.10.1. Vascular smooth muscle cells 
For the mechanistic study, primary cultures of human vascular smooth 

muscle cells (VSMC, Cell Application, Inc. San Diego CA, USA) derived 

from umbilical vein (pool of 10 donors) were used to study expression 

of C3 and C3-mediated mechanisms of cell migration and adhesion. 

These VSMC were cultured in M199 complete medium (Gibco - Thermo 

Fisher Scientific, Waltham, MA, USA) and incubated at 37°C in a 

humidified atmosphere with 5% CO2. Culture medium was replaced 

every 48 hours and used between passages four and eight. (See details 

Manuscript 4, page 12). 

4.10.2. Cell adhesion and wound healing 
Migration studies in the mechanistic study were performed with human 

VSMCs seeded in a culture insert (ibidi 2-well culture insert, ibidi GmbH, 

Martinsried, Germany) and left in M-199 with 10% foetal calf serum 

(FCS) with or without 100 µg/mL aggregated LDL (agLDL) until desired 

cell confluence was achieved. C3a (10 nM) or iC3b (100 nM) were 

added to the culture medium 1h before stimulation with agLDL and 

maintained during the assay when indicated. After culture inserts 

removal, VSMCs were washed with phosphate buffered saline (PBS) 

and maintained in M199 migration medium with 10% FCS with its 

corresponding treatment for a total of 8h. 

Migration on the cell-depleted area was controlled using an inverted 

microscope and evolution images were taken every 2h. During 

migration, cells were also maintained at 37ºC in a humidified 
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atmosphere of 5% CO2. Cell attachment studies were performed as 

previously described (260); however, more detailed information is found 

in manuscript 4 (page 13-14). 

4.10.3. Confocal microscopy 
For confocal studies, VSMCs fixed with 4% paraformaldehyde were 

permeabilised (0.5% Tween with PBS), blocked with BSA, 

immunolabeled for F-actin, and analysed by confocal microscopy, as 

previously described by this group (261–263) using Alexa Fluor 633 or 

488 phalloidin (Molecular Probes, Eugene, OR, USA) on a Leica TCS 

SP2-AOBS inverted fluorescence microscope (Leica Microsystems, 

Heidelberg GmbH, Mannheim, Germany). Fluorescent images were 

acquired in a scan format of 1024 × 1024 pixels at 0.1 mm intervals (20 

slides) and processed with the TCS-AOBS software (Leica 

Microsystems, Heidelberg GmbH, Mannheim, Germany). Maximal 

intensity projection values were calculated using the LASAF Leica 

Software (Leica Microsystems, Heidelberg GmbH, Mannheim, 

Germany) and given as AU/mm2. 

4.11. Statistical analysis 
Data are expressed as median ± interquartile range (IQR) for ADHF 

study, and mean ± SEM (standard error of the mean) for mechanistic 

study, except when indicated. N indicates the number of subjects tested. 

The normal distribution was determined via Kolmogorov-Smirnov test. 

Statistic differences between groups for non-normally distributed 

continuous variables were analysed by non-parametric tests, including 

Mann-Whitney or Kruskal-Wallis tests. Frequencies of categorical 

variables were compared by Fisher exact and Chi-square analyses. 

Correlations between variables were determined using Spearman rank 

correlation and pictured by single regression models. Due to the 
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exploratory character of the proteomic study, determination of the 

sample size was based on past experience with similar studies (258). 

The variability observed in the data (ADHF patients with and without 

renal dysfunction at hospital admission) from the proteomic studies 

served to guide sample size in the validation quantitative analysis 

(ELISA method). Sample size was validated using the JavaScript based 

method for simple power and sample size calculation when two 

independent groups are compared, that are provided in 

http://www.stat.ubc.ca/~rollin/stats/ssize/n2.html (258).  

Receiver operating characteristic (ROC) curve estimations and their 

corresponding C statistics [area under the curve (AUC) with their 95% 

CI] were calculated to determine the power to discriminate ADHF 

patients according to heart dysfunction severity and kidney function.  

Kaplan-Meier survival (free of adverse outcomes) analysis was 

performed after including the study variables in a logistic rank analysis 

to evaluate the value of the studied parameters for predicting disease 

progression (adverse outcome incidence) in ADHF patients. In case of 

multiple events, only the first one was considered for Kaplan-Meier 

analysis. 

Adjustments for multiple testing in the discovery proteomic study were 

performed by the false discovery rate (FDR) using two-stage sharpened 

method described by Benjamin et al. (264). The results of the calculated 

adjusted q values (FDR adjusted) indicate the probability of false 

positives for the identified proteins considered to be significant. 

Statistical analysis was performed using Stata (version 15, StataCorp., 

College Station, TX, USA) and SPSS (version 26, IBM Corp, Armonk 

NY, USA) and StatView (Abacus Concepts). A P value ≤0.05 was 

considered statistically significant. 
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5. Results 
The results of this thesis include four different articles.  

 

ARTICLE 1:  
Urinary Proteomic Signature in Acute Decompensated Heart Failure: 

Advances into Molecular Pathophysiology 

Published: International Journal of Molecular Sciences. (Impact Factor 

2020: 5.924) 

Int. J. Mol. Sci. 2022, 23, 2344. DOI: 10.3390/ijms23042344 

 

ARTICLE 2:  
Association between Antithrombin III and Complement C3 in Acute 

Decompensated Heart Failure 
Submitted: Thrombosis and Haemostasis (Impact Factor 2022: 5.249) 

 

ARTICLE 3:  
Vitamin D Binding Protein and renal injury in acute decompensated 

heart failure 

Accepted: Frontiers in Cardiovascular Medicine (Impact Factor 2020: 

6.050) 

Front. Cardiovasc. Med. DOI: 10.3389/fcvm.2022.829490 

 

ARTICLE 4:  
Alternative C3 Complement System: Lipids and Atherosclerosis 

Published: International Journal of Molecular Sciences (Impact Factor 

2020: 5.924) 

Int. J. Mol. Sci. 2021, 22, 5122. DOI: 10.3390/ijms22105122  
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5.1. Article 1 
 

Urinary proteomic signature in acute 
decompensated heart failure:  

Advances into molecular pathophysiology 

 

Elisa Diaz-Riera; Maisa García Arguinzonis; Laura López; Xavier 

Garcia-Moll; Lina Badimon; Teresa Padró 

Published: International Journal of Molecular Sciences 

Int. J. Mol. Sci. 2022, 23, 2344. https://doi.org/10.3390/ijms23042344 

 

Objective: To identify and characterise the urinary protein pattern of 

ADHF patients at hospital admission and study the associations 

between the identified proteins and ADHF pathophysiology. 

 

Highlights: 

• A urinary profile of 26 differential proteins is identified in ADHF 

patients compared to healthy individuals. 

• Most of the identified proteins are mainly produced in the liver. 

• The identified proteins in urine relate to different biological 

functions and molecular processes, with retinoid metabolism and 

transport among them. 

• Transthyretin, the main transporter for retinoid, presents 

elevated urinary levels but low plasma levels compared to 

healthy individuals. 

• Urinary loss of transthyretin correlates with urinary loss of retinol 

binding protein 4. 
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• The combination of transthyretin and RBP4 levels discriminate 

kidney dysfunction and are associated with disease severity and 

adverse outcome. 

 

 

Graphical abstract 
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Urinary Proteomic Signature in Acute Decompensated Heart
Failure: Advances into Molecular Pathophysiology
Elisa Diaz-Riera 1,2 , Maísa García-Arguinzonis 1, Laura López 3, Xavier Garcia-Moll 3,4 , Lina Badimon 1,4,5

and Teresa Padro 1,4,*
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28029 Madrid, Spain
5 Cardiovascular Research Chair, UAB, 08025 Barcelona, Spain
* Correspondence: tpadro@santpau.cat; Tel.: +34-935565886; Fax: +34-935565559

Abstract: Acute decompensated heart failure (ADHF) is a life-threatening clinical syndrome involv-
ing multi-organ function deterioration. ADHF results from multifaceted, dysregulated pathways
that remain poorly understood. Better characterization of proteins associated with heart failure
decompensation is needed to gain understanding of the disease pathophysiology and support a
more accurate disease phenotyping. In this study, we used an untargeted mass spectrometry (MS)
proteomic approach to identify the differential urine protein signature in ADHF patients and examine
its pathophysiological link to disease evolution. Urine samples were collected at hospital admis-
sion and compared with a group of healthy subjects by two-dimensional electrophoresis coupled
to MALDI-TOF/TOF mass spectrometry. A differential pattern of 26 proteins (>1.5-fold change,
p < 0.005), mostly of hepatic origin, was identified. The top four biological pathways (p < 0.0001; in
silico analysis) were associated to the differential ADHF proteome including retinol metabolism and
transport, immune response/inflammation, extracellular matrix organization, and platelet degran-
ulation. Transthyretin (TTR) was the protein most widely represented among them. Quantitative
analysis by ELISA of TTR and its binding protein, retinol-binding protein 4 (RBP4), validated the
proteomic results. ROC analysis evidenced that combining RBP4 and TTR urine levels highly dis-
criminated ADHF patients with renal dysfunction (AUC: 0.826, p < 0.001) and significantly predicted
poor disease evolution over 18-month follow-up. In conclusion, the MS proteomic approach enabled
identification of a specific urine protein signature in ADHF at hospitalization, highlighting changes
in hepatic proteins such as TTR and RBP4.

Keywords: proteomics; 2DE-MS/MS; acute decompensated heart failure; urine samples; pathophysiology

1. Introduction
Heart failure (HF), a pathological condition characterized by the inability of the heart

to pump enough blood and oxygen to support the metabolic demands of other organs [1],
is nowadays a leading cause of morbidity and mortality worldwide [2]. HF is a progressive
pathology with recurrent episodes of acute worsening or decompensation [3]. Hence, acute
decompensated heart failure (ADHF) is a distinct clinical syndrome with a multifaceted
and still incompletely understood pathophysiology, thus leaving potential for discovery of
new targets to cover unmet clinical needs regarding more accurate patient risk stratification
and novel preventive and therapeutic interventions. ADHF is frequently associated with

Int. J. Mol. Sci. 2022, 23, 2344. https://doi.org/10.3390/ijms23042344 https://www.mdpi.com/journal/ijms
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diminished renal function, an important risk factor for poor outcomes [4,5]. Kidney dys-
function in HF has generally been considered a result of impaired renal blood flow in the
setting of depressed cardiac function [6]. However, increasing evidence suggests a more
complex and multifactorial process [7], stressing the need to gain a better understanding of
the pathophysiological mechanisms linking the failing heart and the kidney.

Human body fluids containing disease-associated proteins that reflect ADHF patho-
physiology might assist clinicians in early diagnosis, risk stratification, and management of
the patients. More specifically, protein signals can themselves be mediators of the ADHF
phenotype and represent both causal and secondary pathways leading to the development
and progression (or remission) of the disease. In this respect, urine contains proteins from
the kidney and urinary tract, but also from distant organs and tissues [8]. Therefore, urine
proteins are particularly suitable to gain better understanding of dysfunctional processes
involving these organs.

Differential proteome signatures between normal and disease states can be deter-
mined by using targeted and untargeted mass spectrometry (MS)-based proteomic ap-
proaches [9,10]. MS analysis has emerged as a powerful tool in proteomics to identify and
characterize proteins and protein complexes in biological samples including blood, urine,
tissues, and cells. MS can be used for high-throughput identification of proteins in complex
mixtures or after protein separation by different methods including two-dimensional gel
electrophoresis (2DE) [11,12]. In previous studies, we used a top-down strategy (analysis
of intact protein) based on 2DE coupled to matrix-assisted laser desorption and ionization
time of flight (MALDI-TOF/TOF) mass spectrometry to describe changes of the plasma
proteome in early stages of acute myocardial infarction [13,14] or in isolated platelets of sub-
jects with metabolic disorders [15]. Here, we focused on a similar 2DE-MS-based approach
to characterize the differential urinary protein profile in ADHF patients at hospital admis-
sion in comparison with healthy subjects used as reference group. In silico analysis was
performed to highlight the most representative differential proteins and gain better insight
into the biological processes and molecular functions associated with the pathophysiology
of ADHF and its association with kidney dysfunction and/or the cardiorenal syndrome.

2. Results
2.1. Clinical Characteristics of the ADHF Patient Population

The study included 67 patients who were hospitalized due to ADHF at Hospital de la
Santa Creu i Sant Pau (HSCSP) in Barcelona. Baseline demographic and clinical characteris-
tics of the studied population are given in Supplementary Table S1. ADHF patients had a
median glomerular filtration rate of 61.0 (40.9–83.3) mL/min/1.73 m2, with 47% of patients
presenting values within the pathological range (41 (31–45) mL/min/1.73m2). Median
percentage of ventricular ejection fraction in the study population was 45 (33–58)%, with
values of <40% in 27 of the 67 ADHF patients.

For the 2DE-MS studies, a subgroup representing 25% of the ADHF patients was ran-
domly selected (76% male, 72 (69–76) years old). As shown in the Supplementary Table S2,
the subgroup used in the urine proteomic studies (2DE-MS group) did not statistically
differ from the total study group (Validation Group) regarding demographic characteristics
(sex, age), kidney and cardiac function markers, and risk factors including hypertension
and pulmonary hypertension, diabetes type 2, and dyslipidaemia. No major differences
were observed concerning background medication.

2.2. Urine Protein Signature in ADHF Patients by 2DE Mass Spectrometry
Urine samples of ADHF patients at hospital admission depicted a differential pattern

of 47 protein spots compared to healthy subjects when analyzed by 2D electrophoresis (2DE)
gel within a pH range of 4 to 7 and molecular weight between 10 and 80 kDa (Figure 1A
and Supplementary Figure S1). After in-gel tryptic digestion of the spots, 26 non-redundant
proteins were identified by mass spectrometry MALDI-TOF/TOF, as described below.
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Among them, 19 proteins were detected as one, single spot; two were detected as a two-spot
protein, while the other five proteins showed a multi-spot pattern (Figure 1A).
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mension followed by 12% SDS-PAGE in the second dimension 2D gel electrophoresis. Proteins were 
stained with fluorescent flamingo and images were captured with blue laser (excitation 512 nm and 
emission 535 nm) using a Typhoon FLA9500. (B) Bars refer to fold change increase/decrease labeling 
intensity for each protein highlighted in panel A (ID Gel spot number), in ADHF patients compared 
to healthy group. To note, spots identified as the same protein by MS are shown under the same ID 
number, and fold change in panel B was calculated by adding the individual spot intensities. 

Protein identification of the MALDI-TOF/TOF spectra was obtained using the MAS-
COT Server search engine on the monoisotopic mode, allowing a maximum of 100 ppm 
peptide tolerance and a maximum of 2 trypsin missed cleavages against the SwissProt 
database (see Methods section for details). Ten of the 26 proteins were directly identified 
by peptide mass fingerprint (PMF-MS) with a sequence coverage ranging from 3% to 26% 
and MASCOT scores between 60 and 234 (reliable protein identification refers to Mascot 
score >56). Sixteen proteins were identified by MS/MS working on the lift mode after pep-
tide fragmentation of the three monoisotopic peaks with higher intensity (Table 1 with 
additional information in Supplementary Table S3). Selected peptides had a median 
length of 11 (9–14) amino acids. Seven peptides presented a cysteine (C) carbamidometh-
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Figure 1. Differential protein signature by 2DE-MS in urine of ADHF patients at hospital admission.
(A) Representative 2DE-PAGE gel of an ADHF patient depicting proteins with >1.5-fold change com-
pared to healthy subjects. Urine proteins were separated on IPG strips (pH 4–7) in the first dimension
followed by 12% SDS-PAGE in the second dimension 2D gel electrophoresis. Proteins were stained
with fluorescent flamingo and images were captured with blue laser (excitation 512 nm and emission
535 nm) using a Typhoon FLA9500. (B) Bars refer to fold change increase/decrease labeling intensity
for each protein highlighted in panel A (ID Gel spot number), in ADHF patients compared to healthy
group. To note, spots identified as the same protein by MS are shown under the same ID number,
and fold change in panel B was calculated by adding the individual spot intensities.

Of this 19-protein subset, 15 had >1.5-fold higher levels in urine of ADHF patients
than in healthy subjects, while 11 proteins presented >1.5-fold lower intensity in the ADHF
group (Figure 1B). Consistency for these findings (>1.5-fold change in intensity between
ADHF patients and healthy subjects across all gels) was higher than 82% for 16 proteins,
7 other proteins depicted a consistency >75%, and for 3 proteins (ID number: 12, 14, 18) it
was between 58–65%.

Protein identification of the MALDI-TOF/TOF spectra was obtained using the MAS-
COT Server search engine on the monoisotopic mode, allowing a maximum of 100 ppm
peptide tolerance and a maximum of 2 trypsin missed cleavages against the SwissProt
database (see Section 4 for details). Ten of the 26 proteins were directly identified by
peptide mass fingerprint (PMF-MS) with a sequence coverage ranging from 3% to 26%
and MASCOT scores between 60 and 234 (reliable protein identification refers to Mascot
score >56). Sixteen proteins were identified by MS/MS working on the lift mode after
peptide fragmentation of the three monoisotopic peaks with higher intensity (Table 1 with
additional information in Supplementary Table S3). Selected peptides had a median length
of 11 (9–14) amino acids. Seven peptides presented a cysteine (C) carbamidomethylation
and one peptide had a methionine (M) oxidation; both types of modifications were taken
into account for the fragment mass analysis and MASCOT MS/MS ion search. Protein
identification was based on the peptide with better performance after fragmentation and
confirmed (n = 9 proteins) using results obtained from the additional selected peptides
(Supplementary Table S4). Peptides 2 and 3 of seven proteins did not result in reliable pro-
tein identification and had to be discarded. MASCOT ion scores for the analyzed peptides
were >50 (range: 54–102; Table 1), which was in line with a correct protein identification
(MASCOT ion score threshold = 30 in MS/MS analysis).
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Table 1. Mass spectrometry characteristics of identified proteins in urine of ADHF patients.

# Protein name Gene
name

Swiss
Prot

number

Up/down
regulation

Experimental
pI

Molecular
weight (KDa)

MS or
MS/MS

MASCOT
Score Coverage

1 Lysosomal acid
phosphatase ACP2 P11117 # 5.80 45.5 MS 63 7

2 Pancreatic ↵-amylase AMY2A P04746 # 6.45 51.6 MS/MS 61 -
3 Annexin A10 ANXA10 Q9UJ72 # 5.20 35.2 MS 60 19
4 Arylsulfatase A ARSA P15289 " 5.50 49.6 MS 67 10
5 Zinc-↵-2-glycoprotein AZGP1 P25311 " 4.8-5.1 41.6-43.5 MS 66 11
6 Complement C3 C3 P01024 " 6.75 54.8 MS 62 3
7 Carbonic anhydrase 1 CA1 P00915 " 6.70 30.1 MS/MS 71 -
8 Endosialin CD248 Q9HCU0 " 4.70 44.6-45.6 MS/MS 54
9 CD59 glycoprotein CD59 P13987 " 4.90 22.7 MS/MS 82 -

10 Cathepsin D CTSD P07339 " 5.40 31.2 MS/MS 58 -
11 Fibrinogen �-chain FGB P02675 # 4.90 18.7-19.8 MS/MS 55
12 Fibrinogen �-chain FGG P02679 " 5.30-5.35 48.0-48.2 MS/MS 55 -

13 Vitamin D binding
protein GC P02774 " 5.20 50.5 MS 94 17

14 Hemopexin HPX P02790 " 5.30-5.35 55.4 MS/MS 70

15

Basement
membrane-specific
heparan sulfate
proteoglycan
core protein

HSPG2 P98160 # 5.40 24.9 MS/MS 102 -

16
Inter-alpha-trypsin
inhibitor heavy
chain H4

ITIH4 Q14624 # 4.9-5.1 36.6-37.2 MS 74 10

17 Kininogen-1 KNG1 P01042 # 4.7-4.9 50.5-53.3 MS 63 8

18
Vesicular
integral-membrane
protein VIP36

LMAN2 Q12907 # 5.20 35.2 MS/MS 60 -

19 Leucine-rich
alpha-2-glycoprotein LRG1 P02750 " 4.60 47.4 MS/MS 79 -

20 Retinol binding protein RBP4 P02753 # 5.20 24.7-25.2 MS/MS 66 -
21 Alpha-1-antitrypsin SERPINA1 P01009 " 5.00-5.10 51.4-52.2 MS 130 19
22 Antithrombin III SERPINC1 P01008 " 5.20 52.6 MS/MS 78 -
23 Serotransferrin TF P02787 " 6.00-6.40 56.5 MS 234 26
24 Trefoil factor 2 TFF2 Q03403 # 5.20 11.1 MS/MS 83 -
25 Transthyretin TTR P02766 " 5.30 15.9 MS/MS 61 -

26
Vitelline membrane
outer layer protein
1 homolog

VMO1 Q7Z5L0 # 4.65 21.2 MS/MS 87 -

#: 2DE—Gel ID number; pI: isoelectric point; MS: mass spectrometry. MS indicates MALDI-TOF while MS/MS
refers to MALDI-TOF/TOF.

2.3. Changes in the ADHF Urine Protein Signature and Relation to Kidney and Heart Function
Table 2 shows the median (Q1–Q3) values of the spot(s) intensity (arbitrary units, AU)

for the 26 proteins identified by PMF-MS and MS/MS with a median fold change >1.5-fold
between the ADHF and HS groups. Differences in spot intensity between groups for all
proteins except for the fibrinogen chain � (FGB) showed Q values (FDR correction) 0.06,
indicating a maximal expected proportion of 6% false positives among all features.

Among 26 proteins, 13 (7 decreased and 6 increased levels) showed the strongest
change (>3-fold vs. HS group) in patients within the lowest tertile for the glomerular
filtration rate (median MDRD-4: 33.7 (31.1–41.2) mL/min/1.73 m2). In addition, four of
these proteins showed major changes in association with a reduced LVEF (median lower
tertile <40%) (Supplementary Figure S2).

2.4. Functional Characteristics and Pathway Analysis of the Differential Urine Protein Signature
in ADHF

Tissue origin of the differential proteins in urine of ADHF patients was defined using
the Genecards database. Most of these proteins (65%) are produced in the liver, with three
of them being also expressed in the kidney. Differential urinary proteins in ADHF were also
expressed in the pancreas, brain, adipocytes, and lung in addition to the stomach, salivary
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glands, and spleen. Of note, none of the ADHF differential proteins in urine had primary
cardiac origin, according to the Genecards database (Figure 2A).

Table 2. Urinary spot volumes (AU) of the differential protein signature (2DE-MS) in urine of ADHF
patients at hospital admission.

Protein a Gene HS (N=6) ADHF (N=17) p Value b Q Value c

1 ACP2 0.89 [0.51–1.10] 0.37 [0.24–0.42] 0.049 0.046
2 AMY2A 1.07 [0.92–1.10] 0.47 [0.31–1.18] 0.089 0.060
3 ANXA10 0.55 [0.45–0.85] 0.33 [0.02–0.54] 0.077 0.056
4 ARSA 0.02 [0.001–0.04] 0.10 [0.06–0.20] 0.017 0.028
5 AZGP1 2.47 [1.61–2.81] 8.08 [4.92–12.94] 0.001 0.010
6 C3 0.24 [0.22–0.81] 0.89 [0.36–1.41] 0.083 0.058
7 CA1 0.002 [0.001–0.05] 0.27 [0.18–0.79] 0.010 0.027
8 CD248 0.18 [0.15–0.19] 1.12 [0.52–1.65] 0.003 0.013
9 CD59 0.47 [0.17–1.12] 1.68 [1.07–2.39] 0.027 0.038
10 CTSD 0.21 [0.16–0.33] 0.90 [0.21–1.36] 0.052 0.046
11 FGB 3.23 [2.60–3.87] 2.11 [1.57–2.78] 0.210 0.136
12 FGG 0.19 [0.02–0.28] 0.58 [0.15–1.75] 0.062 0.051
13 GC 0.77 [0.66–0.98] 1.71 [0.87–2.55] 0.042 0.044
14 HPX 1.00 [0.63–1.41] 2.05 [1.00–2.97] 0.048 0.046
15 HSPG2 3.96 [2.27–6.47] 1.13 [0.67–2.40] 0.015 0.028
16 ITIH4 10.66 [7.82–14.06] 4.25 [2.48–8.04] 0.006 0.021
17 KNG1 26.14 [18.40–35.01] 8.73 [3.82–16.11] 0.003 0.013
18 LMAN2 0.34 [0.28–0.48] 0.22 [0.07–0.35] 0.077 0.056
19 LRG1 0.09 [0.07–0.10] 0.87 [0.35–1.26] 0.014 0.028
20 RBP4 1.56 [1.41–1.68] 0.86 [0.71–1.16] 0.033 0.040
21 SERPINA1 1.58 [1.23–1.83] 4.53 [3.13–7.41] 0.013 0.028
22 SERPINC1 0.15 [0.11–0.19] 0.47 [0.20–0.63] 0.034 0.040
23 TF 1.22 [0.97–1.81] 7.31 [4.56–7.78] 0.001 0.010
24 TFF2 0.36 [0.002–0.41] 0.002 [0.001–0.06] 0.064 0.051
25 TTR 0.40 [0.39–0.67] 0.88 [0.66–1.45] 0.031 0.040
26 VMO1 4.03 [2.60–4.57] 1.74 [1.20–3.17] 0.023 0.035

a 2DE—Gel ID number. Values are given as median [Q1–Q3]; b p values obtained by the Mann-Whitney test;
c Q values obtained after FDR correction.

All 26 proteins differentially secreted in the urine of ADHF patients were subjected
to the PANTHER database search for classification according to their molecular function
and biological process based on Gene Ontology (GO) annotation terms. As shown in
Supplementary Table S5, most of the identified proteins (85%) were involved in metabolic
processes for lipids, carbohydrates, vitamins, and heme molecules (12 proteins) as well
as in hemostasis (coagulation) and the complement pathway cascade (12 proteins). Other
major biological processes were inflammatory and immune responses (9 proteins) and
cell functions including differentiation, adhesion, and migration (6 proteins). The most
common molecular functions for the differential protein pattern were protein binding (84%
proteins), catalytic activity (38% proteins), and molecular transport (27%). Thirteen of the
26 proteins were related to two or more molecular functions while 11 proteins were related
to several biological processes (Supplementary Table S5, Figure 2B).

Using the WebGestalt and Reactome platforms, four biological/molecular pathways
were found to be overrepresented among the 26 urine proteins with a differential detec-
tion pattern in ADHF (Q-value < 0.05; Figure 3A). These referred to retinoid metabolism
and transport (R-HSA-975634), platelet degranulation (R-HSA-114608), innate immune
system (R-HSA-168249), and extracellular matrix organization (R-HSA-1484244). Within
the first group, three different proteins were identified: retinol-binding protein 4 (RBP4),
transthyretin (TTR), and heparan sulphate proteoglycan 2 (HSPG2 or perlecan). Four pro-
teins were related to platelet degranulation including fibrinogen � chain (FGB) and � chain
(FGG), serotransferrin (TF), and inter-↵-trypsin inhibitor heavy chain H4 (ITIH4). Moreover,
nine of the proteins differentially detected in the urine of ADHF patients were associated
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to the innate immune system, wherein eight were increased (fibrinogen � chains (FGG),
↵-1-antitrypsin (A1AT), CD59 glycoprotein (CD59), cathepsin D (CTSD), arylsulphatase
A (ARSA), complement C3 (C3), transthyretin (TTR), and leucine-rich ↵-2-glycoprotein
(LRG1) and only the fibrinogen � chain was decreased. The extracellular matrix organi-
zation pathway included five proteins, FGG, TTR, and CTSD with increased levels and
HSPG2 and FGB with decreased levels, in ADHF.
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Figure 2. Main origin and function of the differential urinary proteins in ADHF. (A) Tissue origin
of urinary proteins. Besides the listed organs, stomach, spleen, and salivary gland are included in
the Others category. (B) Molecular function and biological process involving the urine differential
proteins. Color intensity refers to the number of proteins involved, expressed as percentage of the
total differential protein subset in urine (n = 26).

Network analysis (STRING search tool) revealed that 77% of the differential urinary
proteins in ADHF are connected by direct or indirect interactions forming a single cluster,
with a set of 14 proteins showing the highest number of interactions (>7 protein–protein
interactions (PPI) each). From this cluster, 10 proteins participate in the top four pathways
related to the differential urine signature, suggesting a close interplay between these
biological processes in the physiopathology of ADHF. TTR and fibrinogen � and � chains
(FGB and FGG) were the most overrepresented proteins participating in three of the four
identified pathways each (Figure 3B and Supplementary Figure S3). Both FGG and TTR
showed >2-fold changes when the urine of ADHF patients and healthy subjects was
compared. Of these two proteins, TTR was selected for further quantitative validation
studies, based on the involvement of this protein in pathophysiological processes associated
with heart disease [16–18], kidney disorders [19], inflammation, and malnutrition [20,21],
which refer to processes related with the pathophysiology and progression of heart failure.



RESULTS 

 
 

86 

 

Int. J. Mol. Sci. 2022, 23, 2344 7 of 19

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 7 of 20 
 

 

arylsulphatase A (ARSA), complement C3 (C3), transthyretin (TTR), and leucine-rich α-2-
glycoprotein (LRG1) and only the fibrinogen β chain was decreased. The extracellular ma-
trix organization pathway included five proteins, FGG, TTR, and CTSD with increased 
levels and HSPG2 and FGB with decreased levels, in ADHF. 

Network analysis (STRING search tool) revealed that 77% of the differential urinary 
proteins in ADHF are connected by direct or indirect interactions forming a single cluster, 
with a set of 14 proteins showing the highest number of interactions (>7 protein–protein 
interactions (PPI) each). From this cluster, 10 proteins participate in the top four pathways 
related to the differential urine signature, suggesting a close interplay between these bio-
logical processes in the physiopathology of ADHF. TTR and fibrinogen β and γ chains 
(FGB and FGG) were the most overrepresented proteins participating in three of the four 
identified pathways each (Figure 3B and Supplementary Figure S3). Both FGG and TTR 
showed >2-fold changes when the urine of ADHF patients and healthy subjects was com-
pared. Of these two proteins, TTR was selected for further quantitative validation studies, 
based on the involvement of this protein in pathophysiological processes associated with 
heart disease [16–18], kidney disorders [19], inflammation, and malnutrition [20,21], 
which refer to processes related with the pathophysiology and progression of heart fail-
ure. 

. 

Figure 3. Pathways associated with identified urinary proteins. (A) Reactome pathways of urinary 
proteins of ADHF patients. (B) String network of urinary proteins identified in ADHF patients. 

2.5. Urine and Plasma Transthyretin Levels in ADHF Patients 
Transthyretin (TTR) was quantified by ELISA and its levels in urine were normalized 

by the total protein content in the sample. As shown in Figure 4A, ADHF patients (n = 67) 
showed significantly higher TTR urine levels than the healthy subject group (11.77 (3.65–

'ĞŶĞ�^Ğƚ� �ĞƐĐƌŝƉƚŝŽŶ� ^ŝǌĞ� KǀĞƌůĂƉ� �ǆƉĞĐƚ� ZĂƚŝŽŶ� W�sĂůƵĞ� &�Z�

ZͲ,^�Ͳ
ϵϳϱϲϯϰ�

ZĞƚŝŶŽŝĚ�
ŵĞƚĂďŽůŝƐŵ�ĂŶĚ�

ƚƌĂŶƐƉŽƌƚ�
ϰϯ� ϯ� Ϭ͘Ϭϲϵϯ� ϰϯ͘ϯϭϯ� Ϭ͘ϰϭϭϳ�ϭϬͲϰ� Ϭ͘ϬϮϯϮϴ�

ZͲ,^�Ͳ
ϭϭϰϲϬϴ�

WůĂƚĞůĞƚ�
ĚĞŐƌĂŶƵůĂƚŝŽŶ� ϭϮϵ� ϰ� Ϭ͘ϮϬϳϴ� ϮϬ͘ϰϱϯ� Ϭ͘ϰϰϴϮ�ϭϬͲϰ� Ϭ͘ϬϮϯϮϴ�

ZͲ,^�Ͳ
ϭϲϴϮϰϵ�

/ŶŶĂƚĞ�/ŵŵƵŶĞ�
^ǇƐƚĞŵ� ϭϬϱϯ� ϴ� ϭ͘ϱϵϲϰ� ϱ͘Ϭϭϭ� Ϭ͘ϭϬϮϭ�ϭϬͲϯ� Ϭ͘ϬϮϱϭϵ�

ZͲ,^�Ͳ
ϭϰϳϰϮϰϰ�

�ǆƚƌĂĐĞůůƵůĂƌ�ŵĂƚƌŝǆ�
ŽƌŐĂŶŝǌĂƚŝŽŶ� ϯϬϭ� ϱ� Ϭ͘ϰϴϰϴ� ϭϬ͘ϯϭϯ� Ϭ͘ϴϱϭϴ�ϭϬͲϰ� Ϭ͘ϬϮϱϯϭ�

$

%

5HWLQRLG PHWDEROLVP DQG WUDQVSRUW

,QQDWH LPPXQH�V\VWHP

3ODWHOHW�GHJUDQXODWLRQ

([WUDFHOOXODU� PDWUL[�RUJDQLVDWLRQ

�ϯ

��ϱϵ

^�ZW/E�ϭ�

�Z^�

<E'ϭ

^�ZW/E�ϭ

,Wy

��'Wϭ

>Z'ϭ

/d/,ϰ

d&

'�

Z�Wϰ

>D�EϮ

�d^�

,^W'Ϯ

&''

ddZ

&'�

Figure 3. Pathways associated with identified urinary proteins. (A) Reactome pathways of urinary
proteins of ADHF patients. (B) String network of urinary proteins identified in ADHF patients.

2.5. Urine and Plasma Transthyretin Levels in ADHF Patients
Transthyretin (TTR) was quantified by ELISA and its levels in urine were normal-

ized by the total protein content in the sample. As shown in Figure 4A, ADHF patients
(n = 67) showed significantly higher TTR urine levels than the healthy subject group
(11.77 (3.65–64.27) vs. 6.62 (2.47–12.17) ng TTR/mg total protein, p = 0.049), validating the
proteomic findings. Patients with renal dysfunction at hospital admission showed a trend
to higher TTR levels (16.7 (6.4–70.9) TTR/mg total protein) compared to ADHF patients
with normal renal function at hospital admission (5.2 (2.6–43.0) ng TTR/mg total protein,
p = 0.078, Figure 4A).

Contrarily to urine, plasma median TTR level was significantly lower in the ADHF
than in the healthy group (100.1 (71.3–123.7) vs. 136.6 (120.9–164.9) µg TTR/mL, p < 0.001).
This difference was found regardless of the absence or presence of renal dysfunction (NRF
and RD groups, p < 0.001 vs. HS group; Figure 4B). No differences were observed between
ADHF patients with normal renal function and those with renal dysfunction at hospital-
ization (99.7 (66.9–115.8) µg TTR/mL vs. 101.8 (74.3–127.1) µg TTR/mL, p = 0.205). No
correlation between TTR levels in urine and plasma was observed (Rho = 0.032, p = 0.813,
Figure 4C), suggesting that the decrease in TTR plasma levels is not only dependent on
the urinary loss but rather on a balance between tissue expression/secretion and renal
filtration. Interestingly, plasma TTR levels in ADHF patients at admission inversely corre-
lated with plasma levels of C-reactive protein (CRP), the gold standard marker for systemic
inflammation (Rho = �0.303, p = 0.039) that was significantly increased in ADHF patients
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(Supplementary Figure S4). This correlation was maintained in ADHF patients with kidney
dysfunction at admission (RD group; Rho = �0.432; p = 0.043) but not in the ADHF group
with MDRD-4 levels in the physiological range (NRF group; Rho = �0.228; p = 0.275).

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 8 of 20 
 

 

64.27) vs. 6.62 (2.47–12.17) ng TTR/mg total protein, p = 0.049), validating the proteomic 
findings. Patients with renal dysfunction at hospital admission showed a trend to higher 
TTR levels (16.7 (6.4–70.9) TTR/mg total protein) compared to ADHF patients with normal 
renal function at hospital admission (5.2 (2.6–43.0) ng TTR/mg total protein, p = 0.078, Fig-
ure 4A). 

Contrarily to urine, plasma median TTR level was significantly lower in the ADHF 
than in the healthy group (100.1 (71.3–123.7) vs. 136.6 (120.9–164.9) µg TTR/mL, p < 0.001). 
This difference was found regardless of the absence or presence of renal dysfunction (NRF 
and RD groups, p < 0.001 vs. HS group; Figure 4B). No differences were observed between 
ADHF patients with normal renal function and those with renal dysfunction at hospitali-
zation (99.7 (66.9–115.8) µg TTR/mL vs. 101.8 (74.3–127.1) µg TTR/mL, p = 0.205). No cor-
relation between TTR levels in urine and plasma was observed (Rho = 0.032, p = 0.813, 
Figure 4C), suggesting that the decrease in TTR plasma levels is not only dependent on 
the urinary loss but rather on a balance between tissue expression/secretion and renal fil-
tration. Interestingly, plasma TTR levels in ADHF patients at admission inversely corre-
lated with plasma levels of C-reactive protein (CRP), the gold standard marker for sys-
temic inflammation (Rho = ƺ0.303, p = 0.039) that was significantly increased in ADHF 
patients (Supplementary Figure S4). This correlation was maintained in ADHF patients 
with kidney dysfunction at admission (RD group; Rho = ƺ0.432; p = 0.043) but not in the 
ADHF group with MDRD-4 levels in the physiological range (NRF group; Rho = ƺ0.228; p 
= 0.275). 

 
Figure 4. Urinary and plasma levels of transthyretin (TTR). (A) On the left, urinary levels of TTR 
obtained by immunoassay (ELISA) of healthy subjects and all ADHF patients (n = 67). On the right, 
urinary TTR of all ADHF patients with normal renal function at hospitalization (NRF, n = 35) and 
with renal dysfunction (RD, n = 32) at hospital admission. The p values in italics correspond to com-
parison with healthy subjects. Urine levels were normalized by total protein in urine. (B) TTR 
plasma levels of all ADHF patients and healthy subjects on the left. On the right, plasma levels of 
TTR of ADHF patients with normal renal function (NRF, n = 35) and with renal dysfunction (RD, n 

&

$

�

��

��

��

��

���

���

���

���

���

QJ
77

5
�P
J�
WR
WD
O�S
UR
WH
LQ

+6

p  ������

$'+)

8ULQH

�

��

���

���

���

���

���

���

���

ȝJ
�7
75

�P
/

15) 5'

p  �����

p < 0.001

p < 0.001

HS

�

��

���

���

���

���

���

���

���

+6 $'+)

p �������

ȝJ
�7
75

�P
/

% 3ODVPD

�

��

��

��

��

���

���

���

���

���

QJ
77

5
�P
J
WR
WD
O�S

UR
WH
LQ

15) 5'

p  ������

p = 0.307

p = 0.006

HS

�

��

��

��

��

���

���

���

���

���

�� �� ��� ��� ���

<� �������± ������î ����[
6SHDUPDQ�
5KR� ������
p  ������

ȝJ 775�P/ �SODVPD�

QJ
77

5
�P

J�
WR
WD
O�S
UR
WH
LQ

�X
UL
QH

�

Figure 4. Urinary and plasma levels of transthyretin (TTR). (A) On the left, urinary levels of TTR
obtained by immunoassay (ELISA) of healthy subjects and all ADHF patients (n = 67). On the right,
urinary TTR of all ADHF patients with normal renal function at hospitalization (NRF, n = 35) and
with renal dysfunction (RD, n = 32) at hospital admission. The p values in italics correspond to
comparison with healthy subjects. Urine levels were normalized by total protein in urine. (B) TTR
plasma levels of all ADHF patients and healthy subjects on the left. On the right, plasma levels of TTR
of ADHF patients with normal renal function (NRF, n = 35) and with renal dysfunction (RD, n = 32)
at hospital admission. The p values in italics correspond to the comparisons between each ADHF
patient subgroup and healthy subjects. (C) Correlation between TTR plasma and urinary levels.

In the ADHF group, TTR levels in urine did not depend on age (Rho = �0.002;
p = 0.986) and did not differ between sexes (men vs. women: 12.3 (3.7–67.1) vs. 9.4
(2.8–24.2) ng TTR/mg total protein; p = 0.561). TTR levels in the total ADHF patient
group did not correlate with the LVEF (Rho = �0.050, p = 0.706). However, as shown in
Supplementary Table S6, among ADHF patients with normal renal function (NRF group),
those with reduced LVEF (<40%) had a TTR loss in urine >3-fold higher than patients with
preserved LVEF (12.3 (3.3–64.1) vs. 4.1 (1.6–5.0) ng TTR/mg total protein; p = 0.049). This
pattern was not observed in ADHF patients with renal dysfunction (RD group) at hospital
admission, who presented high urine TTR loss regardless of the LVEF condition (reduced
12.0 (3.3–54.5) vs. preserved 15.1 (7.2–70.7) ng TTR/mg total protein, p = 0.363). In addition,
urinary TTR levels did not differ between patients with and without a clinical history of
ischemia and presence of cardiovascular risk factors and clinical characteristics such as
atrial fibrillation and pulmonary hypertension, either in the total ADHF group or when the
subgroups without and with renal dysfunction at admission were separately considered
(see Supplementary Table S6).



RESULTS 

 
 

88 

 

Int. J. Mol. Sci. 2022, 23, 2344 9 of 19

2.6. Changes in Urine RBP4 Directly Correlate with TTR and Are Related to Renal Function
Retinol-binding protein 4 (RBP4), unlike results obtained by proteomics, showed 2-fold

higher loss in urine for ADHF patients when compared with healthy subjects (HS), although dif-
ferences did not achieve statistical significance (22.8 (3.8–60.9) vs. 11.9 (7.8–14.0) ng RBP4/mg
total protein, p = 0.244, Figure 5A). Of note, ADHF patients with renal dysfunction (RD) at
hospital admission had >4-fold higher RBP4 urine levels than those presenting normal renal
function, who otherwise had urine values within the normal range (RD vs. NRF groups:
40.9 (9.5–248.7) vs. 9.7 (2.0–34.9) ng RBP4/mg total protein, p = 0.002, Figure 5B). A signifi-
cant positive correlation was found between urinary levels of RBP4 and its transporter TTR
in ADHF patients (Figure 5C).
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Figure 5. Urinary levels of retinol-binding protein 4 (RBP4). (A) Urinary levels of RBP4 obtained
by immunoassay (ELISA) of all ADHF patients (n = 67) at hospital admission and healthy subjects.
(B) Urinary levels of RBP4 of ADHF patients with normal renal function (NRF, n = 35) and with renal
dysfunction (RD, n = 32) at hospital admission. The p values in italics correspond to comparison
with healthy subjects. (C) Regression line of urinary RBP4 and TTR levels of ADHF patients at
hospital admission.

2.7. RBP4 and TTR Levels in Urine at Hospital Admission Relate with Disease Evolution within
18-Month Follow-Up

Receiver operating characteristic (ROC) curve analysis evidenced that RBP4 urine
levels significantly differentiate ADHF by their glomerular filtration rate (MDRD-4 val-
ues), with an AUC of 0.742 (95% CI (0.614–0.870), p < 0.001), with the cutoff value of
37.0 ng/mg total protein (57.1% sensitivity and 78.6% specificity) being the urine concentra-
tion that better discriminated patients with and without pathological glomerular filtration
(MDRD-4 < 60 mL/min/1.73m2) at hospital admission. In addition, ROC analysis showed
that combining RBP4 and TTR urine levels resulted in higher C-statistic values (AUC:
0.826 (0.705–0.947), p < 0.001) for discriminating ADHF patients according MDRD-4 levels
(Figure 6A, Supplementary Table S7).

Within the 18-month follow-up after hospital discharge, 59% of the ADHF patients
presented major clinical outcomes, which included rehospitalization (28 patients) due to
heart and/or kidney decompensation, heart transplant (4 patients), and death (12 patients).

Kaplan–Meier analysis evidenced that values above a predicted probability of
0.346 (specificity 66.7%, sensitivity 91.3%) calculated from the AUC for combined urine
levels of RBP4 and TTR at hospital admission associated with worse disease evolution and
earlier presentation of major adverse events (cardiac and/or renal rehospitalization, heart
transplant, or death, p = 0.028, Figure 6B) during the 18 months’ evolution follow-up.



RESULTS 

 
 

89 

  

Int. J. Mol. Sci. 2022, 23, 2344 10 of 19

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 10 of 20 
 

 

Receiver operating characteristic (ROC) curve analysis evidenced that RBP4 urine 

levels significantly differentiate ADHF by their glomerular filtration rate (MDRD-4 val-

ues), with an AUC of 0.742 (95% CI (0.614–0.870), p < 0.001), with the cutoff value of 37.0 

ng/mg total protein (57.1% sensitivity and 78.6% specificity) being the urine concentration 

that better discriminated patients with and without pathological glomerular filtration 

(MDRD-4 < 60 mL/min/1.73m2) at hospital admission. In addition, ROC analysis showed 

that combining RBP4 and TTR urine levels resulted in higher C-statistic values (AUC: 

0.826 (0.705–0.947), p < 0.001) for discriminating ADHF patients according MDRD-4 levels 

(Figure 6A, Supplementary Table S7). 

Within the 18-month follow-up after hospital discharge, 59% of the ADHF patients 

presented major clinical outcomes, which included rehospitalization (28 patients) due to 

heart and/or kidney decompensation, heart transplant (4 patients), and death (12 pa-

tients). 

Kaplan–Meier analysis evidenced that values above a predicted probability of 0.346 

(specificity 66.7%, sensitivity 91.3%) calculated from the AUC for combined urine levels 

of RBP4 and TTR at hospital admission associated with worse disease evolution and ear-

lier presentation of major adverse events (cardiac and/or renal rehospitalization, heart 

transplant, or death, p = 0.028, Figure 6B) during the 18 months’ evolution follow-up. 

 

Figure 6. Discrimination and survival analyses of TTR and RBP4 levels. (A) ROC analysis of urinary 

TTR and RBP4 for the discrimination of ADHF by their glomerular filtration rate. (B) Kaplan–Meier 

curve analysis. Only the first major adverse clinical event during follow-up (28 rehospitalizations 

due to heart and/or kidney decompensation, 4 heart transplants, and 8 patient deaths) was consid-

ered for calculation of event-free probability. 

3. Discussion 

$

�

6H
QV
LWL
YL
W\

� ���� ���� ���� ����
��� 6SHFLILFLW\

775�DUHD  �������

5%3��DUHD  �������

����

����

����

���� 775���5%3��DUHD  �������

3 �����

���

���

���

���

���

�

� ��� ��� ��� ��� ��� ���

(Y
HQ

W�I
UH
H
SU
RE

DE
LOL
W\

'D\V IURP KRVSLWDO�GLVFKDUJH

$ERYH FXW�RII�YDOXH

%HORZ FXW�RII�YDOXH

&XW�RII� YDOXH�� �����
6HQVLELOLW\�� �����
6SHFLILFLW\�� �����

6XUYLYDO IXQFWLRQV

'D\V IURP KRVSLWDO�GLVFKDUJH

(Y
HQ
W�I
UH
H�
SU
RE

DE
LOL
W\

%

Figure 6. Discrimination and survival analyses of TTR and RBP4 levels. (A) ROC analysis of urinary
TTR and RBP4 for the discrimination of ADHF by their glomerular filtration rate. (B) Kaplan–Meier
curve analysis. Only the first major adverse clinical event during follow-up (28 rehospitalizations due
to heart and/or kidney decompensation, 4 heart transplants, and 8 patient deaths) was considered
for calculation of event-free probability.

3. Discussion
Acute decompensated heart failure (ADHF) is a complex clinical condition that may

affect different organs and involve several pathophysiological mechanisms. Until now, the
underlying biological processes have not been completely elucidated, emphasizing the
need for a deeper understanding of the molecular functions and pathways associated to the
ADHF pathophysiology. To address this problem, we carried out a discovery hypothesis-
free study using 2DE coupled to MALDI-TOF/TOF mass spectrometry (2DE-MS) aimed
to unravel a disease-specific differential proteomic profile in urine of ADHF patients at
hospital admission and its potential link to pathophysiology.

In recent years, urine has become a promising biospecimen in clinical proteomics.
Urine represents a combination of both blood ultrafiltrates and local secretion from kidney-
specific cells and tubules, therefore reflecting systemic and renal diseases [22]. Moreover,
in the absence of homeostatic regulation, the changes in urine proteins may detect small
and early pathological changes [23]. Additionally, urine sampling has many advantages
compared to blood including the availability of larger and more recurrent volumes without
causing discomfort to the patient.

Here, by investigating the urine proteomic pattern of ADHF patients at hospital ad-
mission, we identified a protein signature of 26 unique proteins associated to the acute
decompensation of heart failure that could characterize the pathophysiological changes in
ADHF patients. Overall, the differential pattern refers to proteins acting through molecular
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functions such as catalytic activity, signaling receptor binding and transport, and being
involved in various biological processes including metabolism of lipids, vitamins, carbo-
hydrates and heme-components, hemostatic and complement systems, and immune and
inflammatory responses.

Of the 26 proteins with differential urine detection levels in ADHF, 17 were mainly of
hepatic origin and, among them, 11 proteins showed the highest changes in the urine of
ADHF patients with glomerular filtration below the pathological threshold
(MDRD-4 <60 mL/min/1.73m2), which might relate to the concept of a pathological in-
teraction among heart, kidney, and liver in heart failure patients leading to multi-organ
deterioration and unfavorable disease evolution [24–26]. In this respect, Kawahira et al. [27]
recently reported the prognostic value of impaired hepato-renal function in patients hos-
pitalized for acute decompensated heart failure by combining the MELD-XI score, which
includes data on bilirubin and creatinine reflecting liver and kidney function and the FIB-4
index that assesses liver fibrosis [28]. Indeed, cardiac dysfunction, especially in ADHF,
can cause, in addition to elevated venous pressure, reduced liver blood flow and arterial
flow, leading to hepatocyte atrophy, edema of the peripheral area, and liver stiffness [27,29].
Extending these clinical observations, in our study, leucine rich ↵-2-glycoprotein (LRG1)
was near 100-fold higher in urine of ADHF patients. LRG1 is a hepatic protein that is
known to regulate endothelial TGF� signaling, a major factor in many progressive fibrotic
diseases [30]. The potential relevance of LRG1 in cardiac fibrosis has recently been sug-
gested in a mice experimental model of chronic pressure overload-induced heart failure [31].
Additionally, zinc-↵2-glycoprotein (AZGP1), with 3–5-fold higher loss in urine of ADHF
patients, might contribute to pathological tissue remodeling and disease progression. Thus,
Sörensen-Zender et al. [32], using mice genetically deficient in AZGP1, described this pro-
tein to be involved in negative regulation of fibrosis through a TGF�-mediated mechanism.

In silico data analysis led to several other noteworthy observations that might con-
tribute to gaining better understanding of the molecular events and pathological mecha-
nisms participating in ADHF. Thus, an interesting insight that merged from using search
tools such as WebGestalt, Reactome, and STRING was that the differential urinary pro-
tein subset fell into the top four categories of signal networks, including innate immune
system and inflammation, platelet degranulation, extracellular matrix organization, and
retinoid metabolism and transport. Furthermore, our study evidenced that 19 of the urine
differential proteins participating in the four categories were interacting in a single network
cluster, suggesting a close interplay among various biological pathways in association to
the ADHF pathology. Cardiac decompensation accompanying acute heart failure (AHF)
episodes has been related to systemic inflammatory responses, supported by elevated lev-
els of high-sensitivity C-reactive protein (CRP), primarily reflecting innate immunity [33].
Additionally, inteleukin-1 beta (IL-1�), an end product resulting from the activation of the
multimeric protein complex inflammasome, was associated with increased disease severity
and risk of death in patients with acute decompensated heart failure [34].

Up to now, however, signaling pathways and molecules involved in this immune
activation and systemic inflammatory response in ADHF were not known. Herein, extend-
ing the previous findings, we identified changes in urine levels of nine proteins linked
to the innate immune system including fibrinogen, complement C3, glycoprotein CD59,
↵-1-antitrypsin (SERPINA1), cathepsin D (CTSD), arylsulphatase A (ARSA), leucine-rich
↵-2-glycoprotein (LRG1), and transthyretin (TTR). As such, cathepsin D, a major lyso-
somal protease involved in protein degradation and proteolytic activation of hormones
and growth factors, is increasingly recognized for its involvement in inflammatory re-
sponses [35]. High serum levels of cathepsin D have been shown to associate with new-
onset HF following ST segment elevation acute myocardial infarction [36]. Similarly, results
from the BIOSTAT-CHF study (BIOlogy Study to TAilored Treatment in Chronic Heart
Failure) evidenced that higher circulating cathepsin D levels correlate with more severe
disease and higher rates of mortality and hospitalization in HF [37]. In addition, recent
microarray gene expression data of peripheral blood mononuclear cells and single-cell
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RNA sequencing data of cardiac macrophages have associated the upregulation of CTSD
expression with a higher risk of developing a heart failure event within 6 months after
suffering an acute myocardial infarction [38]. Results of a liquid chromatography (LC)–MS
analysis of platelets in a dog model of acute congestive HF identified cathepsin D among
14 proteins with differential expression level related to the disease presentation [10]. In-
terestingly, platelet degranulation due to activation processes was among the four most
represented biological functions related to the ADHF urine differential proteome in our
study. Extrapolating from studies in ischemic heart disease [39], platelet activation has
been suggested as a link between HF decompensation and troponin elevation, which
otherwise accounts for higher rates of in-hospital mortality and post-discharge morbidity
and mortality [40].

Reactome pathway analysis evidenced fibrinogen (beta and gamma chains) and
transthyretin (TTR) as the best represented proteins, each one of them participating in
three of the top four pathways and converging into key biological functions relevant for
acute decompensated HF, such as inflammation and extracellular matrix (ECM) remod-
eling. Among them, only the fibrinogen gamma chain (FGG) and transthyretin showed
>2-fold changes compared to healthy subjects. Both FGG and TTR are multifaceted pro-
teins of hepatic origin, participating in mechanistic processes relevant in maintaining the
organ homeostasis.

In the present study, as proof of concept, to validate the potential translational value
of the differential proteomic signature identified by 2DE-MS in ADHF patients, we further
analyzed levels of TTR and its binding ligand RBP4 using commercially available ELISA
assays and compared with the clinical characteristics of the patients at hospital admission
and disease progression within 18 months for follow-up after hospital discharge.

TTR triggers amyloid processes, and TTR amyloid cardiomyopathy is increasingly
being recognized in the clinical setting as a possible heart failure origin [41]. Additionally,
TTR, along with serotransferrin (TF), is involved in the acute inflammatory response in
increased chronic inflammation [9]. More importantly, TTR is a crucial protein involved in
the transport of retinol to peripheral tissues after forming a homotetramer complex with the
retinol-specific carrier RBP4. At the molecular level, RBP4 promotes inflammatory damage
to cardiac myocytes by Toll-like receptor 4 activation [42]. Until now, data on the role of
RBP4 in patients with HF were scarce and with apparently controversial findings [43,44].
In addition, TTR is one of the main carriers of thyroxine (T4), a thyroid hormone associated
with blood pressure and LVEF in ADHF during hospitalization [45]. Indeed, thyroid
hormones have central regulatory actions in the cardiovascular system and patients with
even mildly altered thyroid function have a worse prognosis in heart disease, particularly
heart failure [46].

As identified by 2DE-MS, quantitative analysis with specific immunoassays evidenced
higher loss of TTR in urine of ADHF patients, the difference being more evident in the group
of patients with a deficient glomerular filtration according the MDRD-4 value. Interestingly,
ADHF patients showed a lower median TTR level in plasma compared to the concentration
range in healthy subjects, but this decrease was irrespective of the kidney function and did
not correlate with the level of TTR in urine, suggesting that TTR values in plasma result
from a dynamic balance between synthesis in the liver and secretion through the kidney.
In agreement with the current findings, our group had previously evidenced significantly
lower TTR levels in plasma of patients with an acute new-onset myocardial infarction (AMI)
compared to healthy subjects [47]. Of note, plasma levels of the inflammatory marker CRP
were significantly increased in ADHF patients at hospitalization and inversely correlated
with plasma TTR. Similarly, the reported TTR decrease in AMI was especially evident in
patients having CRP levels >3 mg/L at the moment of admission [47]. These results strongly
suggest that the increased inflammatory background in ADHF patients might account
for the decrease in TTR plasma levels in ADHF, beyond changes in glomerular filtration.
Supporting this view, TTR plasma decrease in ADHF patients was found regardless of the
kidney functional condition.
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Inflammation is a major feature in heart failure [48], and the hepatic synthesis of
transthyretin has been reported to be negatively regulated by inflammatory-related mech-
anisms and inflammatory cytokines such as interleukin 6 (IL-6) in a process dependent
on the IL-6 nuclear factor or its homologous C/EBP nuclear factor [49]. Indeed, TTR is a
negative acute-phase protein, and patients with severe sepsis often have very low TTR
concentrations [50]. Recently, low plasma transthyretin concentration has been shown to
associate with incident heart failure in the general population [51], and it is suggested
that low plasma TTR levels could be a biomarker of transthyretin tetramer instability [52].
Increasing evidence supports the view that TTR tetramers, under unbalanced homeostatic
conditions, dissociate in misfolded monomers that tend to aggregate and fibrillate and,
after infiltrating the cardiac extracellular matrix, induce oxidative stress and mitochon-
drial damage and increase cardiac wall thickness and diastolic dysfunction [53]. Further
studies are needed to better characterize the molecular mechanisms relating inflammation
with TTR expression and/or its structural conformation in heart failure and the potential
relevance of TTR monomers on the ADHF pathophysiology.

In the urine of ADHF patients, TTR was detected as a single spot of 15 kDa, which
corresponds to its monomeric form. Due to the correlation between TTR and RBP4 levels
in urine of ADHF patients, it is conceivable that the monomeric form was already abun-
dantly present in the circulating blood since only TTR tetramers bind RBP4 and protect this
low-molecular-weight transport protein (21 kDa) from being filtrated through the glomeru-
lus [54]. We could not exclude, however, that TTR-non-related RBP4 forms also account
for the increased urinary levels of this protein in ADHF. In this respect, Perduca et al. [55],
by high-resolution, three-dimensional structure analysis of urine-purified RBP4, identified
a second RBP4 form with high binding capacity to fatty acids but not to retinol and with
low affinity for TTR. This complex RBP4 fatty acid form was only identified in urine in the
presence of a glomerulopathy [55]. Accordingly, this RBP4 fatty acid complex form might
account for the high increase in urinary RBP4 in ADHF patients with renal dysfunction
compared with those with normal renal dysfunction at hospitalization and the healthy
group. Further studies are needed to understand the pathophysiological relevance of these
RBP4 fatty acid complex forms in ADHF.

To the best of our knowledge, the concomitant loss of TTR and RBP4 in urine during
the early phase (hospital admission) of acute heart failure decompensation and their power
when combined to identify patients with worse disease evolution and prognosis within
an 18-month follow-up after hospital discharge have not been previously reported in the
clinical setting of ADHF. Indeed, the Kaplan–Meier curve analysis revealed a potential
implication of increased urinary loss of TTR and RBP4 in the disease progression and
presentation of major adverse events.

4. Materials and Methods
4.1. Study Population and Study Design

This study included 67 patients (men and women over 18 years old; 71 (65–77) years old,
67% men) who were hospitalized due to ADHF between February 2017 and March 2020
at Hospital de la Santa Creu i Sant Pau (HSCSP) in Barcelona. Hospitalized ADHF pa-
tients were distributed into two different groups depending on their kidney function at
admission. Renal function was given as MDRD-4 (mL/min/1.73m2), which is a serum
creatinine-based estimation obtained using the clinical data of the patients [56]. Lev-
els below 60 mL/min/1.73m2 were considered pathological. Two groups were formed:
(1) ADHF patients with renal dysfunction at hospital admission (RD, n = 32) and (2) ADHF
patients with normal renal function at hospital admission (NRF, n = 35) (Supplemen-
tary Table S1). After hospital discharge, ADHF patient were followed for 18 months
and the adverse clinical outcomes (rehospitalization due to decompensation, heart trans-
plant, and/or death) were registered. Twenty-eight patients required another hospital-
ization, 4 required heart transplants, and 12 patients died. A group of healthy subjects
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(HS, n = 35, 50.5 (48.0–54.5) years) served to establish the normal range in the urine of the
identified proteins.

The Ethics Committee of the Santa Creu i Sant Pau Hospital in Barcelona, Spain,
approved this study, and it was performed according to principles of Helsinki’s Declaration.
All patients signed an informed consent prior to being included in the study. Patients
undergoing chemotherapy, who were pregnant or had post-delivery ischemic heart syn-
drome in women, or had other causes of acute episode (myocardial infarction, myocarditis,
or toxic etiology) were excluded from the study. Medications were not considered as
exclusion criteria except those drugs required in oncological treatment (and patients who
were already excluded).

4.2. Biological Samples
Urine and blood samples were collected at hospital admission. Urine samples were

centrifuged to precipitate debris, aliquoted, and stored at �80 �C until further analysis.
Urine samples for the HS reference group were collected in the morning, and samples were
processed as described for the ADHF patients. Level of total protein in urine was analyzed
in a Clima MC-15 analyzer using the specific Gernon kit (RAL S.A., Barcelona, Spain), as
described by the providers.

Venous blood was drawn, after a 10–14-h fasting, from the cubital vein without
tourniquet using a 20-gauge needle for all patients. All samples were processed identically
within the first 2 h after extraction. Serum was aliquoted and stored at �80 �C.

Blood creatinine (Jaffe reaction), NT-proBNP (electroquimioluminiscence), urea (ki-
netic urease), and hemoglobin were analyzed by standard laboratory methods as part of the
patients’ routine analyses. Glomerular filtrate was calculated using the MDRD-4 algorithm
that includes a patient’s plasma creatinine levels, age, sex, and race [56].

4.3. Two-Dimmensional Gel Electrophoresis and MALDI-TOF/TOF MS
Analysis of differential protein patterns was performed by two-dimensional gel elec-

trophoresis (2DE) coupled to mass spectrometry, as previously described [47,57,58].
Urine samples (4 mL) of ADHF patients and healthy controls were concentrated and

desalted by centrifugation (3220 g, 30 min, and 10 �C) using 3-kDa cutoff filter devices
(Amicon Ultra-4, Millipore, Burlington, MA, USA) and 100 mM Tris-HCl, pH 7.6. A final
volume of 1 mL was obtained and depleted of albumin and IgGs using the ProteoExtract
Albumin/IgG Removal Kit (Calbiochem, San Diego, CA, USA), as reported by the providers.
Thereafter, a sample buffer was exchanged to a urea-containing buffer (7M urea, 2M
thiourea, 2% CHAPS) by centrifugation with the 3-kDa cutoff filter devices (3220 g, at room
temperature) until a final volume of 400 µL was obtained. Protein concentration in urine
extracts was measured with 2D-Quant Kit (GE Healthcare, Chicago, IL, USA).

Protein loads of 100µg (analytical gels) and 300µg (preparative gels) of the urea/thiourea/
chaps urine extracts were applied to 17-cm dry strips (ReadyStrips IPG strips, pH 4–7 linear
range; BioRad, San Diego, CA, USA) using the PROTEAN i12 IEF system (Bio-Rad, San
Diego, CA, USA) for the first dimension, as previously described by our group [57,58].
The second dimension was resolved in 12% SDS-PAGE. Gels were fixed for 2 h (40%
ethanol, 10% acetic acid) and developed with Flamingo (Bio-Rad, San Diego, CA, USA)
for protein fluorescent staining using Typhoon 9500 with excitation wavelength at 512 nm,
emission light wavelength of 535 nm, and an LPB filter. Protein spot quantification and
analysis for differences between gels were performed using PDQuest analysis software
(Bio-Rad, San Diego, CA, USA). Each spot was assigned a relative value (AU) that corre-
sponded to the single spot volume compared to the volume of all spots in the gel, following
background extraction and normalization between gels, as previously reported [57]. This
software specifically analyzes differences in protein patterns, in which a master gel is
created wherein all gels are included and used to compare with each individual sample.

Proteins were identified after in-gel tryptic digestion and extraction of peptides from
the gel pieces by matrix-assisted laser desorption/ionization time of flight (MALDI-TOF)
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using an AutoFlex III Smart beam MALDI-TOF/TOF (BrukerDaltonics, Billerica, MA,
USA), as previously described [57]. Briefly, 1-mm2 gel pieces were washed first with 25 mM
ammonium bicarbonate for 20 min, with 25 mM ammonium bicarbonate/50% acetonitrile
(3 times for 20 min), and finally dried with 100% acetonitrile. Then, gel pieces were
rehydrated with 0.2 ng/µL of trypsin Gold (Promega) in 25 nM ammonium bicarbonate and
incubated overnight at 30 �C. Trypsin activity was stopped by the addition of acetonitrile
for 15 min at 37 �C, and peptides were extracted with 0.2% TFA after 30 min at room
temperature. Peptides were concentrated using µC18-Zip Tips (Merck-Millipore) according
to manufacturer instructions. Samples and calibrants were mixed 1:1 with an alpha-Cyano-
4-hydroxycinnamic acid (HCCA) matrix (0.7 mg/mL) and were applied to Anchor Chip
plates (BrukerDaltonics, Billerica, MA, USA).

Spectra were acquired with flexControl on reflectron mode (mass range m/z 850–4000;
reflectron 1, 21.06 kV; reflectron 2, 9.77 kV; ion source 1 voltage, 19 kV; ion source 2, 16.5 kV;
detection gain, 2.37⇥) with an average of 3500 added shots at a frequency of 200 Hz.
Samples were processed with flexAnalysis (version 3.0, Bruker Daltonics, Billerica, MA,
USA) considering a signal-to-noise ratio >3, applying statistical calibration and eliminating
background peaks. After processing, spectra were sent to the interface BioTools (version 3.2,
Bruker Daltonics, Billerica, MA, USA), and MASCOT search on Swiss-Prot 57.15 database
was performed (taxonomy, Homo sapiens; mass tolerance, 50 to 100; up to two trypsin
missed cleavages; global modification: carbamidomethyl (C); variable modification: oxi-
dation (M)). Identification was carried out by peptide mass fingerprinting (PMF) where
a MASCOT score >56 and at least five matched peptides were accepted. Confirmation of
the identified protein was performed by peptide fragmentation working on the LIFT mode
(MS/MS) [57,58].

4.4. In Silico Analysis
The major bioinformatics tool GO was used to identify the function of genes and

gene products of Homo sapiens. Through the WEB-based GEne SeT AnaLysis Toolkit
(WebGestalt), the GO analysis was performed using the PANTHER (Protein ANalysis
THrough Evolutionary Relationships) classification database [59], and the pathway analysis
was performed using Reactome [60].

STRING, an online, freely available software tool, was used to establish the PPI
network [61], and all the cutoff points were combined to analyze the topology property
of networks.

4.5. Enzyme-Linked Immunosorbent Assays
Identified proteins in urine and serum were quantified by enzyme-linked immunosor-

bent assay (ELISA) using the following kits. Transthyretin (TTR) levels in urine and plasma
were analyzed using a Prealbumin (Transthyretin) ELISA kit (K6331, Immundiagnostik,
Bensheim, Germany), with intra-assay precision of 3.4%, and 5.6% for inter-assay precision.
Quantification was performed using only samples where TTR was detectable (90% of total).
RBP4 urinary levels were analyzed using a Human Retinol Binding Protein 4 ELISA kit
(ab196264, Abcam, Cambridge, UK), with intra-assay precision 5.1% and inter-assay preci-
sion of 8.9%. Concentrations of the urinary proteins (obtained by ELISA) were normalized
with urine total protein content, measured in a Clima MC-15 analyzer using the specific
Gernon kit to avoid any possible bias due to interindividual differences in protein secretion.

4.6. Statistical Analysis
Data are expressed as median and interquartile range (IQR). The n indicates the num-

ber of subjects tested. The normal distribution was determined via Kolmogorov–Smirnov
test. Statistical differences between groups for non-normally distributed continuous vari-
ables were analyzed by non-parametric tests, including Mann–Whitney or Kruskal–Wallis
tests. Frequencies of categorical variables were compared by Fisher exact and Chi-square
analyses. Correlations between variables were determined using Spearman rank correlation



RESULTS 

 
 

95 

 

Int. J. Mol. Sci. 2022, 23, 2344 16 of 19

and pictured by single regression models. Due to the exploratory character of this proteomic
study, determination of the sample size was based on past experience with similar stud-
ies [57]. The variability observed in the data (ADHF patients with and without renal dys-
function at hospital admission) from the proteomic studies served to guide the sample size
in the quantitative analysis (ELISA method). Sample size was validated using the JavaScript-
based method for simple power and sample size calculation when two independent groups
are compared, which are provided in http://www.stat.ubc.ca/~rollin/stats/ssize/n2.html
(accessed on 29 January 2022) [57]. Based on the mean urine TTR values of ADHF patients
and HS and the pooled standard deviation of both groups (ADHF and HS), a sample size
>32 gave a study power of >0.75 (type I error = 0.05, two-sided test).

Receiver operating characteristic (ROC) curve estimations and their corresponding C
statistics (area under the curve (AUC) with their 95% CI) were calculated to determine the
power to discriminate ADHF patients according to kidney function. Kaplan–Meier survival
(free of adverse outcomes) analysis was performed after including the study variables in a
logistic rank analysis to evaluate the value of the studied parameters for predicting disease
progression (adverse outcome incidence) in ADHF patients.

Adjustments for multiple testing in the discovery proteomic study were performed by
the false-discovery rate (FDR) using a two-stage, sharpened method described by Benjamini
et al. [62]. The results of the calculated adjusted q values (FDR adjusted) indicated the
probability of false positives for the identified proteins considered to be significant. Here, it
refers to q values < 0.06, which represents more than 94% truly positive for differentially
expressed urinary proteins.

Statistical analysis was performed using Stata v15 (SAS Institute, Cary, NC, USA) and
SPSS v26 (IBM Corp, Armonk, NY). A p value  0.05 was considered statistically significant.

5. Conclusions
In the present study, by applying a proteomic approach based on 2D electrophoresis

coupled with MALDI-TOF/TOF MS, we found a differential protein signature in the urine
of patients presenting with acute decompensated heart failure at the moment of hospital
admission. The 26-protein pattern highlights the complexity of ADHF pathophysiology
with coordinated changes in proteins involved in molecular functions and biological
processes related to the disease progression. Thus, we reported an increased urinary
loss of proteins such as TTR and RBP4, which might have harmful impact on the disease
evolution, resulting in higher risk for adverse outcomes after hospital discharge. Future
studies are now warranted in larger populations to validate the relevance of the observed
changes in TTR and RBP4 for the ADHF pathophysiology.
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Supplementary Table S1: Clinical characteristics and risk factors of all patients. 
  

 
All patients 

N=67 
NRF 
N=35 

RD 
N=32 

P-value 

DEMOGRAPHIC CHARACTERISTICS  
Female/male, n 22/45 10/25 12/20 0.603 
Age, years 71.0 [65.0-77.0] 69.0 [58.0-75.0] 74.0 [69.5-77.5] 0.008 
Weight, kg 73.0 [61.6-86.8] 70 [61.2-86.6] 77.2 [62.0-88.6] 0.543 
KIDNEY FUNCTION MARKERS    
Creatinine, µmol/L 105.0 [78.0-147.0] 78.0 [67.0-97.0] 147.0 [122.5-194.0] <0.001 
Glomerular filtration (MDRD-4)a 61.0 [40.9-83.3] 83.0 [68.9-99.0] 39.7 [31.3-45.0] <0.001 
Urea, mmol/L 10.2 [6.8-16.1] 7.0 [5.8-9.2] 16.5 [13.0-22.9] <0.001 
CARDIAC FUNCTION MARKERS    
NT-proBNP, ng/L 4.0 [2.3-8.6] 3.2 [1.9-6.4] 4.5 [2.8-14.7] 0.026 
Left ventricular ejection fraction 
(LVEF), % 

45.0 [33.0-58.0] 38.0 [33.0-57.0] 51.0 [35.5-59.5] 0.225 

Preserved LVEF, N (%) 28 (42) 11 (31) 17 (53) 
0.125 Reduced LVEF, N (%) 27 (40) 18 (52) 9 (28) 

Mid-range LVEF, N (%) 12 (18) 6 (17) 6 (19) 
Atrial fibrillation, N (%) 32 (48) 16 (47) 16 (50) >0.999 
Cardiovascular disease, N (%) 23 (34) 11 (31) 12 (38) 0.618 
OTHER BIOCHEMICAL MARKERS    
Haemoglobin, g/L 122 [101-138] 128 [114-142] 110 [95-124] 0.004 
RISK FACTORS; N (%)  
Active smoking 10 (15) 8 (23) 2 (6) 0.086 
Hypertension 49 (74) 21 (62) 28 (88) 0.024 
Pulmonary hypertension 16 (24) 8 (23) 8 (25) >0.999 
Diabetes mellitus type 2 30 (45) 11 (32) 19 (59) 0.047 
Dyslipidaemia 46 (70) 20 (59) 26 (81) 0.063 
BACKGROUND MEDICATION; N (%)    
Diuretics 49 (73) 21 (60) 28 (88) 0.014 
Statins 43 (64) 18 (51) 25 (78) 0.040 
Anticoagulants 27 (40) 14 (40) 13 (41) >0.999 
Antiplatelet agents 38 (57) 19 (54) 19 (59) 0.806 
Beta-blockers 46 (69) 21 (60) 25 (78) 0.124 
Antiarrhythmic agents 7 (10) 4 (11) 3 (9) >0.999 
Antidiabetics 27 (40) 8 (26) 19 (59) 0.003 

Insulin 12 (18) 2 (6) 10 (31) 0.010 
Oral antidiabetic agents 22 (33) 8 (23) 14 (44) 0.117 

ACE inhibitor/ARB 43 (66) 26 (74) 17 (57) 0.189 
aMDRD-4 levels expressed in mL/min/1.73m2; Quantitative values were given in median [Q1-Q3]. P values of categorical variables 
were calculated with Fisher exact test, except for LVEF where Λ2 was used. P values of numerical data were calculated with Mann-
Whitney, except for LVEF where Kruskall-Wallis was used. Diuretics: hydrochlorothiazide, furosemide, eplerenone, and 
spironolactone. Statins: atorvastatin, pravastatin, simvastatin, ezetimibe. Anticoagulants: warfarin, acenocumarol, bemiparin, 
heparin, dabigatran, rivaroxaban, edoxaban, and apixaban. Antiplatelet agents: acetylsalicylic acid and clopidogrel. Beta-blockers: 
bisoprolol and carvedilol. Antiarrhythmic agents: amiodarone. Oral antidiabetic agents: metformin and repaglinide. Angiotensin-
converting enzyme inhibitors (ACEI) include: captopril, enalapril, and ramipril. Angiotensin receptor blockers (ARB): losartan, 
olmesartan, and valsartan. 
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Supplementary Table S2: Clinical characteristics and risk factors of discovery phase patients. 
  

 
2DE-MS group 

N=17 
All patients 

N=67 
P value 

DEMOGRAPHIC CHARACTERISTICS   
Female/male, n 3/14 22/45 0.565 
Age, years 72 [69-76] 71 [65-77] 0.624 
Weight, kg 76 [66-87] 73 [62-89] 0.583 

KIDNEY FUNCTION MARKERS   
Creatinine, µmol/L 101 [73-131] 105.0 [78.0-147.0] 0.693 
Glomerular filtration (MDRD-4)a 68 [43.2-81.7] 61.0 [40.9-83.3] 0.476 
Urea, mmol/L 9.0 [5.8-13.1] 10.2 [6.8-16.1] 0.367 
CARDIAC FUNCTION MARKERS   
NT-proBNP, µg/L 2.4 [1.7-4.6] 4.0 [2.3-8.6] 0.160 
Left ventricular ejection fraction (LVEF), % 48 [33-56] 45 [33-58] 0.738 

Preserved LVEF >50%, N (%) 8 (47) 28 (42) 
0.916 Mildly reduced LVEF 40-49%, N (%) 3 (18) 12 (18) 

Reduced LVEF <40%, N (%) 6 (35) 27 (40) 

OTHER BIOCHEMICAL MARKERS   
Haemoglobin, g/L 122 [106-139] 122 [101-138] 0.889 
MEDICAL HISTORY; N (%)   
Atrial fibrillation 12 (71) 32 (48) 0.283 
Cardiovascular disease 4 (24) 23 (34) 0.563 
Active smoking 3 (5) 10 (15) 0.721 
Hypertension 12 (71) 49 (74) >0.999 
Pulmonary hypertension 6 (35) 16 (24) 0.364 
Diabetes mellitus type 2 6 (35) 30 (45) 0.586 
Dyslipidaemia 11 (65) 46 (70) >0.999 

BACKGROUND MEDICATION; N (%)   
Diuretics 11 (65) 49 (73) 0.253 
Statins 9 (53) 43 (64) 0.415 
Anticoagulants 10 (59) 27 (40) 0.415 
Antiplatelet agents 7 (41) 38 (57) 0.286 
Beta-blockers 11 (65) 46 (69) 0.777 
Antiarrhythmic agents 0 (0) 7 (10) 0.335 
Antidiabetics 3 (24) 27 (40) 0.265 
ACE inhibitor/ARB 13 (76) 43 (66) 0.562 
aMDRD-4 levels expressed in mL/min/1.73m2; Quantitative values were given in median [Q1-Q3]; 2DE-MS group refers 
to a subgroup of patients used for discovery phase of 2D electrophoresis coupled with mass spectrometry. P values of 
categorical were calculated with Fisher exact test, except for LVEF where Λ2 was used. P values of numerical data were 
calculated with Mann-Whitney, except for LVEF where Kruskall-Wallis was used. Diuretics: hydrochlorothiazide, 
furosemide, eplerenone, and spironolactone. Statins: atorvastatin, pravastatin, simvastatin, ezetimibe. Anticoagulants: 
warfarin, acenocumarol, bemiparin, heparin, dabigatran, rivaroxaban, edoxaban, and apixaban. Antiplatelet agents: 
acetylsalicylic acid and clopidogrel. Beta-blockers: bisoprolol and carvedilol. Antiarrhythmic agents: amiodarone. Oral 
antidiabetic agents: metformin and repaglinide. Angiotensin-converting enzyme (ACE) inhibitors include: captopril, 
enalapril, and ramipril. Angiotensin receptor blockers (ARB): losartan, olmesartan, and valsartan. 
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Supplementary Table S3: Extended data from table 1 regarding mass spectrometry characteristics of identified proteins in urine of ADHF patients. 

Supplementary Table S4: Selected peptide information of proteins identified by MS/MS in urine of ADHF patients. 

Gel-ID Protein name Gene name 
Swiss Prot 

number 
Theoretical 

pI 
Experimental 

pI 
Theoretical MW 

(KDa) 
Experimental 

MW (KDa) 
MS or 

MS/MS 
MASCOT 

Score 
Coverage 

1 Lysosomal acid phosphatase ACP2 P11117 5.80 5.80 46.7 45.5 MS 63 7 
2 ����������ȱ΅-amylase AMY2A P04746 6.45 6.45 57.7 51.6 MS/MS 61 - 
3 Annexin A10 ANXA10 Q9UJ72 5.13 5.20 37.3 35.2 MS 60 19 
4 Arylsulphatase A ARSA P15289 5.57 5.50 53.6 49.6 MS 67 10 
5 Zinc-΅-2-glycoprotein AZGP1 P25311 5.58 4.8-5.1 34.3 41.6-43.5 MS 66 11 
6 Complement C3 C3 P01024 6.00 6.75 187.1 54.8 MS 62 3 
7 Carbonic anhydrase 1 CA1 P00915 6.63 6.70 28.9 30.1 MS/MS 71 - 
8 Endosialin CD248 Q9HCU0 5.14 4.70 80.9 44.6-45.6 MS/MS 54  
9 CD59 glycoprotein CD59 P13987 5.18 4.90 14.2 22.7 MS/MS 82 - 

10 Cathepsin D CTSD P07339 5.60 5.40 44.6 31.2 MS/MS 58 - 
11 ����������ȱΆ-chain FGB P02675 7.95 4.90 55.9 18.7-19.8 MS/MS 55  
12 ����������ȱ·-chain FGG P02679 5.24 5.30-5.35 55.5 48.0-48.2 MS/MS 55 - 
13 Vitamin D binding protein GC P02774 5.22 5.20 52.9 50.5 MS 94 17 
14 Hemopexin HPX P02790 6.43 5.30-5.35 51.7 55.4 MS/MS 70  

15 
Basement membrane-specific 
heparan sulphate proteoglycan 
core protein 

HSPG2 P98160 6.03 5.40 468.8 24.9 MS/MS 102 - 

16 
Inter-΅-trypsin inhibitor heavy 
chain H4 

ITIH4 Q14624 6.00 4.9-5.1 103.4 36.6-37.2 MS 74 10 

17 Kininogen-1 KNG1 P01042 6.23 4.7-4.9 72.0 50.5-53.3 MS 63 8 

18 
Vesicular integral-membrane 
protein VIP36 

LMAN2 Q12907 6.06 5.20 40.2 35.2 MS/MS 60 - 

19 Leucine-rich  ΅-2-glycoprotein LRG1 P02750 5.66 4.60 38.2 47.4 MS/MS 79 - 
20 Retinol binding protein 4 RBP4 P02753 5.27 5.20 23.0 24.7-25.2 MS/MS 66 - 
21 ΅-1-antitrypsin SERPINA1 P01009 5.37 5.00-5.10 46.7 51.4-52.2 MS 130 19 
22 Antithrombin III SERPINC1 P01008 5.95 5.20 52.6 52.6 MS/MS 78 - 
23 Serotransferrin TF P02787 6.70 6.00-6.40 77.1 56.5 MS 234 26 
24 Trefoil factor 2 TFF2 Q03403 5.21 5.20 14.3 11.1 MS/MS 83 - 
25 Transthyretin TTR P02766 5.31 5.30 15.9 15.9 MS/MS 61 - 

26 
Vitelline membrane outer layer 
protein 1 homolog 

VMO1 Q7Z5L0 4.65 4.65 21.2 21.2 MS/MS 87 - 

pI: isoelectric point; MW: molecular weight; MS: mass spectrometry.   



RESULTS 

 
 

103 

Supplementary Table S4: Selected peptide information of proteins identified by MS/MS in urine of ADHF patients. 

 

Diaz-Riera et al. Urinary proteomic signature in ADHF: advances into molecular pathophysiology 
5 

 

Gel-ID Protein name Gene name Swiss Prot number M/Z Position Sequence Modification Miss-cleavage 
2 ����������ȱ΅-amylase AMY2A P04746 1427.7 307-318 ALVFVDNHDNQR - 0 
    1570.7 88-100 SGNEDEFRNMVTR MSO: 97 1 

7 Carbonic anhydrase 1 CA1 P00915 985.4 82-90 GGPFSDSYR - 0 
    970.6 161-169 VLDALQAIK - 0 

8 Endosialin CD248 Q9HCU0 1198.6 93-101 QCQLQRPLR Cys_CAM: 94 0 
    1072.5 216-225 QPEGGVGWSR - 0 

9 CD59 glycoprotein CD59 P13987 1539.7 67-78 FEHCNFNDVTTR Cys_CAM: 70 0 
10 Cathepsin D CTSD P07339 1462.7 393-403 YYTVFDRDNNR - 1 
11 ����������ȱΆ-chain FGB P02675 1032.6 484-491 IRPFFPQQ - 0 
12 ����������ȱ·-chain FGG P02679 1034.5 293-301 VGPEADKYR - 1 

1194.5 32-40 DNCCILDER Cys_CAM: 34, 35 0 
1545.8 418-432 LTIGEGQQHHLGGAK - 0 

14 Hemopexin HPX P02790 1220.6 92-102 NFPSPVDAAFR - 0 
1268.7 209-219 FDPVRGEVPPR - 1 
1684.9 209-222 FDPVRGEVPPRYPR - 2 

15 Basement membrane-specific 
heparan sulphate proteoglycan 
core protein 

HSPG2 P98160 1666.8 4282-4295 LVSEDPINDGEWHR - 0 
1601.9 4304-4318 RGSIQVDGEELVSGR - 1 
2413.2 4358-4379 NLVLHSARPGAPPPQPLDLQ HR - 0 

18 Vesicular integral-membrane 
protein VIP36 

LMAN2 Q12907 1343.7 208-218 NRDHDTFLAVR - 1 
1073.5 210-218 DHDTFLAVR - 0 

19 Leucine-rich  ΅-2-glycoprotein LRG1 P02750 989.55 251-260 VAAGAFQGLR - 0 
1152.6 165-175 ALGHLDLSGNR - 0 

20 Retinol binding protein 4 RBP4 P02753 1106.5 29-37 VKENFDKAR - 2 
1302.7 172-181 QRQEELCLAR Cys_CAM: 178 1 
1675.8 185-198 LIVHNGYCDGRSER Cys_CAM: 192 1 

22 Antithrombin III SERPINC1 P01008 1674.8 202-215 LQPLDFKENAEQSR - 1 
24 Trefoil factor 2 TFF2 Q03403 1696.7 90-104 NCGYPGISPEECASR Cys_CAM: 91, 101 0 
25 Transthyretin TTR P02766 1394.7 56-68 AADDTWEPFASGK - 0 
26 Vitelline membrane outer layer 

protein 1 homolog 
VMO1 Q7Z5L0 1217.7 185-196 GLGDDTALNDAR - 0 

M/Z: mass to charge ratio peaks, in bold those with highest MASCOT scores; position of amino acids corresponding to each peak and its sequence; variable modifications accepted: carbamidomethyl (CAM) 
and methionine sulfoxide (MSO); miss-cleavage: up to two trypsin miss-cleavages accepted. 
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Supplementary Table S5: Biological processes and molecular functions of differential urinary 

proteins. 

SwissProt 
number 

Gene 

Biological processes Molecular functions 

Cell 
function 

Haemostatic & 
complement 

system 

Inflammation 
& immune 
response 

Metabolic 
processes 

Binding 
Catalytic 
activity 

Transport 

P11117 ACP2    ȣ  ȣ  
P04746 AMY2A    ȣ ȣ ȣ  
Q9UJ72 ANXA10    ȣ ȣ   
P15289 ARSA    ȣ ȣ   
P25311 AZGP1 ȣ ȣ     ȣ 
P01024 C3  ȣ ȣ ȣ ȣ ȣ  
P00915 CA1  ȣ   ȣ ȣ  
Q9HCU0 CD248 ȣ    ȣ   
P13987 CD59  ȣ   ȣ   
P07339 CTSD    ȣ  ȣ  
P02675 FGB ȣ ȣ ȣ  ȣ   
P02679 FGG ȣ ȣ   ȣ   
P02774 GC    ȣ ȣ  ȣ 
P02790 HPX    ȣ ȣ  ȣ 
P98160 HSPG2 ȣ  ȣ ȣ ȣ   
Q14624 ITIH4   ȣ   ȣ  
P01042 KNG1  ȣ ȣ  ȣ ȣ  
Q12907 LMAN2    ȣ ȣ  ȣ 
P02750 LRG1 ȣ  ȣ  ȣ   
P02753 RBP4  ȣ  ȣ ȣ  ȣ 
P01009 SERPINA1  ȣ ȣ  ȣ ȣ  
P01008 SERPINC1  ȣ ȣ  ȣ ȣ  
P02787 TF  ȣ ȣ  ȣ  ȣ 
Q03403 TFF2  ȣ   ȣ   
P02766 TTR    ȣ ȣ  ȣ 
Q7Z5L0 VMO1     ȣ ȣ  
Cell function includes: angiogenesis, cell adhesion, differentiation, and migration. 
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Supplementary table S6: Urinary transthyretin levels in relation to patient clinical 
characteristics. 

 

 

 

 

 

  

  ADHF patients  NRF  RD 
 N Median [IQR] N Median [IQR] N Median [IQR] 
LVEF       

Reduced (<40%) 27 12.3 [3.3-64.1] 18 12.3 [3.3-64.1]a 9 12.0 [3.3-54.5]b 
Mildly reduced (40-49%) 12 15.0 [4.8-71.1] 6 9.7 [3.6-41.8] 6 19.6 [15.0-71.1] 
���������ȱǻǃśŖƖǼ 28 7.8 [3.7-64.4] 11 4.1 [1.6-5.0] 17 15.1 [7.2-70.7] 
P value  0.653  0.126  0.428 

Hypertension       
No 17 3.9 [2.8-64.1] 13 3.6 [2.4-64.1] 4 5.0 [3.3-70.7] 
Yes 49 15.0 [5.0-64.4] 21 11.0 [4.2-43.0] 28 18.3 [7.6-71.1] 
P value  0.144  0.433  0.353 

Dyslipidaemia       
No 20 5.3 [3.3-54.5] 13 4.6 [3.0-40.5] 6 10.3 [5.0-54.5] 
Yes 46 15.1 [4.3-67.1] 20 12.3 [2.2-44.2] 26 18.9 [7.6-72.3] 
P value  0.205  0.685  0.263 

Diabetes mellitus type II       
No 36 5.5 [3.3-44.2] 23 4.8 [3.3-41.8] 13 11.2 [5.0-54.5] 
Yes 30 18.1 [7.6-71.1] 11 15.2 [1.6-45.0] 19 19.6 [7.6-85.2] 
P value  0.098  0.767  0.160 

Cardiovascular disease       
No 44 8.7 [3.4-43.4] 24 4.5 [2.4-35.1] 20 14.8 [5.0-64.4] 
Yes 23 15.0 [5.3-97.3] 11 12.1 [2.8-64.1] 12 41.1 [7.2-128.3] 
P value  0.145  0.416  0.270 

Atrial fibrillation       
No 34 14.8 [4.8-64.4] 18 9.6 [3.3-64.1] 16 15.1 [7.2-64.4] 
Yes 32 8.7 [3.3-54.5] 16 4.3 [2.2-41.8] 16 24.2 [3.7-84.8] 
P value  0.701  0.439  0.800 

Pulmonary hypertension       
No 51 11.2 [3.3-64.4] 27 5.2 [2.4-44.2] 24 18.3 [7.6-70.7] 
Yes 16 12.3 [3.7-54.5] 8 8.2 [3.6-16.9] 8 15.0 [3.7-85.2] 
P value  0.893  0.962  0.811 

Urinary transthyretin levels in ng TTR/mg total protein. LVEF: left ventricular ejection fraction; NRF: ADHF patients 
with normal renal function at hospital admission; RD: ADHF patients with renal dysfunction at hospital admission; P 
values were calculated by Mann-Whitney test except for LVEF where Kruskall-Wallis test was used. Information of 
one patient was missing for hypertension, dyslipidaemia and diabetes mellitus type 2. a,bComparison reduced vs 
preserved LVEF (Mann-Whitney), aP=0.049, bP=0.363. 
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Supplementary table S7: ROC (associated receiver operating characteristic) curve (AUC) 
analysis for determining power of urinary TTR and RBP4 levels in ADHF patients for GFR 
discrimination.

Protein AUC Area Lower limit Upper limit P-value 

TTR 0.633 0.489 0.776 0.070 

RBP4 0.742 0.614 0.870 <0.001 

TTR + RBP4 0.826 0.705 0.947 <0.0001 

TTR: transthyretin; RBP4: retinol binding protein 4, AUC: area under the curve. 
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Supplementary Figure S1.�2DE-PAGE gels of urinary samples from a representative ADHF patient (A) 
and a representative healthy subject (B) in a pI range of 4-7 and 12% SDS-PAGE gels.  
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Supplementary Figure S2. Fold change in urinary differential proteins according to renal function 
and left ventricular ejection fraction (LVEF) distributed by tertiles. 

  

T1 T2 T3 T1 T2 T3

FGB P02675 down

LMAN2 Q12907 down
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Supplementary Figure S3.�Original STRING network showing the 26 differential proteins 
consistently detected in urine of ADHF patients and healthy subjects. 
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Supplementary Figure S4. Plasma C reactive protein (CRP) in ADHF patients at hospital admission. 
A) CRP levels of ADHF patients (N=67) and healthy subjects (HS). B) Significant correlation between 
CRP and TTR levels in ADHF patients. C) Regression lines of CRP and TTR correlations depending 
on kidney function, NRF in light grey and RD with dark grey. 
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Highlights: 

• Total antithrombin III (AT3), thrombin-antithrombin (TAT) and 

complement C3 (C3) are elevated in ADHF patients when 

compared to healthy subjects. 

• AT3 associates with renal dysfunction and preserved/mildly 

reduced left ventricular ejection fraction beyond its activity as a 

haemostatic factor. 

• In ADHF patients, AT3 positively correlates with plasma levels of 

the complement C3, independently of system inflammation 

defined by C-reactive protein. 
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Abstract:

Introduction: Activation of the coagulation and immune system has been 
documented in patients with acute decompensated heart failure (ADHF). 
By applying a proteomic approach, we detected changes in the 
coagulation component antithrombin III (AT3) and complement-C3 (C3), 
a component of innate immunity, in urine of ADHF patients. Here, we 
have investigated AT3 and C3 in urine and plasma of ADHF patients at 
hospital admission in relation to the disease pathophysiology and 
severity. 
Methods: ADHF patients admitted to the emergency room (N=67) were 
included in the study. ADHF comparison groups were defined by the 
glomerular filtration rate (pathological cut-off: MDRD-4 
<60mL/min/1.73m2) and left ventricular ejection fraction (LVEF: cut-off 
value 40%). Healthy subjects (HS, N=60) were used to determine the 
normal range. Samples were collected at hospital admission and proteins 
quantitatively analysed by ELISA. 
Results: Total AT3, thrombin-AT3 (TAT) and C3 levels were elevated in 
ADHF patients when compared to HS. While plasma AT3 was increased in 
ADHF in the presence of renal dysfunction, TAT- and C3-levels did not 
follow the same pattern.  Among the three variables, only AT3 was 
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significantly increased in plasma of ADHF patients with LVEF>40%. ROC 
analysis confirmed AT3 capacity to discriminate ADHF patients according 
to LVEF. AT3 positively correlated with plasma C3, but no correlation was 
observed with C-reactive protein, gold standard of systemic 
inflammation. 
In conclusion, increased plasma AT3 levels associated to renal and heart 
function in ADHF, beyond its activity as thrombin inhibitor. Furthermore, 
AT3 directly related to C3-mediated innate immunity, independently of 
systemic inflammation.
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31

32 Abstract 
33 Introduction: Activation of the coagulation and immune system has been documented in 

34 patients with acute decompensated heart failure (ADHF). By applying a proteomic approach, 

35 we detected changes in the coagulation component antithrombin III (AT3) and complement-

36 C3 (C3), a component of innate immunity, in urine of ADHF patients. Here, we have 

37 investigated AT3 and C3 in urine and plasma of ADHF patients at hospital admission in 

38 relation to the disease pathophysiology and severity.

39 Methods: ADHF patients admitted to the emergency room (N=67) were included in the 

40 study. ADHF comparison groups were defined by the glomerular filtration rate (pathological 

41 cut-off: MDRD-4 <60mL/min/1.73m2) and left ventricular ejection fraction (LVEF: cut-off value 

42 40%). Healthy subjects (HS, N=60) were used to determine the normal range. Samples were 

43 collected at hospital admission and proteins quantitatively analysed by ELISA. 

44 Results: Total AT3, thrombin-AT3 (TAT) and C3 levels were elevated in ADHF patients 

45 when compared to HS. While plasma AT3 was increased in ADHF in the presence of renal 

46 dysfunction, TAT- and C3-levels did not follow the same pattern.  Among the three variables, 

47 only AT3 was significantly increased in plasma of ADHF patients with LVEF>40%. ROC 

48 analysis confirmed AT3 capacity to discriminate ADHF patients according to LVEF. AT3 

49 positively correlated with plasma C3, but no correlation was observed with C-reactive 

50 protein, gold standard of systemic inflammation. 

51 In conclusion, increased plasma AT3 levels associated to renal and heart function in ADHF, 

52 beyond its activity as thrombin inhibitor. Furthermore, AT3 directly related to C3-mediated 

53 innate immunity, independently of systemic inflammation. 

54

55 Keywords: acute decompensated heart failure; coagulation; innate immune system; 

56 complement system; haemostasis
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58 Abbreviations: ADHF: acute decompensated heart failure; AT3: antithrombin III; AUC: area 

59 under the curve; CRP: C reactive protein; C3: complement C3; GFR: glomerular filtration 

60 rate; HF: heart failure; HS: healthy subjects; LVEF: left ventricular ejection fraction; MALDI-

61 ToF: matrix-assisted laser desorption /ionisation time-of-flight; NRF: normal renal function 

62 patients at hospitalisation; RD: renal dysfunction patients at hospitalisation; ROC: receiver 

63 operating characteristic; TAT: thrombin-antithrombin complex; TFPI: tissue factor pathway 

64 inhibitor; 2DE-MS: 2 dimension electrophoresis – mass spectrometry

65

66

67

68 What is know about the topic

69 � Acute decompensated heart failure is associated with coagulation disorders deriving 

70 in a hypercoagulable phenotype.

71 � Inflammation is a major pathophysiological contributor to heart failure

72 � increased levels of complement products derived from the activation of the C3 

73 complement pathway have been reported in patients with clinical diagnostic of acute 

74 heart failure

75

76  

77 What does this paper add

78 � Total AT3 and thrombin-AT3 (TAT) levels are significantly increased in plasma of ADHF 

79 patients at hospitalisation.

80 � AT3 associates with renal dysfunction and preserved / mildly reduced left ventricular 

81 ejection fraction, probably with a role beyond its activity as a haemostatic factor.

82 � In ADHF patients, AT3 positively correlates with plasma levels of the complement C3, a 

83 key component in innate immunity activity, independently of systemic inflammation 

84 defined by C-reactive protein.  

85
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86 Introduction
87 The immune and haemostatic systems are tightly intertwined by the complement system and 

88 the coagulation cascade1. The innate immune cells can exert prothrombotic effects and 

89 contribute to the so called immunothrombosis, firstly described in 2012.1 Fibrin, the final 

90 product of the coagulation cascade, has immune effects and can limit pathogen 

91 dissemination, which suggests that coagulation is not only important in haemostasis, but also 

92 in the host defence mechanisms.1 The coagulation cascade can be activated by 

93 inflammation as a response to pathogens through the interplay of platelets with innate 

94 immunity cells.2

95 Coagulation, immune system activation and inflammation, with elevated pro-inflammatory 

96 cytokines, are pivotal characteristics of the heart failure (HF).3,4 Antithrombin III (AT3) is a 

97 coagulation inhibitor enzyme, along with vitamin K-dependent protein C and tissue factor 

98 pathway inhibitor (TFPI).4 AT3, which is encoded by SERPINC1 gene, is a serine protease 

99 inhibitor, with a remarkable protease inhibition capacity when interacting with heparin-like 

100 substances on the endothelial cell surface.5 AT3 inhibitory function mainly targets thrombin, 

101 factor IXa, factor Xa, factor XI, and factor XII; function that is enhanced if a heparin-AT3 

102 complex is formed (Supplementary Figure I). Moreover, AT3 seems to have some 

103 pleiotropic actions favouring anti-inflammatory, anti-angiogenic, antiviral and antibacterial 

104 functions.6

105 As a response to tissue injury from environmental (hemodynamic overloading or ischaemia) 

106 or pathogenic origin, both innate and adaptive immune responses are activated in HF.7,8 The 

107 complement system is an innate immune response panel that comprises more than 30 

108 molecules9, with complement C3 having a central role in the three different complement 

109 pathways8 (Supplementary Figure I). Ren et al.10 recently observed that explanted hearts 

110 from patients with end-stage arrhythmogenic right ventricular cardiomyopathy had 

111 upregulated levels of several complement system components, such as C3, C6, C7, C8, and 

112 C9 in both ventricles. Inadequate complement activation can contribute to inflammatory and 

113 immune related diseases.11 A link between complement activation and adverse outcomes in 

114 HF has also been reported.12 Elevated anaphylatoxin C3a levels were able to predict 

115 hospitalisation and mortality, and were associated with biomarkers of inflammation, cellular 

116 stress response, acute phase reaction, endothelial cell activation, and oedematous 

117 complications independently of disease severity in chronic HF patients.12 Recently, high 

118 levels of complement activation markers of the C3 pathway including C3bc and sC5b-9 have 

119 been reported in patients with acute HF complications following ST-elevation myocardial 

120 infarction (STEMI).13 Interestingly, a specific pattern of C3 system activation was identified in 

121 a subgroup of STEMI patients with cardiogenic shock.13 In agreement, other components of 

Page 5 of 31 Thrombosis and Haemostasis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



RESULTS 

 
 

118 

 

For Peer Review

5

122 the activated C3 complement pathway, such as Factor B and C3bBbP, have been found 

123 elevated in HF patients.14 Therefore, a dysregulated C3 pathway may play a key role in 

124 cardiovascular pathological processes and directly associate with adverse cardiac 

125 remodelling and mortality in HF patients. 

126 By proteomic analysis our group identified changes in the complement system and the 

127 intrinsic coagulation pathway in association with acute myocardial infarction in patients 

128 treated according to guidelines.15,16 Using a similar proteomic approach, we have recently 

129 described a specific urine protein signature in patients with ADHF that includes proteins of 

130 the coagulation system and the complement cascade.17

131 In this study we have investigated the interplay between the coagulation inhibitor AT3 and 

132 the complement component C3 in ADHF patients at hospital admission in relation to the 

133 severity of the disease to gain a better understanding in the pathophysiology of heart failure 

134 decompensation. 

135

136 Methods 
137 More detailed information is available in the Supplementary Materials

138 Study population and study design

139 This study population comprised a group of ADHF patients (n=67, 71.0 [65.0-77.0] years 

140 old), with and without kidney dysfunction (RD- and NRF-groups) hospitalised at the Hospital 

141 de la Santa Creu i Sant Pau (HSCSP), in Barcelona. A group of healthy subjects (n=60, 49.0 

142 [44.5-53.5] years old) served to establish normal urine and plasma ranges for the studied 

143 proteins.

144 Baseline demographic and clinical characteristics of the studied population are shown in 

145 Table 1. At the time of hospitalisation, 48% of ADHF patients presented pathological GFR 

146 levels, which was given as MDRD-4 (in mL/min/1.73m2) using the clinical data of the 

147 patients.18 A MDRD-4 of 60 mL/min/1.73m2 at hospital admission was considered as the 

148 pathological cut-off point to differentiate patient groups. Patients with renal dysfunction 

149 presented low GFR levels (RD group, MDRD-4: 39.7 [31.3-45.0] mL/min/1.73m2, p<0.001) 

150 compared to ADHF with normal renal function at hospitalisation (NRF group, MDRD-4: 83 

151 [68.9-99.0] mL/min/1.73m2). RD patients had higher background comorbidities, mostly 

152 hypertension, diabetes mellitus type 2 and dyslipidaemia. In addition, 34% of the ADHF 

153 patients at admission had clinical evidence of prior cardiovascular disease, with no 

154 differences between groups with and without renal dysfunction. ADHF patients had plasma 

155 NT-proBNP values above the pathological cut-off defined by the European Society of 
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156 Cardiology’s most recent Guidelines19, being levels in the RD group significantly higher than 

157 those in the NRF group (4475 [2775-14656] ng/L vs 3079 [1562-6418] ng/L, p=0.026). Forty 

158 per cent of ADHF patients had reduced left ventricular ejection fraction (LVEF S�+J< 32 [21-

159 35]%), and 42% had a LVEF T�+J (60 [56-61]%) at admission. The remaining group of 

160 patients (18%) presented mildly reduced LVEF, with values between 41-49% (45 [44-47]%), 

161 as per the most recent Guidelines by the European Society of Cardiology.19 Mean 

162 hospitalisation time was 10.8±5.3 days for all patients. Background medication is shown in 

163 Supplementary Table I.

164 The Ethics Committee of the Santa Creu i Sant Pau Hospital in Barcelona, Spain approved 

165 this study, and it was performed according to principles of Helsinki’s Declaration. All patients 

166 signed an informed consent prior being included in the study. Patients under chemotherapy, 

167 pregnancy or post-delivery ischemic heart syndrome in women, and other causes of acute 

168 episode (myocardial infarction, myocarditis, or toxic aetiology) were excluded from the study. 

169 Medication was not considered as exclusion criteria except those required in oncological 

170 treatment (who were already excluded). 

171 Samples

172 Urine and venous blood samples were collected at hospital admission. All samples were 

173 processed identically within 30 minutes after obtention. Protease inhibitors (cOmplete Mini, 

174 Roche, Basel, Switzerland) were added to urine samples at collection. Urine samples were 

175 centrifuged (1200g, 10 min, room temperature) to precipitate debris, aliquoted and stored at  

176 -80ºC until further analysis. Level of total protein in urine were analysed in a Clima MC-15 

177 analyser using the specific Gernon kit (RAL S.A., Barcelona, Spain), as described by 

178 providers.

179 Plasma EDTA was obtained after centrifugation of blood samples at 1600g (20 min, room 

180 temperature), aliquoted and stored at -80ºC until analysed.

181 Blood creatinine (Jaffe reaction), NT-proBNP (electroquimioluminiscence), urea (kinetic 

182 urease), and haemoglobin were analysed by standard laboratory methods as part of the 

183 patients’ routine analyses. Glomerular filtrate was calculated using the MDRD-4 algorithm 

184 that includes patient’s plasma creatinine levels, age, sex, and race.18

185 2DE electrophoresis and mass spectrometry

186 Analysis of differential urine protein pattern was performed by two-dimensional 

187 electrophoresis (2DE) followed by mass spectrometry for protein identification, as we have 

188 recently described.17 Briefly, proteins in urine were separated and analysed by 2-DE. Protein 

189 patterns were analysed for differences using PDQuest software. Proteins of interest were 
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190 excised for protein identification by matrix-assisted laser desorption/ionisation time-of-flight 

191 (MALDI-TOF/TOF).17

192 Western Blot and Immunoassays (ELISAs)

193 Urinary protein extracts were resolved by 1-DE under reducing conditions and 

194 electrotransferred to nitrocellulose membranes. AT3 detection was performed using a rabbit 

195 monoclonal antibody (ab124808, Abcam, Cambridge, UK). Western Blot analysis of 

196 thrombin-antithrombin complex was performed using a mouse monoclonal antibody 

197 (ab191378, Abcam, Cambridge, UK). Complement C3 was detected by western blot by a 

198 rabbit monoclonal antibody (ab200999, Abcam, Cambridge, UK). Band detection was 

199 performed using chemiluminescent SuperSignal (FischerScientific, Waltham, MA, USA), a 

200 molecular imager ChemiDoc XRS System, Universal Hood II (BioRad, San Diego, CA, USA) 

201 and ChemiDoc MP (BioRad, San Diego, CA, USA) to visualise fluorescent antibodies.

202 Quantitative analysis of AT3 in urine samples was performed using the Human Antithrombin 

203 III (AT3) AssayMax ELISA kit (AssayPro EA3301-1, St Charles, MO). Plasma EDTA samples 

204 were analysed with an equivalent AssayMax kit for blood samples (AssayPro EA3303-1, St 

205 Charles, MO, USA). Thrombin-antithrombin was measured in plasma EDTA samples using 

206 Human TAT Complex ELISA Kit (AssayPro ET1020-1, St Charles, MO, USA). Analysis of 

207 complement component C3 in urine was performed by Human Complement C3 AssayMax 

208 ELISA Kit (AssayPro EC3201-7, St Charles, MO), while plasma EDTA samples were 

209 analysed with human Complement C3 AssayMax ELISA Kit (AssayPro EC2101-1, St 

210 Charles, MO). C reactive protein was quantified in plasma EDTA samples with Human CRP 

211 AssayMax ELISA Kit (AssayPro EC1001-1, St Charles, MO). Concentrations of urinary 

212 proteins (obtained by ELISA) were standardised to total protein content in the same samples 

213 that were measured in a Clima MC-15 analyser using the specific Gernon kit. Each 

214 immunoassay was performed according to providers’ protocol.

215 Statistical analysis

216 Data are expressed as median and interquartile range (IQR). N indicates the number of 

217 subjects tested. The normal distribution was assessed via the Kolmogorov-Smirnov test. 

218 Differences between groups were determined by non-parametric tests, including Mann-

219 Whitney and Kruskal-Wallis tests. Frequencies of categorical variables were compared by 

220 Fisher’s exact test, except for LVEF where �2 was used. Correlations between variables 

221 were determined using single regression models and Spearman rank correlation. Wilcoxon 

222 Signed Rank test was used to compare patients’ evolution. Sample size was validated using 

223 the JavaScript based method for simple power and sample size calculation when two 

224 independent groups are compared, that are provided in 
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225 http://www.stat.ubc.ca/~rollin/stats/ssize/n2.html (accessed March 5th 2022) [53]. Based on 

226 the mean plasma values of ADHF patients and HS and the pooled standard deviation of both 

227 groups (ADHF and HS) for AT3 and C3, a sample size >60 individuals in each group gave a 

228 study power of >0.90 (type I error = 0.05, two-sided test). 

229 Receiver operating characteristic (ROC) curve estimations and their corresponding C 

230 statistics [area under the curve (AUC) with their 95% CI] were calculated to determine the 

231 power to discriminate ADHF patients according to kidney function and left ventricular ejection 

232 fraction, as well as disease severity and outcome. Statistical analysis was performed using 

233 Stata (v15, StataCorp., College Station, TX, USA) and SPSS (v26, IBM Corp, Armonk NY, 

234 USA). A P value S+>+� was considered statistically significant.

235 Results

236 Differential AT3 and C3 detection in urine of ADHF patients
237 In a proteomic study in urine of ADHF patients we identified antithrombin III (AT3, SwissProt 

238 number P01008) and C3 (C3, SwissProt number P01024) among the proteins of the 

239 coagulation and complement systems at hospital admission.17 In short, AT3 was detected in 

240 human urine as a single spot by 2DE-MS with apparent molecular mass of 52.6 KDa and pI 

241 5.20 and identified by MALDI-ToF spectrometry in modus MS/MS with a MASCOT score of 

242 78. Complement C3 was also detected as a single spot of molecular mass 54.8 KDa and pI 

243 6.7 by MALDI-ToF, with a MASCOT score of 62 and coverage value of 3%. Comparison of 

244 2DE gels of healthy subjects (HS) and ADHF patients at admission showed a 3fold average 

245 increase in AT3 intensity (median [IQR]: 3.0 [1.3-4.1 AU]; p<0.01) and 2.8fold higher level in 

246 C3 complement (2.8 [1.4-5.6] AU, p=0.04).

247 The presence of both proteins in human urine was initially confirmed by western blot. As 

248 shown in Figure 1A, AT3 was found as a major protein band of approximately 58 KDa. In 

249 addition, a band of 75KDa corresponding to Thrombin-antithrombin (TAT) was detected, as 

250 supported by using a second antibody specific for TAT complexes. Western blot analysis in 

251 Figure 1A for urinary C3 evidenced different bands, which corresponded, according to the 

252 molecular weight, to the whole C3 molecule (1, 185 KDa), and its activated proteolytic 

253 fragments, C3 �-chain (2, 113 KDa), C3b �-chain (3, 104 KDa), C3c [2-chain and C3dg (4 

254 and 5, 39 KDa).

255 By quantitative ELISA, ADHF patients had significantly higher AT3 and C3 urine levels than 

256 the HS group (AT3: 146.1 [33.0-283.2] vs 85.1 [30.7-142.4] ng AT3/mg total protein, 

257 p=0.050; C3: 34.7 [12.4-92.0] vs 11.2 [8.9-35.4] ng C3/mg total protein, p=0.043; Figure 1B). 

258 Urinary levels of AT3 and C3 significantly correlated in the ADHF group (Rho=0.523, 

259 p<0.0001, Figure 1C). To further test whether C3 and AT3 correlation was dependent on 
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260 age, the results were analysed separately according to median age of the ADHF population 

261 (71 years old). AT3 and C3 had a correlation value of Rho=0.509 (p=0.006) in patients S	� 

262 years old, and those older than 71 years old had a correlation value of Rho=0.571 (p=0.002).

263 ADHF patients with renal dysfunction (RD group) showed higher AT3 levels than those with 

264 normal renal function (RD vs NRF: 201.8 [57.4-409.5] vs 126.4 [30.3-176.7] ng AT3/mg total 

265 protein, p=0.014). However, changes in C3 levels in urine of ADHF patients occurred 

266 irrespectively of kidney function (RD vs NRF: 33.4 [11.9-144.3] vs 36.0 [12.9-85.7] ng C3/mg 

267 total protein, p=0.606).

268

269 Antithrombin III plasma levels in ADHF patients in relation with heart and 

270 renal function
271 Plasma AT3 (pAT3) levels in ADHF patients were significantly higher than those in HS 

272 (367.4 [304.3-444.0] vs 280.8 [247.0-317.2] µg AT3/mL, P<0.0001, Figure 2A). With a 

273 similar pattern as in the urine, ADHF patients with RD tended to have higher levels than the 

274 NRF group (384.8 [342.3-468.2] vs 344.0 [293.5-407.5] µg AT3/mL, p=0.070), although the 

275 differences between groups did not achieve statistical significance (Figure 2A). 

276 Plasma levels at day three of hospitalisation remained significantly above the HS group 

277 (P<0.001), without differing from the values at hospital admission (p=0.113 for paired 

278 comparisons, Figure 2B), which seemed to detach the plasmatic increase in AT3 from an 

279 acute phase reaction during the heart failure decompensation. 

280 AT3 is the major serine protease inhibitor for thrombin in plasma and a key regulator of the 

281 coagulation cascade. The levels of thrombin-antithrombin complex (TAT) were measured in 

282 plasma samples of the study population and compared to total levels of AT3. Plasma TAT 

283 (pTAT) concentration was in the range of ng/mL, representing a minor fraction of the AT3 

284 detected in plasma (104 fold lower when compared in molar basis). Plasma levels of TAT 

285 were significantly higher in ADHF than in HS (11.6 [9.2-15.8] vs 9.1 [8.1-11.0] ng TAT/mL, 

286 p=0.001, Figure 2C), being the increased pTAT levels in ADHF unrelated to renal function of 

287 the patients at hospitalisation (NRF- vs RD-group: 11.8 [9.3-16.0] vs 10.9 [9.2-14.4] ng 

288 TAT/mL, p=0.544; Figure 2C).

289 Neither the levels of pAT3 nor those of pTAT were affected by age or sex. Moreover, pAT3 

290 and pTAT were not dependent on the presence of common comorbidities, such as 

291 hypertension, diabetes mellitus type 2 or dyslipidaemia, neither associated to presence / 

292 absence of atrial fibrillation or prior cardiovascular disease (Supplementary Table II). 

293 Interestingly, the highest plasma levels of AT3 levels were found in ADHF patients with LVEF 

294 above 40% (preserved and mildly reduced LVEF) with median values of 383.8 [350.8-456.7] 

295 µg AT3/mL compared with median values of 316.7 [280.9-395.3] in the group with reduced 
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296 LVEF 8S�+J� p=0.034). In line with this finding, ROC curve analysis showed that AT3 

297 plasma levels discriminated ADHF patients below and above 40% LVEF with an AUC of 

298 0.687 (95% CI [0.522-0.852], p=0.026; Figure 2D). The Youden index of this ROC 

299 calculation indicated that 348.3 µg AT3/mL was the most accurate value (77.4% sensitivity, 

300 70.6% specificity) to discriminate both groups of patients. Differing from total AT3, pTAT 

301 levels did not have power to discriminate ADHF patients by their LVEF (AUC: 0.511, 95% CI 

302 [0.367-0.656], p=0.879, Supplementary Table III). 

303 Forty percent of patients had background anticoagulation treatments. Levels of TAT and AT3 

304 did not differ significantly between the groups with and without anticoagulation therapy at 

305 hospital admission (Supplementary Table IV).

306 Plasma AT3 levels correlated with complement C3 levels in ADHF 

307 patients
308 As shown in Figure 3, plasma levels of the complement C3 (pC3) were significantly higher in 

309 ADHF than in HS (259.2 [238.7-282.4] vs 231.8 [213.8-254.6] µg C3/mL, p<0.001). No 

310 differences were found between the NRF- and the RD- patients within ADHF groups (258.9 

311 [226.5-275.3] vs 259.7 [240.9-282.4] µg C3/mL, p=0.292). 

312 The pC3 levels were not associated to age nor to sex. ADHF patients with diabetes mellitus 

313 (DM) type II (45% of the ADHF group) showed higher pC3 levels (with vs without DM: 268.1 

314 [253.2-305.1] vs 247.6 [227.7-264.9] µg C3/mL, p=0.015). Other background comorbidities 

315 including arterial hypertension, dyslipidaemia or pulmonary hypertension did not significantly 

316 affect pC3 levels in ADHF (Supplementary Table II). Regarding cardiac function, pC3 levels 

317 did not discriminate between ADHF patients with reduced LVEF 8S�+J9 and those with 

318 LVEF values >40% when ROC analysis was performed (Supplementary Table III).

319 In the study population (ADHF & HS), pAT3 significantly correlated with pC3 (Rho=0.537, 

320 p<0.001), being the correlation maintained when ADHF populations and HS were separately 

321 analysed (ADHF: Rho=0.477, p=0.001; HS: Rho=0.330, p=0.010, Supplementary Figure 

322 II). Moreover, pC3 and pAT3 significantly correlated when separated according to reduced 

323 LVEF 8S�+J� Rho=0.529, p=0.029) or LVEF >40% (Rho=0.411, p=0.024, Supplementary 

324 Figure III). Unlike total pAT3, no correlation was found between plasma TAT and pC3 levels 

325 in the total study population (Rho: 0.149, p=0.127, Supplementary Figure II) and neither 

326 when the ADHF and HS groups were studied separately (ADHF: Rho=0.004, p=0.978; HS: 

327 Rho: 0.064; p=0.632; Figure 3B and Supplementary Figure II). 

328 Patients who required a heart transplant or died within the follow-up period presented lower 

329 pC3 levels (240.9 [225.0-253.4] µg C3/mL) than patients with better outcome (262.3 [240.9-

330 287.3] µg C3/mL, p=0.05).

331
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332 Increased pAT3 levels in ADHF did not associate with systemic 

333 inflammation
334 Patients with ADHF had a high systemic inflammation at hospital admission, with plasma 

335 values of C reactive protein in the interquartile range of 8.8 to 41.2 �g CRP/mL (healthy 

336 subjects’ interquartile range: [1.4-5.5] �g CRP/mL, P<0.0001). 

337 ADHF patients did not differ significantly in AT3 and TAT levels when compared by CRP 

338 plasma tertiles (p=0.241 and p=0.892, respectively, Figure 4), whereas significant 

339 differences were found among the CRP tertile groups for C3 levels (p=0.002; Figure 4). 

340 Similarly, plasma AT3 did not correlate with pCRP levels (Rho=0.239, p=0.106) in ADHF 

341 patients at hospital admission, whereas pCRP levels positively correlated with pC3 levels in 

342 ADHF patients at hospital admission (Rho=0.492, p=0.001). These results strongly suggest 

343 that pAT3 levels relate to the innate immunity response rather that to a systemic 

344 inflammation in patients with ADHF. 

345 Discussion
346 Acute heart failure is an important life-threatening condition regardless of therapeutic 

347 advances, with a mortality rate ranging 4-7%.20 Moreover, patients with heart failure present 

348 recurrent re-hospitalisations21, which reflects, at least in part, our limited understanding of the 

349 underlying pathologic mechanisms in acute heart failure decompensation.22 Identification and 

350 characterisation of molecular targets behind acute heart failure events is crucial to better 

351 stratify patients and to develop new therapeutic strategies. 

352 Based on a 2DE-mass spectrometry proteomic approach, we have recently described a 

353 differential protein signature that included proteins of innate immunity and the coagulation 

354 system in urine of patients presenting ADHF.17 Here, we extend our previous finding and to 

355 the best of our knowledge, we report for first time a significant increase in plasma AT3 in 

356 ADHF patients compared to healthy individuals. Levels of AT3 in urine and plasma of ADHF 

357 patients positively correlated with the key complement component C3, which also presented 

358 urine and plasma levels significantly above the healthy range in ADHF patients, suggesting a 

359 link between the increased presence of AT3, a major plasma glycoprotein of the serpin 

360 superfamily, and activation of innate immunity processes. Interestingly, plasma AT3 did not 

361 increase consensually with CRP, suggesting that changes in AT3 associate to specific 

362 immune responses rather than a systemic inflammatory stimulus. 

363 In agreement with our findings, other authors have reported increased levels of complement 

364 products including sC5b-9, end-product of the C3 complement pathway, in patients with 

365 clinical diagnostic of acute heart failure.23 Until now, however, available results are 

366 inconclusive and apparently controversial, being the potential pathophysiological role of 
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367 complement components in heart failure still emerging. In our study, in patients with acute 

368 decompensation of chronic heart failure, the increase in plasma levels of the complement 

369 component C3 was unrelated to the kidney function defined by the glomerular filtration rate. 

370 Suffritti et al.23 analysed the complement activation in patients with acute congestive heart 

371 failure during hospitalisation and limited the changes in C3 to patients with preserved 

372 ejection fraction.23 We did not find such difference in our cohort of ADHF patients for C3 

373 levels, and C3 did not discriminate ADHF patients by their LVEF. In contrast, AT3 values 

374 were able to discriminate between ADHF patients with reduced LVEF 8S�+J according to 

375 ESC 2021 Guidelines19 within the ADHF cohort, but this was not observed with plasma TAT 

376 levels. Yamamoto et al.24 reported a significant correlation between LVEF and three 

377 coagulation components: TAT, D-dimer and prothrombin in patients healed from myocardial 

378 infarction. However, plasma TAT levels detected in our ADHF cohort did not correlate with 

379 LVEF levels. These results suggest that additional pathological factors modulate the 

380 association between coagulation variables and LVEF in cardiac pathologies. 

381 Levels of complement components have been associated with adverse outcomes and 

382 survival although with controversial findings.12,25 In this respect, Gombos et al.12 reported that 

383 elevated C3a levels were associated with higher re-hospitalisation rate and all-cause 

384 mortality due to progression of heart failure. In contrast, in our ADHF study population 

385 although C3 was significantly above the healthy range, the group of patients requiring heart 

386 transplant or dying during the 18 months follow-up presented a median C3 plasma level 

387 significantly lower than the group of patients with better outcome. In agreement with our 

388 findings, Silva et al.25 observed that low C3c levels were associated with higher risk of death 

389 in acute heart failure patients. Similarly, Frey and colleagues8 observed that elevated C3c 

390 levels associated with improved survival in heart failure patients with LVEF <40%. 

391 Different studies have reported an association between the complement system components 

392 and cardiac remodelling10, inflammation, and endothelial activation12. We and others25 have 

393 found that levels of C3 components positively correlate with CRP suggesting an association 

394 between systemic inflammation and activation of the C3 cascade.26 Presence of systemic 

395 inflammation in heart failure has been thoroughly studied; however the underlying 

396 mechanisms remain unclear.27 Nevertheless, elevated inflammatory markers have been 

397 associated with poor prognosis.28 

398 The complement system is mainly activated through the three well recognised classical, 

399 alternative and lectin pathways. However, it has been observed that kallikrein, another 

400 coagulation cascade component, is also able to cleave C3 and activate the complement 

401 system.29 To notice, kallikrein is inhibited by AT330 (see supplementary Figure I). Therefore, 

402 high AT3 plasma levels may contribute to higher levels of uncleaved C3.
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403 Beyond its role as coagulation inhibitor, AT3 has been further associated with anti-

404 angiogenic and anti-inflammatory activities6, the latter being related to inhibition of platelet 

405 and endothelial activation through a thrombin-mediated process.31 Therefore, we could not 

406 exclude from our study that elevated AT3 acts as a compensation mechanism to reduce 

407 inflammation in ADHF patients.

408 Angiogenesis associated with pathological hypertrophy is characterised by an inadequate 

409 modification of cardiac microvasculature leading to cardiac underperfusion, which in turn 

410 may cause cardiomyocyte death, hypoxia, and cardiac fibrosis, which are contributors to 

411 heart failure development.32 Recent studies have related two latent isoforms of AT3 to its 

412 anti-angiogenic activity.33 Our current results do not differentiate these two AT3 isoforms, but 

413 the high plasma levels of AT3 compared to those of TAT might result from the presence of 

414 these latent forms. Further studies are warranted to better explain the mechanistic 

415 involvement of AT3 in inflammatory and angiogenic processes related to cardiac remodelling 

416 and heart failure progression. 

417

418 In summary, this hypothesis-generating study, aimed to identify new molecular targets with 

419 potential pathophysiologic relevance in ADHF, provides novel evidence on the association 

420 between the protease inhibitor AT3 and the complement C3 in the setting of acute heart 

421 failure decompensation. Thus, our results showed that ADHF patients present with high 

422 levels of AT3 in urine and plasma at hospital admission. AT3 remained increased after 72h 

423 of hospitalisation. Interestingly, only traces of AT3 were complexed with thrombin in plasma 

424 of ADHF patients, suggesting an activity beyond anticoagulation. AT3 significantly correlated 

425 with urea levels and, accordingly, AT3 levels were higher in patients with renal dysfunction 

426 defined by glomerular filtration algorithm MDRD-4. Furthermore, plasma AT3 significantly 

427 discriminated ADHF patients with LVEF S�+J> In addition, AT3 positively correlated with 

428 plasma levels of the complement C3, a key component in innate immunity activity, 

429 independently of systemic inflammation. 

430
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558 Legends to Figures
559 Figure 1: Urinary 2D electrophoresis (2DE) identification and western blot of 

560 antithrombin III (AT3) and complement C3 (C3) at hospital admission. A) 

561 Representative 2DE spots of AT3 and C3 in urine samples of a representative ADHF patient 

562 (ADHF) and a healthy subject (HS). Western blot of AT3, TAT and C3 of a urine sample of 

563 an ADHF patient pool. C3 presents several bands corresponding to different C3 fragments: 

564 1) whole C3; 2) C3 [-chain; 3) C3b [-chain; 4 and 5) C3c [2-chain and C3dg. B) Urinary 

565 levels of ADHF patients of AT3 (left) and complement C3 (right) obtained by immunoassay 

566 (ELISA). Urinary levels were normalised with total protein content in urine. C) Regression 

567 line and correlation between AT3 and C3 urinary levels of ADHF patients at hospital 

568 admission.

569

570 Figure 2: Plasma levels of AT3 and TAT. A) Plasma AT3 levels of ADHF patients and 

571 healthy individuals (left), and plasma AT3 levels according to renal function in ADHF patients 

572 (right). B) Plasma levels at hospital admission (day 0) and three days after hospital 

573 admission (day 3) of ADHF patients. C) Plasma thrombin-antithrombin (TAT) levels of ADHF 

574 patients and healthy individuals (left), and plasma TAT levels according to renal function in 

575 ADHF patients (right). D) ROC curve of pAT3 and pTAT to discern between patients with 

576 reduced ejection fraction 8S�+J� as per 2021 Guidelines by the European Society of 

577 Cardiology) from the rest of the cohort.

578

579 Figure 3: Plasma levels of complement C3 (C3) at hospital admission. A) Plasma C3 

580 levels of ADHF patients and healthy individuals (left), and plasma C3 levels according to 

581 renal function in ADHF patients (right). B) Correlation of plasma C3 and AT3 levels in ADHF 

582 patients at hospital admission. C) Correlation of C3 and TAT levels in ADHF patients at 

583 hospital admission.

584

585 Figure 4: Plasma levels of C reactive protein (CRP) at hospital admission. Classification 

586 of pAT3, pTAT and pC3 according to plasma CRP tertiles.
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Table 1: Clinical characteristics of ADHF patients.

All patients
N=67

NRF
N=35

RD
N=32 P value

DEMOGRAPHIC CHARACTERISTICS
Female/male, N 22/45 10/25 12/20 0.603
Age, years 71.0 [65.0-77.0] 69.0 [58.0-75.0] 74.0 [69.5-77.5] 0.008
KIDNEY FUNCTION MARKERS
Creatinine, µmol/L 105.0 [78.0-147.0] 78.0 [67.0-97.0] 147.0 [122.5-194.0] <0.001
Glomerular filtration (MDRD-4)a 61.0 [40.9-83.3] 83.0 [68.9-99.0] 39.7 [31.3-45.0] <0.001
Urea, mmol/L 10.2 [6.8-16.1] 7.0 [5.8-9.2] 16.5 [13.0-22.9] <0.001
CARDIAC FUNCTION MARKERS
NT-proBNP, ng/L 3950 [2256-8584] 3079 [1562-6418] 4475 [2775-14656] 0.026
Left ventricular ejection fraction 
(LVEF), % 45.0 [33.0-58.0] 38.0 [33.0-57.0] 51.0 [35.5-59.5] 0.225

Reduced LVEF ;�!9� N (%) 29 (43) 19 (54) 10 (31)
Mid-range LVEF 41-49%, N 
(%) 10 (15) 5 (14) 5 (16)

Preserved LVEF <�!9� N (%) 28 (42) 11 (31) 17 (53)

0.125

Atrial fibrillation, N (%) 32 (48) 16 (47) 16 (50) >0.999
Cardiovascular disease, N (%) 23 (34) 11 (31) 12 (38) 0.618

OTHER BIOCHEMICAL MARKERS
C reactive protein (CRP), µg/mL 16.0 [8.8-41.2] 15.4 [10.3-25.0] 16.4 [4.7-50.1] 0.882
Haemoglobin, g/L 122 [101-138] 128 [114-142] 110 [95-124] 0.004
RISK FACTORS; N (%)
Active smoking 10 (15) 8 (23) 2 (6) 0.086
Hypertension 49 (74) 21 (62) 28 (88) 0.024
Pulmonary hypertension 16 (24) 8 (23) 8 (25) >0.999
Diabetes mellitus type 2 30 (45) 11 (32) 19 (59) 0.047
Dyslipidaemia 46 (70) 20 (59) 26 (81) 0.063
aMDRD-4 levels expressed in mL/min/1.73m2. Quantitative values were given in median [Q1-Q3]. P values of categorical 
variables were calculated with Fisher exact test, except for LVEF where C2 was used. LVEF classification according to the 2021 
Guidelines by the European Society of Cardiology. P values of numerical data were calculated with Mann-Whitney, except for 
LVEF where Kruskal-Wallis was used. L
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Figure 1: Urinary 2D electrophoresis (2DE) identification and western blot of antithrombin III (AT3) and 
complement C3 (C3) at hospital admission. A) Representative 2DE spots of AT3 and C3 in urine samples of a 
representative ADHF patient (ADHF) and a healthy subject (HS). Western blot of AT3, TAT and C3 of a urine 

sample of an ADHF patient pool. C3 presents several bands corresponding to different C3 fragments: 1) 
whole C3; 2) C3 -.����, 3) C3b -.����, 4 and 5) C3c -�.���� and C3dg. B) Urinary levels of ADHF 

patients of AT3 (left) and complement C3 (right) obtained by immunoassay (ELISA). Urinary levels were 
normalised with total protein content in urine. C) Regression line and correlation between AT3 and C3 

urinary levels of ADHF patients at hospital admission 
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Figure 2: Plasma levels of AT3 and TAT. A) Plasma AT3 levels of ADHF patients and healthy individuals 
(left), and plasma AT3 levels according to renal function in ADHF patients (right). B) Plasma levels at 

hospital admission (day 0) and three days after hospital admission (day 3) of ADHF patients. C) Plasma 
thrombin-antithrombin (TAT) levels of ADHF patients and healthy individuals (left), and plasma TAT levels 
according to renal function in ADHF patients (right). D) ROC curve of pAT3 and pTAT to discern between 

patients with reduced ejection fraction �+,#-  as per 2021 Guidelines by the European Society of 
Cardiology) from the rest of the cohort. 
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Figure 3: Plasma levels of complement C3 (C3) at hospital admission. A) Plasma C3 levels of ADHF patients 
and healthy individuals (left), and plasma C3 levels according to renal function in ADHF patients (right). B) 
Correlation of plasma C3 and AT3 levels in ADHF patients at hospital admission. C) Correlation of C3 and 

TAT levels in ADHF patients at hospital admission. 
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Figure 4: Plasma levels of C reactive protein (CRP) at hospital admission. Classification of pAT3, pTAT and 
pC3 according to plasma CRP tertiles. 
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Supplementary Table I: $'+)�SDWLHQWV¶�medication at hospital admission. 

   All patients 
N=67 

NRF 
N=35 

RD 
N=32 P value 

BACKGROUND MEDICATION; N (%)    

Diuretics 49 (73) 21 (60) 28 (88) 0.014 
Statins 43 (64) 18 (51) 25 (78) 0.040 
Anticoagulants 27 (40) 14 (40) 13 (41) >0.999 
Antiplatelet agents 38 (57) 19 (54) 19 (59) 0.806 
ȕ-blockers 46 (69) 21 (60) 25 (78) 0.124 
Antiarrhythmic agents 7 (10) 4 (11) 3 (9) >0.999 
Antidiabetics 27 (40) 8 (26) 19 (59) 0.003 

Insulin 12 (18) 2 (6) 10 (31) 0.010 
Oral antidiabetic agents 22 (33) 8 (23) 14 (44) 0.117 

ACE inhibitor/ARB 43 (66) 26 (74) 17 (57) 0.189 

P values of categorical variables were calculated with Fisher exact test. Diuretics: 
hydrochlorothiazide, furosemide, eplerenone, and spironolactone. Statins: atorvastatin, 
pravastatin, simvastatin, ezetimibe. Anticoagulants: warfarin, acenocumarol, bemiparin, heparin, 
dabigatran, rivaroxaban, edoxaban, and apixaban. Antiplatelet agents: acetylsalicylic acid and 
clopidogrel. Beta-blockers: bisoprolol and carvedilol. Antiarrhythmic agents: amiodarone. Oral 
antidiabetic agents: metformin and repaglinide. Angiotensin-converting enzyme inhibitors (ACEI) 
include: captopril, enalapril, and ramipril. Angiotensin receptor blockers (ARB): losartan, 
olmesartan, and valsartan. 
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Supplementary Table II: Plasma levels of AT3, TAT, and C3 levels depending on 

SDWLHQWV¶�ULVN�IDFWRUV. 

All ADHF patients  pAT3 pTAT pC3 
 N Median [IQR] Median [IQR] Median [IQR] 
Sex     

Male 45 354.6 [305.0-466.9] 10.7 [8.6-15.0] 259.5 [239.1-278.8] 
Female 22 382.2 [303.6-414.5] 12.4 [10.3-16.2] 253.2 [238.7-282.4] 
P value  0.957 0.171 0.868 

LVEF     
Reduced (�40%) 29 316.7 [280.9-395.3] a 11.0 [9.2-15.2]b 259.2 [235.1-268.1]c 
Mildly reduced (41-49%) 10 397.1 [360.8-514.9] 9.3 [7.9-12.4] 273.6 [241.2-293.8] 
Preserved (t50%) 28 383.8 [333.9-446.8] 12.4 [10.0-17.3] 256.0 [239.1-287.3] 
P value  0.078 0.122 0.657 

Cardiovascular disease     
No 44 382.2 [305.0-465.7] 12.1 [10.0-16.0] 254.8 [235.1-273.8] 
Yes 23 354.6 [283.5-409.3] 10.2 [8.4-12.7] 266.0 [241.2-299.2] 
P value  0.347 0.074 0.278 

Atrial fibrillation     
No 34 353.1 [294.2-446.3] 12.2 [8.5-15.9] 249.2 [230.3-278.8] 
Yes 32 375.2 [310.9-444.1] 11.2 [10.0-15.8] 262.6 [241.4-290.1] 
P value  0.865 0.789 0.281 

Arterial hypertension     
No 17 379.6 [333.9-395.3] 12.0 [9.3-16.1] 243.7 [238.7-263.9] 
Yes 49 364.0 [294.2-456.7] 11.5 [7.3-15.5] 262.0 [240.9-282.4] 
P value  0.899 0.847 0.307 

Dyslipidaemia     
No 20 345.8 [316.6-405.6] 11.9 [8.8-16.8] 241.9 [238.9-254.8] 
Yes 46 379.6 [303.6-466.9] 11.6 [9.3-15.8] 264.5 [240.9-282.4] 
P value  0.291 0.663 0.096 

Diabetes mellitus type II     
No 36 362.4 [310.1-410.1] 12.0 [9.4-16.2] 247.6 [227.7-264.9] 
Yes 30 390.1 [300.2-472.9] 10.6 [8.5-14.8] 268.1 [253.1-305.1] 
P value  0.296 0.351 0.015 

Pulmonary hypertension     
No 51 362.4 [295.3-428.4] 11.3 [9.1-15.8] 260.2 [240.9-282.4] 
Yes 16 392.6 [316.6-456.7] 12.4 [14.5-15.5] 247.1 [230.3-263.9] 
P value  0.594 0.399 0.194 

Plasma levels of AT3 and C3 in µg/mL, plasma levels of TAT in ng/mL. LVEF: left ventricular ejection fraction. P values were 
calculated by Mann-Whitney test except for LVEF where Kruskal-Wallis test was used. Information of one patient was missing 
for hypertension, dyslipidaemia, and diabetes mellitus type 2. a,b,c Comparison reduced vs preserved LVEF (Mann-Whitney), a 

P=0.082, b P=0.336, c P=0.734. 
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Supplementary Table III: ROC (associated receiver operating characteristic) curve 

analysis for determining discriminatory power of plasma AT3 and C3 for LVEF 

classification in ADHF patients at hospital admission. 

 

 

 

 

 

 

 

 

 

 

 

 

 

pAT3: plasma antithrombin III; pC3: plasma complement C3; CI: confidence interval  

  

 LVEF d40% vs >40%  

pAT3  
Area 0.687 
95% CI 0.522-0.852 
P value 0.026 

pTAT  
Area 0.511 
95% CI 0.367-0.656 
P value 0.879 

pC3  
Area 0.559 
95% CI 0.391-0.727 
P value 0.493 

pAT3: plasma antithrombin III; pTAT: plasma thrombin-
antithrombin complex; pC3: plasma complement C3; 
CI: confidence interval 
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Supplementary Table IV: Plasma levels of AT3, TAT, and C3 levels depending on 

patients medication. 

  

All ADHF patients  pAT3 pTAT pC3 
 N Median [IQR] Median [IQR] Median [IQR] 
Diuretics     

No 18 379.6 [325.2-414.5] 10.2 [8.4-13.6] 264.7 [235.1-287.3] 
Yes 49 354.6 [303.6-446.3] 12.1 [9.8-16.0] 256.7 [240.9-269.7] 
P value  0.754 0.121 0.568 

Statins     
No 24 351.5 [294.3-416.5] 12.4 [9.3-15.5] 248.4 [236.9-264.8] 
Yes 43 375.2 [310.1-451.5] 10.9 [9.2-15.8] 260.2 [240.9-287.3]  
P value  0.406 0.686 0.281 

Anticoagulants     
No 40 375.2 [310.8-451.5] 11.5 [8.9-15.0] 259.2 [235.1-282.4] 
Yes 27 362.4 [284.9-435.1] 11.9 [9.4-16.0] 259.2 [240.9-271.7] 
P value  0.462 0.565 0.779 

Antiplatelet agents     
No 29 380.9 [300.2-435.1] 12.4 [10.0-16.8] 253.3 [234.5-267.4] 
Yes 38 359.3 [310.1-451.5] 10.8 [8.6-12.9] 264.3 [243.6-292.9] 
P value  0.869 0.078 0.160 

ǺHWD-blockers     
No 21 342.2 [274.4-405.6] 11.8 [9.7-15.9] 238.7 [221.3-273.8] 
Yes 46 370.8 [325.2-446.3] 10.9 [8.9-15.8] 264.1 [243.7-282.4] 
P value  0.165 0.637 0.065 

Antiarrhythmic agents     
No 60 354.6 [295.3-428.4] 11.9 [9.4-15.8] 254.1 [235.1-278.8] 
Yes 7 446.3 [364.0-538.9] 9.4 [8.8-15.8] 269.7 [265.1-292.9] 
P value  0.076 0.512 0.091 

Antidiabetic agents     
No 40 345.8 [283.5-405.6] 11.9 [9.4-16.2] 253.2 [225.0-265.1] 
Yes 27 428.4 [353.0-478.8] 10.5 [8.4-14.2] 280.6 [253.3-305.3] 
P value  0.018 0.273 0.005 

ACE inhibitor/ARB     
No 22 380.9 [345.8-446.3] 12.4 [9.4-16.7] 254.8 [238.7-292.9] 
Yes 43 342.3 [288.1-435.1] 11.4 [9.2-14.9] 258.9 [237.1-268.9] 
P value  0.251 0.606 0.468 

Plasma levels of AT3 and C3 in µg/mL, plasma levels of TAT in ng/mL. P values were calculated by Mann-Whitney. Diuretics: 
hydrochlorothiazide, furosemide, eplerenone, and spironolactone. Statins: atorvastatin, pravastatin, simvastatin, ezetimibe. 
Anticoagulants: warfarin, acenocumarol, bemiparin, heparin, dabigatran, rivaroxaban, edoxaban, and apixaban. Antiplatelet 
agents: acetylsalicylic acid and clopidogrel. Beta-blockers: bisoprolol and carvedilol. Antiarrhythmic agents: amiodarone. Oral 
antidiabetic agents: metformin and repaglinide. Angiotensin-converting enzyme inhibitors (ACEI) include: captopril, enalapril, 
and ramipril. Angiotensin receptor blockers (ARB): losartan, olmesartan, and valsartan. 
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Supplementary Figure I: Coagulation cascade and C3 pathway.  
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Supplementary Figure II: Plasma C3 correlation with pAT3 and pTAT. A) 

Correlation between plasma C3 and plasma AT3 levels of the entire cohort (ADHF and 

HS) on the left, and separately on the right. B) Correlation between plasma C3 and 

plasma TAT levels of the entire cohort (ADHF and HS) on the left, and separately on 

the right. 
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Supplementary Figure III: Regression lines and Spearman correlation between 

plasma C3 and AT3 depending on heart function. 
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Objective: To evaluate urinary levels of Vitamin D binding protein 

(VDBP) and its association with renal function and its potential use as a 

biomarker in kidney function deterioration in ADHF patients. 

 

Highlights:  

• VDBP was found elevated in urine of ADHF at hospital 

admission by 2DE-MS. 

• When analysed by immunoassay, ADHF patients also presented 

high VDBP levels in urine. 

• Urinary levels remained high in patients who developed kidney 

function deterioration, whereas they dropped to the healthy 

range in patients who maintained healthy renal function. 

• The combination of urinary levels of VDBP, cystatin C and KIM-

1 provided a significant ability to detect patients at high risk of 

developing kidney function deterioration. 
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Abstract

Word count: 308

 

Background: Renal function in acute decompensated heart failure (ADHF) is strong predictor of disease evolution and poor outcome.
Current biomarkers for early diagnostic of renal injury in the setting of ADHF are still controversial and their association to early
pathological changes needs to be established. By applying a proteomic approach, we aimed to identify early changes in the
differential urine protein signature associated with development of renal injury in patients hospitalised due to ADHF.
Material and methods: Patients (71 [64-77] years old) admitted at the emergency room with ADHF and hospitalised were
investigated (N=64). Samples (urine/serum) were collected at hospital admission (day 0) and 72 hours later (day 3). Differential
serum proteome was analysed by two-dimensional electrophoresis and MALDI-ToF/ToF. Validation studies were performed by ELISA.
Results: Proteomic analysis depicted urinary vitamin D binding protein (uVDBP) as a two spots protein with increased intensity in
ADHF and significant differences depending on the glomerular filtration rate (GFR). Urinary VDBP in ADHF patients at
hospitalisation was >3fold higher than in healthy subjects, with the highest levels in those ADHF patients already presenting renal
dysfunction. At day 3, urine VDBP levels in patients maintaining normal renal function dropped to normal values (P=0.03 vs day 0).
In contrast, urine VDBP levels remained elevated in the group developing renal injury, with values 2fold above the normal range
(P<0.05), while serum creatinine and GF levels were within the physiological range in this group. Urinary VDBP in ADHF positively
correlated with markers of renal injury such as cystatin C and KIM-1 (Kidney Injury Molecule 1). By ROC-analysis, urinary VDBP,
when added to cystatin C and KIM-1, improved the prediction of renal injury in ADHF patients.
Conclusions: We showed increased urine VDBP in ADHF patients at hospital admission and a differential uVDBP evolution pattern at
early stage of renal dysfunction, before pathological worsening of GFR is evidenced.

  

 
Contribution to the field

Worsening renal function in the treatment of acute decompensated heart failure (ADHF) associates with adverse outcomes and
longer hospital stays. There is a growing consensus about the poor effectiveness of serum creatinine measurement to detect
initial stages of renal damage and the urgent need of more reliable biological variables for early detection of acute kidney injury
in ADHF patients during hospitalisation. • By a mass spectrometry-based protein discovery study, we identify an elevated urinary
loss of Vitamin D Binding Protein (VDBP), the main carrier of vitamin D, in the urine of patients hospitalised with acute
decompensated heart failure (ADHF). • High levels of urinary VDBP loss at 72 hours hospitalisation associate with early stages of
renal injury at the time that plasma creatinine and glomerular filtration rate are still found within the normal physiological
range. • As indicated by the C-statistics, the logistic regression model obtained by adding urinary VDBP to Cystatin C and KIM-1
levels improves discrimination of ADHF patients at high risk of presenting renal injury before hospital discharge.
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Abstract 18 

Background: Renal function in acute decompensated heart failure (ADHF) is strong predictor of 19 
disease evolution and poor outcome. Current biomarkers for early diagnostic of renal injury in the 20 
setting of ADHF are still controversial and their association to early pathological changes needs to be 21 
established. By applying a proteomic approach, we aimed to identify early changes in the differential 22 
urine protein signature associated with development of renal injury in patients hospitalised due to 23 
ADHF. 24 

Material and methods: Patients (71 [64-77] years old) admitted at the emergency room with ADHF 25 
and hospitalised were investigated (N=64). Samples (urine/serum) were collected at hospital 26 
admission (day 0) and 72 hours later (day 3). Differential serum proteome was analysed by two-27 
dimensional electrophoresis and MALDI-ToF/ToF. Validation studies were performed by ELISA. 28 

Results: Proteomic analysis depicted urinary vitamin D binding protein (uVDBP) as a two spots 29 
protein with increased intensity in ADHF and significant differences depending on the glomerular 30 
filtration rate (GFR). Urinary VDBP in ADHF patients at hospitalisation was >3fold higher than in 31 
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healthy subjects, with the highest levels in those ADHF patients already presenting renal dysfunction. 32 
At day 3, urine VDBP levels in patients maintaining normal renal function dropped to normal values 33 
(P=0.03 vs day 0). In contrast, urine VDBP levels remained elevated in the group developing renal 34 
injury, with values 2fold above the normal range (P<0.05), while serum creatinine and GF levels 35 
were within the physiological range in this group. Urinary VDBP in ADHF positively correlated with 36 
markers of renal injury such as cystatin C and KIM-1 (Kidney Injury Molecule 1). By ROC-analysis, 37 
urinary VDBP, when added to cystatin C and KIM-1, improved the prediction of renal injury in 38 
ADHF patients. 39 

Conclusions: We showed increased urine VDBP in ADHF patients at hospital admission and a 40 
differential uVDBP evolution pattern at early stage of renal dysfunction, before pathological 41 
worsening of GFR is evidenced.  42 

 43 

 44 

1 Introduction 45 

Renal insufficiency is present as comorbidity in nearly a quarter of patients hospitalised due to acute 46 
decompensated heart failure (ADHF) (1,2) and the evolution of renal function has prognostic 47 
relevance in these patients (2). Indeed, ADHF is frequently complicated by acute kidney injury 48 
during hospitalisation (2,3), which is associated with adverse outcomes and longer hospital stays 49 
(2,4,5). In this respect, a recent meta-analysis indicated that all-cause mortality increased 50 
significantly in ADHF patients with compared to those without acute kidney injury (5). The complex 51 
relationship between heart failure and renal dysfunction may result of a combination of hormonal, 52 
hemodynamic, inflammatory factors (6) and aggressive decongestive treatment (7). In turn, kidneys 53 
are responsible for sodium homeostasis playing a key role to control intravascular and interstitial 54 
fluid accumulation (congestion) in heart failure (8). Until now, however, the mechanisms 55 
participating in the cardiorenal axis pathology need to be better understood, and the early differential 56 
protein pattern associated to these processes remains to be identified. 57 

Deterioration of kidney function is frequently recognised by the rise of serum creatinine levels, or by 58 
the decline of glomerular filtration rate (GFR). However, creatinine levels can also be influenced by 59 
several factors such as advanced age, sex, excessive protein intake, muscle mass, medication, or 60 
intense exercise (9). Nowadays, early changes in other molecular components have been suggested 61 
including kidney injury molecule 1 (KIM-1), Cystatin C (CysC) or neutrophil gelatinase-associated 62 
lipocalin (NGAL) (10±13), but their usefulness for detecting early pathological changes is 63 
controversial and their value has not been consistently proven (14,15). Therefore, identification of 64 
molecular components that accurately facilitate early detection of renal injury and may contribute to 65 
a better stratification of patients with ADHF and enhance their management remains a medical 66 
challenge. 67 

Over the last decade, urinary proteome has become a potential source of novel disease molecular 68 
patterns and urinary proteomic analysis in heart failure has been used to identify the differential 69 
expression profile associated to earlier diagnosis of the disease (16±18) and to establish diagnostic 70 
classifiers in heart failure patients with specific disease conditions (19).  71 

In this study we applied a mass spectrometry-based protein discovery approach (20,21) aimed to 72 
identify urinary proteins associated to renal dysfunction in hospitalised ADHF patients. By 73 

In review



RESULTS 

 
 

152 

 

VDBP and Acute Heart Failure 

 
3 

proteomics, we have identified significant changes in Vitamin D Binding Protein (VDBP), a member 74 
of the albumin superfamily of binding proteins that is produced in the liver, filtered through the 75 
glomerulus as a complex with vitamin D3 (25[OH]D3) and actively reabsorbed in the proximal 76 
tubule cells (22,23).  77 

Anomalous urinary loss of VDBP, due to impaired proximal tubular reabsorption, has been reported 78 
in the setting of renal damage in preclinical studies and metabolic-disease related nephropathies in 79 
humans (24,25). In this hypothesis-generating study, we analysed urinary VDBP levels in association 80 
with renal function in ADHF patients during the first 72 hour hospitalisation after an acute event to 81 
investigate the value of VDBP to provide accurate pathophysiologic information on kidney function 82 
deterioration in ADHF before creatinine levels rise. 83 

 84 

2 Materials and Methods 85 

2.1 Study population and study design 86 

This study refers to patients with acute decompensated heart failure that were hospitalised in Hospital 87 
de la Santa Creu i Sant Pau (HSCSP), in Barcelona, between February 2017 and March 2020. 88 
Hospitalised ADHF patients were distributed in two different groups depending on their kidney 89 
function at admission. Renal function was shown as MDRD-4 (mL/min/1.73m2), a serum creatinine-90 
based estimation obtained using clinical data of the patients. Levels below 60mL/min/1.73m2 were 91 
considered pathological. Two groups were formed: I) ADHF patients with renal dysfunction at 92 
hospital admission (RD) and II) ADHF patients with normal renal function at hospital admission 93 
(NRF). From this latter NRF group, two further subgroups were made based on the evolution of the 94 
renal function during hospitalisation. Patients who developed renal function deterioration to 95 
pathological levels (RI-Group; MDRD-4 < 60mL/min/1.73m2)  and those who maintained normal 96 
renal function (noRI). A group of healthy subjects (HS, N=13, 50 [37-63] years) was used to 97 
establish the normal range in urine of the identified proteins (Figure 1).  98 

The Ethics Committee of the Santa Creu i Sant Pau Hospital in Barcelona, Spain approved this study 99 
DQG�LW�ZDV�SHUIRUPHG�DFFRUGLQJ�WR�SULQFLSOHV�RI�+HOVLQNL¶V�'HFODUDWLRQ��$OO�Satients signed an 100 
informed consent prior being included in the study. Patients under chemotherapy, pregnancy or post-101 
delivery ischemic heart syndrome in women, and other causes of acute episode (myocardial 102 
infarction, myocarditis, or toxic aetiology) were excluded from the study. Medication was not 103 
considered as exclusion criteria except those required in oncological treatment (who were already 104 
excluded). 105 

2.2 Biological samples 106 

Urine and blood samples were collected at hospital admission and at day 3 of hospitalisation, when 107 
patients no longer showed signs of dehydration due to the acute event. Samples at hospital 108 
admission were collected as soon as possible after hospitalisation. Urine obtained at 72h refers to 109 
the first urine in the morning and blood extraction. Blood extraction at day 3 was performed at the 110 
same time of urine collection. All samples were processed identically and within 30 minutes after 111 
obtention. Protease inhibitors (cOmplete Mini, Roche, Basel, Switzerland) were added to urine 112 
samples at collection. Urine samples were centrifuged (1200g, 10 min, room temperature) to 113 
precipitate debris, aliquoted and stored at -80ºC until further analysis. Level of total protein in urine 114 
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were analysed in a Clima MC-15 analyser using the specific Gernon kit (RAL S.A., Barcelona, 115 
Spain), as described by the providers. 116 

Serum was obtained after maintaining blood samples 30 min at 37ºC followed by 30 min at 4ºC. 117 
Thereafter, samples were centrifuged at 1800g (30 min, 4ªC), aliquoted and stored at -80ºC until 118 
analysed. 119 

Blood creatinine (Jaffe reaction), NT-proBNP (electroquimioluminiscence), urea (kinetic urease), 120 
DQG�KDHPRJORELQ�ZHUH�DQDO\VHG�E\�VWDQGDUG�ODERUDWRU\�PHWKRGV�DV�SDUW�RI�WKH�SDWLHQWV¶�URXWLQH�121 
analyses. Glomerular filtrate was calculated using the MDRD-��DOJRULWKP�WKDW�LQFOXGHV�SDWLHQW¶V�122 
plasma creatinine levels, age, sex, and race (26). Total protein and creatinine in urine were analysed 123 
in a Clima MC-15 analyser using Gernon kits for creatinine and total protein (RAL S.A., Barcelona, 124 
Spain). 125 

Urine samples for the HS reference group were collected in the morning and samples were processed 126 
as described for the ADHF patients. 127 

2.3  2DE electrophoresis and mass spectrometry 128 

Analysis of differential protein patterns was performed by a proteomic approach using two-129 
dimensional electrophoresis (2DE) followed by mass-spectrometry for protein identification, as 130 
previously described (27).  131 

Urine samples (4mL) of ADHF patients and healthy controls were concentrated and desalted by 132 
centrifugation (3220g, 30 min, and 10ºC) using 3kDa cut-off filter devices (Amicon Ultra-4, 133 
Millipore, Burlington, MA, USA) and 100mM Tris-HCl, pH 7.6. A final volume of 1mL was 134 
obtained and depleted of albumin and IgGs using the ProteoExtract Albumin/IgG Removal Kit 135 
(Calbiochem, San Diego, CA, USA), as reported by the providers. Thereafter, sample buffer was 136 
exchanged to a urea-containing buffer (7M urea, 2M thiourea, 2% CHAPS), by centrifugation with 137 
the 3 kDa cut-off filter devices (3220g, at room temperature) until a final volume of 400 µl was 138 
obtained. Protein concentration in urine extracts was measured with 2D-Quant Kit (GE Healthcare, 139 
Chicago, IL, USA) and ����ȝJ�WRWDO�SURWHLQ�DOLTXRWV�ZHUH�SUHSDUHG.  140 

$�����ȝJ�DOLTXRW�ZDV�XVHG�WR�SHUIRUP the individual 2DE analytical gels DQG�����ȝJ�IRU�WKH�141 
preparative gels (pool from five representative samples), which refer to, approximately, 1 mL and 142 
3ml, respectively, of original urine samples. Each aliquot of the urea/thiourea/chaps urine extracts 143 
was applied to 17 cm dry strips (ReadyStrips IPG strips, pH 4±7 linear range; BioRad, San Diego, 144 
CA, USA), using the PROTEAN i12 IEF system (Bio-Rad, San Diego, CA, USA) for the first 145 
dimension, as previously described in our group (28,29). The second dimension was resolved in 12% 146 
SDS-PAGE. Gels were fixed for two hours (40% ethanol, 10% acetic acid), developed with 147 
Flamingo (Bio-Rad, San Diego, CA, USA) for protein fluorescent staining. Protein spot 148 
quantification and analysis for differences between gels was performed using PDQuest analysis 149 
software (Bio-Rad, San Diego, CA, USA). Each spot was assigned a relative value (AU) that 150 
corresponds to the single spot volume compared to the volume of all spots in the gel, following 151 
background extraction and normalisation between gels, as previously reported (28). This software 152 
specifically analyses differences in protein patterns, in which a master gel is created wherein all gels 153 
are included and used to compare with each individual sample. 154 

Proteins were identified after in-gel tryptic digestion and extraction of peptides from the gel pieces by 155 
matrix-assisted laser desorption/ionisation time-of-flight (MALDI-TOF) using an AutoFlex III Smart 156 
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beam MALDI-TOF/TOF (BrukerDaltonics, Billerica, MA, USA), as previously described (28). 157 
Samples and calibrants were mixed 1:1 with alpha-Cyano-4-hydroxycinnamic acid (HCCA) matrix 158 
(0.7mg/mL) and were applied to Anchor Chip plates (BrukerDaltonics, Billerica, MA, USA). 159 

Spectra were acquired with flexControl on reflectron mode, (mass range m/z 850±4,000; reflectron 1, 160 
21.06 kV; reflectron 2, 9.77 kV; ion source 1 voltage, 19 kV; ion source 2, 16.5kV; detection gain, 161 
2.37×) with an average of 3,500 added shots at a frequency of 200 Hz. Samples processed with 162 
flexAnalysis (version 3.0, Bruker Daltonics, Billerica, MA, USA) considering a signal-to-noise ratio 163 
>3, applying statistical calibration, and eliminating background peaks. After processing, spectra were 164 
sent to the interface BioTools (version 3.2, Bruker Daltonics, Billerica, MA, USA), and MASCOT 165 
search on Swiss-Prot 57.15 database was done [taxonomy, Homo sapiens; mass tolerance, 50 to 100; 166 
up to two trypsin miss cleavages; global modification: carbamidomethyl (C); variable modification: 167 
oxidation (M)]. Identification was carried out by peptide mass fingerprinting (PMF) where a 168 
MASCOT scores >56 and at least five matched peptides was accepted. Confirmation of identified 169 
protein was performed by peptide fragmentation working on the LIFT mode (MS/MS) (27,28). 170 

2.4 Western Blot 171 

Urinary protein extracts were resolved by 1-DE under reducing conditions and electrotransferred to 172 
nitrocellulose membranes. Urinary VDBP detection was performed using a rabbit monoclonal 173 
antibody (ab81307, 1:5000 in 5% NFDM-TBST, Abcam, Cambridge, UK). Band detection was 174 
performed using chemiluminescent SuperSignal (FischerScientific, Waltham, MA, USA) and a 175 
molecular imager ChemiDoc XRS System, Universal Hood II (BioRad, San Diego, CA, USA). 176 

2.5 Immunoassays 177 

VDBP was analysed in urine and serum samples using Human Vitamin D BP Quantikine ELISA kit 178 
(DVDBP0B, R&D Systems, Minneapolis, MN, USA) with a sensitivity of 0.338 ng/mL, and with 179 
intra-assay variability <2.5% and variability <7% in inter-assay trials. Urinary Cystatin C (uCysC) 180 
levels were analysed using Human Cystatin C ELISA kit from Biovendor (RD191009100, 181 
Biovendor, Brno, Czech Republic), with a sensitivity of 0.25 ng/mL, intra-assay variability <4%, and 182 
with inter-assay variability <11%. Urinary KIM-1 levels were analysed using Human KIM1 ELISA 183 
Kit (ab235081, Abcam, Cambridge, UK) with a sensitivity of 1.28pg/mL, and with intra-assay 184 
variability <3% and inter-assay variability <7%. Each immunoassay was performed according to the 185 
SURYLGHUV¶�SURWRFRO��Concentrations of the proteins in urine were expressed per total protein 186 
content in the same sample to correct for difference in total protein concentration. 187 

2.6 Statistical analysis 188 

Data are expressed as median ± interquartile range (IQR). N indicates the number of subjects tested. 189 
The normal distribution was determined via Kolmogorov-Smirnov test. Statistic differences between 190 
groups for non-normally distributed continuous variables were analysed by non-parametric tests, 191 
including Mann-Whitney or Kruskal-Wallis tests. Frequencies of categorical variables were 192 
compared by Chi-square analyses. Correlations between variables were determined using single 193 
regression models and Spearman rank correlation. Wilcoxon Signed Rank test was used to compare 194 
each patient evolution. Due to the exploratory character of this proteomic study, determination of the 195 
sample size was based on past experience with similar studies (28). Data of ADHF patients at 196 
hospital admission obtained from the proteomic studies served to check sample size in the validation 197 
quantitative analysis (ELISA method). Minimal required sample size was calculated and validated 198 
using the JavaScript based method for simple power and sample size calculation when two 199 
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independent groups are compared, provided in http://www.stat.ubc.ca/~rollin/stats/ssize/n2.html (28). 200 
Based on the median value of ADHF patients at hospitalisation the pooled interquartile range of the 201 
studied population, our sample size gave a study power of >0.75 (type I error = 0.05, two-sided test). 202 
Receiver operating characteristic (ROC) curve analyses was used to calculate the area under the 203 
curve for each variable along with its 95% CI and to determine the power to discriminate renal 204 
function deterioration. Statistical analysis was performed using Stata v15 and SPSS v26. A P value 205 
������ZDV�FRQVLGHUHG�VWDWLVWLFDOO\�VLJQLILFDQW�  206 

 207 

3 Results 208 

3.1 Clinical characteristics of the ADHF patient population 209 

Baseline demographic, clinical characteristics and background medication of the studied population 210 
are given in Table 1. Briefly, this refers to 64 ADHF patients with median age of 71 [64-77] years 211 
and with 68% males, who were hospitalised at Hospital de la Santa Creu i Sant Pau (HSCSP), in 212 
Barcelona. At the time of hospitalisation, 47% of ADHF patients presented pathological GFR levels 213 
(RD group; MDRD-4: 41.1 [30.7-45.3] mL/min/1.73m2, P<0.001,) while the other 53% of ADHF 214 
(NRF group) presented GFR levels within the normal range with MDRD-4 >60 mL/min/1.73m2 215 
(82.3 [69.0-98.3] mL/min/1.73m2). Thirty-eight per cent of ADHF patients within the NRF group 216 
(normal kidney function at hospital admission) showed renal function deterioration with GFR 217 
values below the pathological cut-off (60ml/min/1.73m2), which referred to a mean increase of 218 
45% of serum creatinine, after day 5 of hospitalisation (Group RI; see Figure 1).  219 

All ADHF patients had plasma NT-proBNP values above the pathological cut-off (1.8 µg/L), being 220 
levels in the RD group significantly higher than those in the NRF group (5.2 [3.0-14.7] µg/L vs 3.4 221 
[1.9-6.4] ng/L, P=0.022). Forty-two per cent of ADHF patients had reduced left ventricular ejection 222 
fraction (LVEF; 32 [21-35]%), and 42% had a LVEF above 50% (60 [56-61]%) at admission. The 223 
remaining group of patients (16%) presented mid-range LVEF, with values between 40-49% (46 [44-224 
47]%). Mean hospitalisation time was 10.8±5.3 days for all patients, however a longer trend was 225 
observed in the subgroup of patients developing RI compared with those who maintained normal 226 
renal function (12 [9-17] days; 9 [7-11] days, respectively, P=0.075).  227 

Regarding medication, 73% of our study group were already under diuretic treatment before 228 
hospital admission. Upon hospitalisation due to ADHF, patients are given intravenous 229 
furosemide (dosage depending on their clinical condition, prior diuretic dosage and renal 230 
function) until stabilisation for decongestion. Afterwards, patients were administered 231 
furosemide orally, and complemented with other diuretics if needed, and the dose was 232 
dependent on the patients' condition and response to avoid increases in serum creatinine.  233 

A representative subgroup of 17 ADHF patients (76% male, 72 [69-76] years old), with renal 234 
dysfunction (RD, N=5) and with normal renal function (NRF, N=12) at hospitalisation was used for 235 
proteomic studies in an initial discovery phase. Demographic and clinical characteristics of this 236 
subgroup are given in (Supplementary Table I). 237 

 238 

3.2 Urine differential proteomic profile in ADHF patients 239 
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The urinary proteome of ADHF patients at hospital admission was compared to a healthy control 240 
group in the discovery phase. A total of 23 differential proteins were detected, with varying functions 241 
(cell signalling, cell metabolism, coagulation, acute phase response), as shown in Supplementary 242 
Figure I. Three differential proteins were associated to vitamin metabolism and identified as 243 
transthyretin (TTR, Swiss-Prot P02766, Mascot-score 61), retinol binding protein 4 (RBP4, Swiss-244 
Prot P02753, Mascot-score 66), and Vitamin D Binding Protein (VDBP, Swiss-Prot P21614, Mascot-245 
score 72) (Supplementary Table II)  246 

VDBP in urine was identified by 2DE-MS/MS as two spots with pI within 5.25-5.30 and a molecular 247 
weight of 50.3 KDa (Figure 2A; and Supplementary Figure II). By Western Blot analysis, VDBP 248 
was found as a single band in urine samples of ADHF patients (Figure 2B). Comparing to healthy 249 
subjects, ADHF patients at hospital admission showed a 2fold higher urinary levels (ADHF, n=17, 250 
1.71 [0.87-2.55] AU vs 0.77 [0.66-0.98] AU of HS, n=6, P=0.042, Figure 2C). Within ADHF 251 
patients at hospitalisation, the RD group (n=5, 2.98 [1.71-4.66] AU) presented the highest values, 252 
these being 2fold higher than those of the NRF group (n=12, 1.58 [0.76-2.12] AU, P=0.058) (Figure 253 

2D). 254 

While no differences were observed between patients depending on presence of atrial fibrillation 255 
(P=0.228), prior cardiovascular disease (P=0.428), hypertension (P=0.113), dyslipidaemia (P=0.833), 256 
or diabetes mellitus (DM2, P=0.228). 257 

 258 

3.3 Increased levels of urinary VDBP in ADHF patients at hospital admission  259 

In validation studies (N=64), ADHF patients presented significantly higher VDBP levels in urine 260 
(48.2 [13.0-100.8] ng/mg total protein) than those in the defined healthy range (12.6 [11.2-22.0] 261 
ng/mg total protein, P<0.01) when quantified by specific ELISA (Figure 3A). More specifically, the 262 
RD and NRF groups had median uVDBP levels (85.5 [17.7-171.7] ng/mg total protein and 38.8 263 
[10.2-76.0] ng/mg total protein, respectively) 6fold (P=0.001) and 3fold (P=0.072), respectively, 264 
above the median value of the defined healthy range. In addition, ADHF patients with pathological 265 
GFR levels at hospital admission (RD group) had higher VDBP loss in urine than those in the NRF 266 
group (P=0.012) (Figure 3B).  267 

Urinary levels of VDBP (uVDBP) in ADHF patients at hospital admission (day 0) significantly 268 
correlated with NT-proBNP (Rho=0.337, P=0.019) and GFR (Rho=-0.379, P=0.005) in ADHF 269 
patients. In contrast, uVDBP did not associate with LVEF (Rho=0.013, P=0.924) and no differences 270 
were found in uVDBP levels between patients with reduced LVEF (<40%) and preserved LVEF 271 
(>50%, P=0.885). Moreover, the uVDBP levels did not differ significantly between patients with and 272 
without atrial fibrillation (P=0.337) or previous cardiovascular disease (P=0.437). To notice, levels of 273 
uVDBP were not affected by age (Rho=0.106, P=0.437) or sex (P=0.563) nor by common 274 
comorbidities such as hypertension (75%, P=0.0851), dyslipidaemia (70%, P=0.212, Supplementary 275 

Table III).  276 

VDBP has been previously studied within diabetic nephropathy. The 44% of the patients in the 277 
ADHF study population had diabetes, with a trend towards higher frequency of diabetes in the 278 
RD- compared to the NRF-group (P=0.079; Table 1). However, uVDBP levels did not 279 
significantly differ between diabetic and non-diabetic patients (P=0.635), neither in the NRF-group 280 
(P=0.572) nor in the RD-group (P=0.594, see Supplementary Table III). Furthermore, as shown 281 

in Supplementary Figure IV, diabetic patients were homogenously distributed when the 282 
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population was divided in VDBP-tertiles. A similar pattern was observed when the groups with 283 
normal- and reduced- renal function at hospital admission were separately considered (NRF-284 
group vs RD-group; Ȥ2: P=0.789 for differences in the pattern distribution of diabetic patients). 285 
Moreover, as summarised in Supplementary Table IV, urinary VDBP levels did not depend on 286 
background medication, including statins, anticoagulant and antiplatelets, betablockers and ACE 287 
inhibitors (P>0.05 between treated and non-treated patients for all medications) 288 

 289 

3.4 VDBP levels at day 3 hospitalisation  290 

The 38.2% of patients in the NRF group presented a worsening of renal function to pathological 291 
values between day 5 hospitalisation and hospital discharge (RI group; N=13), whereas renal 292 
function was not significantly affected in the remaining 61.8% of the patients in the NRF group 293 
(noRI group; N=21), with GFR >60 mL/min/1.73m2 (see Figure 1).  294 

At day 3, as shown in Figure 3B, patients who did not develop renal injury (noRI group) during the 295 
hospitalisation period showed a significant drop of uVDBP to values within the HS range (noRI-296 
group: 11.1 [5.7-21.2] ng/mg total protein at day 3; P=0.030 in comparison with values at day 0). In 297 
contrast, uVDBP levels remained high and did not significantly differ from values at admission 298 
(P=0.530) in those patients who were going to develop renal injury (RI group) before hospital 299 
discharge. It is to notice, however, that patients in the RI-group still presented GFR levels within the 300 
normal physiological range (68.1 [61.5-77.8] mL/min/1.73m2) at day 3 hospitalisation.  301 

Patients in the RD group (GFR: 42.3 [31.6-52.4] mL/min/1.73m2) maintained elevated levels of 302 
uVDBP (85.7 [22.0-173.9] ng/mg total protein) at day 3 with a median value >6fold higher than in 303 
the noRI group (P=0.007; Figure 3C). 304 

Analysis of sera samples obtained at day 3 hospitalisation did not show significant differences in 305 
VDBP levels between noRI and RI groups (Figure 4A; P=0.603). Additionally, RD group did not 306 
present different levels with noRI patients (P=0.660, Figure 4A) nor with RI patients (P=0.874, 307 
Figure 4A). No correlation vas found between urine and serum VDBP levels in ADHF patients 308 
(Rho=0.020; P=0.879; Figure 4B). In addition, at day 3, no correlation was shown between GFR and 309 
serum VDBP levels (Rho=0.060, P=0.657) in ADHF, whereas GFR significantly correlated with 310 
VDBP levels in urine (Rho=-0.472, P=0.001) (Supplementary Figure III).  311 

 312 

3.5 Urinary VDBP levels added to cystatin C and KIM-1 improved discrimination of ADHF 313 
patients with renal deterioration during hospitalisation  314 

Cystatin C and KIM-1 have been proposed to change during early renal injury (10,11,30). Cystatin C 315 
in urine of ADHF patients negatively correlated with GFR at admission (Rho=-0.363; P=0.007) and 316 
values were 2fold higher than those in the HS group (6.07 [2.34-11044] vs 3.90 [3.12-5.72] µg/mg 317 
total protein), although differences did not achieve statistical significance (P=0.189). At day 3 318 
hospitalisation, urinary cystatin C (uCysC) did not differ between ADHF groups, although an 319 
increasing trend was observed in RD patients when compared with those maintaining normal renal 320 
function (noRI) during the hospitalisation period (P=0.072) (Figure 5A). Similarly, the highest KIM-321 
1 levels in urine (uKIM-1) at day 3 were found in the RD group with significant differences when 322 

In review



RESULTS 

 
 

158 

 

VDBP and Acute Heart Failure 

 
9 

compared with the RI and noRI groups (Figure 5B). However, no differences were observed 323 
between noRI and RI groups at three days of hospitalisation (Figure 5B). 324 

Levels of uVDBP negatively correlated with GFR and a significant positive correlation was found 325 
with uCysC and uKIM-1 in ADHF patients at day 3 hospitalisation (Supplementary Table V). 326 
Stronger positive correlations levels were found when only ADHF patients with GFR above 60 327 
mL/min/1.73m2 were considered (noRI and RI groups; Figures 5C and 5D). 328 

We tested whether each one of the proteins (uVDBP, uCysC, uKIM-1) had the potential to 329 
discriminate renal injury in ADHF patients by ROC curve analysis (Supplementary table VI-A). 330 
None of the 3 proteins presented a significant discriminating ability when taken individually, with 331 
urinary levels of VDBP presenting the largest area under the curve (AUC=0.579) compared to those 332 
of KIM-1 (AUC=0.487) and cystatin C (AUC=0.476), although differences among them did not 333 
achieve statistical significance (Supplementary table VI-B). The combination of cystatin C and 334 
KIM-1 showed a greater area under the curve, but still not statistically significant (AUC=0.604, 335 
P=0.312). However, the addition of VDBP levels to this combination significantly increased the 336 
discriminating value for renal function deterioration in ADHF patients (AUC=0.711, P=0.018, 337 
Figure 5F), whereas the combination of VDBP with either cystatin C or KIM-1 alone was not 338 
significant  (P=0.428 and P=0.089, respectively). 339 

Due to the impact of age in renal dysfunction, the combination of aggregating  VDBP, CysC 340 
and KIM-1 for an early discrimination of ADHF patients with subclinical renal function 341 
deterioration during hospitalisation was further reanalysed in an age-adjusted subgroup of 342 
patients (age;  RI- vs noRI-subgroups: 74 [69-77] vs 69 [63-72] years, P= 0.304; N=13/group). 343 
As shown in Supplementary Figure V, in this age-adjusted cohort the discrimination power of 344 
combining VDBP, CysC and KIM-1 remained statistic significantly (AUC: 0.711 [0.536-0.885], 345 
P=0.018). Adding age to the 3-variable cluster did not significantly modify the AUC to early 346 
discriminate patients with and without deterioration of kidney function during hospitalisation. 347 

  348 

4 Discussion 349 

Heart and kidneys are closely interconnected through complex bidirectional mechanistic interactions 350 
in their underlying pathophysiology (31), which is collectively known as cardiorenal syndrome (6) 351 
and often referred to as type-1 cardiorenal syndrome when having a primary and acute cardiac 352 
condition, such as ADHF, that triggers acute kidney injury (4). In hospitalised ADHF patients, 353 
occurrence of acute kidney injury during the treatment frequently affects key therapeutic decisions, 354 
resulting in incomplete decongestion of the patients (5). 355 

There is a growing consensus about the poor effectiveness of serum creatinine measurement to detect 356 
initial stages of cardiorenal syndrome type 1 (32) and the urgent need of more reliable biological 357 
variables for early detection of kidney function deterioration in ADHF patients (2,4±6) in order to 358 
better stratify their risk during the first days hospitalisation. NGAL (33), KIM-1 (34), and cystatin 359 
C (35) had provided promising results at detecting severe renal damage in ADHF patients and 360 
other cardiac syndromes; however, negative studies (15,32,36±38) have also been reported. 361 
There is certainly controversy regarding their relative diagnostic power. 362 

Therefore, we performed an exploratory proteomic study aimed to identify urinary protein associated 363 
with early changes of renal function impairment in patients hospitalised with diagnostic of ADHF. 364 
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Urinary proteins have been extensively studied in acute heart failure as they may be more sensitive to 365 
renal injury and structural damage than serum creatinine. Until now, however, there is insufficient 366 
evidence to translate the usefulness of measuring these proteins as clinical diagnostic tool. 367 

Our hypothesis-generating study is based on an untargeted mass-spectrometry approach. We 368 
identified a differential pattern of proteins involved in Vitamin A and D homeostasis in prospectively 369 
collected spot-urine samples of ADHF patients when arriving to the emergency room. More 370 
specifically, we have found that urinary VDBP levels are markedly elevated in ADHF patients, being 371 
changes more evident in those patients with reduced GFR, suggesting an association between low 372 
GFR and high VDBP levels. Unfortunately, we cannot discern if low GFR levels in the RD patients 373 
evidenced a chronic renal dysfunction or were a result of the acute decompensated event. Our 374 
findings are consistent with previous reports on urinary VDBP in the setting of pathologies 375 
associated to nephropathies in humans. In systemic lupus erythematosus, urinary VDBP was 376 
significantly elevated in patients with lupus nephritis and associated with disease severity (39). In 377 
addition, VDBP has been studied in diabetic nephropathy and has shown to correlate with 378 
microalbuminuria suggesting a diagnostic value in this pathology (40). Interestingly, it was 379 
previously reported that urinary VDBP was strongly and consistently elevated in rats with induced 380 
nephropathy very early in the course of the disease (25). VDBP has also been associated with major 381 
contrast induced nephropathy events 90 days after exposure to contrast media in patients undergoing 382 
coronary angioplasty (24). To our knowledge, however, it was not shown so far that the changes in 383 
urinary VDBP levels are detected before renal injury is evidenced in hospitalised ADHF patients.  384 

It is to notice that urinary VDBP significantly correlated with plasma NT-proBNP and the level of 385 
GFR, suggesting VDBP as a protein associated with cardiorenal syndrome. This finding is in line 386 
with a previous study using NT-proBNP and cystatin C, as a marker of renal function, to identify the 387 
cardiorenal status in patients with refractory heat failure on cardiac resynchronisation therapy (41). 388 
The fact that no relationship between VDBP and ejection fraction was found might result from the 389 
heterogeneity of our study population. Indeed, heart failure patients with reduced and preserved 390 
ejection fraction are frequently considered as two different phenotype entities with differences in 391 
pathophysiological pathways deriving in the cardiorenal syndrome (42,43). 392 

As suggested before, high urinary VDBP in ADHF patients at hospital admission may partially 393 
reflect a temporary kidney function deterioration event due to impaired renal perfusion as 394 
consequence of low cardiac output and systemic venous congestion (8,44). However, the maintained 395 
urinary VDBP loss in ADHF patients with GFR below 60mL/min/1.73m2 after 3 days of 396 
hospitalisation suggest that high VDBP levels in urine associate to a renal structural damage in these 397 
patients, that might derive into cardiorenal syndrome type 1.  398 

Indeed, among ADHF patients with normal renal function at hospital admission (NRF group), 399 
urinary VDBP remains high at day 3 in those patients presenting worsening of the renal function at a 400 
later stage of the hospitalisation period, while patients who maintained normal renal function 401 
presented a decrease of urinary VDBP into the healthy range. Interestingly, these changes at day 3 402 
were observed before any apparent pathological change in plasma creatinine levels and the GFR, that 403 
when occurred it was detected after 4-5 days hospitalisation. This finding suggests that urinary 404 
VDBP is sensitive to early pathological changes occurring in kidney and identifying those patients 405 
with subclinical kidney function deterioration. 406 

High urinary VDBP levels in ADHF patients may result from renal tubular injury or reflect 407 
hemodynamic or functional changes in GFR (24,25). Our results showed no association between 408 
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urinary VDBP loss and serum levels of VDBP supporting a tubular damage leading to diminished 409 
reabsorption and consequently higher urinary excretion as the most possible process accounting for 410 
the high VDBP levels in urine of ADHF patients. In this respect, Chaykovska et al (24) also 411 
proposed, the increase of VDBP levels could be associated with the severity of renal damage.  412 

Although the underlying mechanisms remain unclear, we could speculate that elevated levels of 413 
VDBP in urine could regulate tubular cell function after endocytosis via megalin, since megalin 414 
is involved in the active uptake of VDBP complexed to 25-hydroxy vitamin D3 in the proximal 415 
tubules (45). A reduced uptake of VDBP, as in kidney disease conditions, could lead to 416 
intrarenal losses of VDBP and vitamin D metabolites (45). Further studies are needed to 417 
evidence whether VDBP is a relevant cardiorenal connector protein transmitting heart-to-418 
kidney signals. 419 

Other proteins in urine including KIM-1 and cystatin C have been related to renal failure and more 420 
specifically to tubular damage (14,15). Supporting this finding, at day 3 of hospitalisation, KIM-1 421 
levels were significantly elevated only in those patients with a pathological GFR. Also, a trend to 422 
higher values was observed in the levels of urinary cystatin C although it did not achieve statistical 423 
significance. In contrast, ADHF patients with GFR >60 mL/min/1.73m2 at day 3 hospitalisation had 424 
KIM-1 and cystatin C levels that did not differ from the normal healthy range regardless of the 425 
subsequent evolution of the kidney function. Different pattern of VDBP and cystatin C and KIM-1 in 426 
urine of ADHF patients at day 3 could be due to differences in the time-response of the cellular 427 
processes occurring at the proximal tubular cells after injury. Thus, KIM-1 is a protein expressed in 428 
proximal tubular cells after injury, but barely found in normal kidney (46), whereas the presence of 429 
cystatin C and VDBP in urine result of a deficient endocytic receptor-mediated uptake, catabolism 430 
and degradation of this protein by the tubular cells (47,48). Further studies are guaranteed to better 431 
understand whether differences in the endocytic process and/or cell catabolism account for the VDBP 432 
and cystatin C patterns in urine of ADHF patients.  433 

The positive correlation of urinary VDBP with cystatin C and KIM-1 and day 3 of hospitalisation 434 
strongly suggest that renal tubular insult accounts for acute kidney function deterioration in 435 
patients with ADHF. Differences with two previous studies suggesting a lack of association between 436 
worsening of renal function and tubular injury in ADHF, might be explained by the fact that these 437 
studies just focused on the expression / secretion of proteins related to tubular cell injury such as 438 
KIM-1 and NGAL (49,50), without considering other molecules reflecting a dysfunctional cell 439 
phenotype.  440 

Subsequently, ROC analysis was carried out to study the value of VDBP compared to cystatin C and 441 
KIM-1 in association with incident kidney function deterioration in hospitalised ADHF patients. In 442 
our study population, none of the three proteins showed enough discriminative power when 443 
considered separately, nor did it when considering the joint detection of cystatin C and KIM-1. 444 
However, when VDBP was added the AUC achieved statistical significance, suggesting that urine 445 
VDBP combined with urine values of cystatin C and KIM-1 might serve as new diagnostic tool to 446 
discriminate ADHF patients regarding their risk of developing renal function deterioration during 447 
hospitalisation.  448 

Age is an important factor of kidney injury risk and development (51). In this respect, we want 449 
to highlight as a study limitation the age difference between ADHF patients with and without 450 
renal dysfunction at admission. However, VDBP levels did not correlate with age in our study 451 
population, suggesting the independence of both variables. In addition, it is interesting to notice 452 
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that the discriminating power of VDBP, clustered with cystatin C and KIM-1 for kidney 453 
function deterioration in hospitalized ADHF patients is maintained when age-adjusted ADHF 454 
groups were compared. Thus, to the best of our knowledge, this is the first study reporting an 455 
association between urinary VDBP and renal worsening in ADHF during hospitalisation. Still, 456 
the limited sample size and high heterogeneity of the study population in their characteristics, 457 
etiopathology and disease background need to be recognized. Therefore, further studies in 458 
larger groups are needed to confirm our findings and validate the impact of urinary VDBP in 459 
ADHF and incident kidney disease.  460 

VDBP is forming a complex with the 25-(OH) vitamin D3 when present in the urine. Tubular 461 
reabsorption of this complex is a critical process into the conversion of vitamin D into its active 462 
metabolite that is secreted into the circulation (52). Damage to proximal tubules in ADHF leading to 463 
a deficient reabsorption of VDBP-25-(OH) vitamin D3 complex, could result in diminished amounts 464 
of vitamin D active metabolite, also known as 1,25-dihydroxycholecalciferol and calcitriol. In this 465 
respect, Vitamin D deficiency has been previously associated to several diseases concerning renal 466 
failure (53,54), cardiovascular health (55), certain types of cancer, type 2 diabetes, metabolic 467 
syndrome, inflammatory bowel disease, and several others (56,57). Vitamin D has been studied 468 
within chronic heart failure (58), however, to our knowledge there are no publications associating 469 
ADHF with vitamin D.  470 

In summary, VDBP has been consistently detected by 2DE-MS/MS as two spots in urine of ADHF 471 
patients at hospital admission in this exploratory study, wherein the ADHF patients presented higher 472 
urinary levels than healthy subjects. Additionally, ADHF patients presenting kidney dysfunction at 473 
hospitalisation showed the highest urinary loss of VDBP. A significant drop in urinary VDBP is 474 
observed within 3 days in patients with normal renal function during the hospitalisation period. On 475 
the contrary, those patients who developed renal function deterioration maintained high levels of 476 
VDBP loss in urine, while their GFR levels were within normal physiological range at that time. 477 
When performing ROC analysis, the addition of urinary VDBP to renal injury markers such as 478 
urinary cystatin C and KIM-1 gave statistical power to anticipate renal damage. Therefore, a daily 479 
follow-up of VDBP XULQDU\�VHFUHWLRQ�FRXOG�KHOS�WR�GHWHUPLQH�ZKHWKHU�SDWLHQWV¶�NLGQH\V�DUH�SURQH�WR�480 
failure and prevent it using more appropriate and personalised therapeutic techniques. 481 

 482 

5 Abbreviations 483 

ADHF: acute decompensated heart failure; CysC: cystatin C; GFR: glomerular filtration rate; KIM-1: 484 
kidney injury molecule 1; LVEF: left ventricular ejection fraction; NGAL: neutrophil gelatinase-485 
associated lipocalin; RD: renal dysfunction patients art hospitalisation; noRI: patients who did not 486 
develop renal injury; NRF: normal renal function patients at hospitalisation; RI: patients who 487 
developed renal injury; VDBP: vitamin D binding protein; 2DE: two-dimension electrophoresis 488 

  489 
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 518 

10 Contribution to the field 519 

Worsening renal function in the treatment of acute decompensated heart failure (ADHF) associates 520 
with adverse outcomes and longer hospital stays. There is a growing consensus about the poor 521 
effectiveness of serum creatinine measurement to detect initial stages of renal damage and the urgent 522 
need of more reliable biological variables for early detection of acute kidney injury in ADHF patients 523 
during hospitalisation. 524 
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x By a mass spectrometry-based protein discovery study, we identify an elevated urinary loss of 525 

Vitamin D Binding Protein (VDBP), the main carrier of vitamin D, in the urine of patients 526 

hospitalised with acute decompensated heart failure (ADHF). 527 

x High levels of urinary VDBP loss at 72 hours hospitalisation associate with early stages of 528 

renal function deterioration at the time that plasma creatinine and glomerular filtration rate are 529 

still found within the normal physiological range. 530 

x As indicated by the C-statistics, the logistic regression model obtained by adding urinary 531 

VDBP to Cystatin C and KIM-1 levels improves discrimination of ADHF patients at high risk 532 

of presenting renal injury before hospital discharge.  533 

 534 
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12 Legends to Figures 696 

Figure 1. Study design. ADHF patients were divided in two groups at hospital admission depending 697 
on their glomerular filtration rate. RD group included patients with glomerular filtration rate <60 698 
ml/min/1.73m2, while NRF presented glomerular filtration rate above this cut-off. At day 3, NRF 699 
patients were divided in two groups depending on their kidney function evolution. RI patients 700 
developed renal function deterioration defined by glomerular filtration rate <60 ml/min/1.73m2, 701 
while noRI patients maintained normal glomerular filtration rate. Urine and blood samples were 702 
obtained at hospital admission and at day 3 oh hospitalisation. Protein extracts from urine were 703 
prepared and samples analysed by two-dimensional (2DE)-electrophoresis and mass-spectrometry for 704 
identification of differential protein patterns. Validation studies were performed by ELISA. Sample 705 
size is given in Figure. 706 

Figure 2. Proteomic analysis of urine samples (A) Representative 2-DE image of human urine 707 
samples in a pI range of 4±7 and 12% SDS-PAGE gels. Vitamin D binding protein (VDBP) was 708 
identified as 2 spots (pI: 5.25-5.30; Mw:50.3 KDa) in ADHF patients (N=17) and healthy subjects 709 
(n=6). (B) Western blot analysis showed one single band for VDBP in urine samples. (C and D) Box 710 
plot diagrams [median (IQR)] of the intensity of both VDBP spots at hospital admission. In (C) 711 
Comparison between ADHF patients and heathy subjects (HS). (D) Differences in VDBP intensity 712 
between ADHF patient with (N=12) and without (N=5) renal dysfunction (RD and NRF for GFR 713 
values below and above 60 ml/min/1.73m2, respectively). Mann-Whitney test was used for 714 
comparison between groups in C and D. Statistical significance for P <0.05.  715 

Figure 3. Urinary VDBP in ADHF patients during hospitalisation: Validation studies. Box plot 716 
diagrams [median (IQR)] refer to levels of urinary VDBP quantified by ELISA. VDBP in urine was 717 
normalised by the total protein content in each sample and expressed as ng VDBP/mg total protein. 718 
Mann-Whitney test was performed for comparison between groups at: (A) hospital admission, (I) 719 
ADHF patients (N=64) vs healthy subjects (HS, N=13), (II) ADHF patients with glomerular filtration 720 
rate (GFR) below (N=34) and above 60 ml/min/1.73m2 at hospital admission (N=30); (B) 3 days of 721 
hospitalisation, (I) comparison between day-0 (D0) and day-3 (D3) for ADFH patients maintaining 722 
normal renal function (noRI: N=21) and presenting with renal function deterioration (RI: N=13) after 723 
3 days hospitalisation, and in patients with present renal dysfunction at hospitalisation (RD, N=30); 724 
and (II) Comparison between ADHF subgroups (Mann Whitney was performed after Kruskal-Wallis 725 
test for multiple group comparison showed P-value <0.05). 726 

Figure 4. Serum VDBP in ADHF patients at day 3 hospitalisation. (A) Box plot diagrams 727 
[median (IQR)] of VDBP levels quantified by ELISA in serum of ADHF patients already presenting 728 
renal dysfunction at hospital admission (RD), developing renal function deterioration during 729 
hospitalisation (RI) and maintaining normal renal function (noRI). Groups comparisons we made by 730 
Kruskal-Wallis and Mann Whitney. (B) Spearman correlation (Rho) between VDBP levels in serum 731 
and urine in ADHF patients at day 3 hospitalisation. 732 

Figure 5. Markers of tubular damage (urinary CysC and KIM-1) in ADHF patients at day 3 733 
hospitalisation. Box plot diagrams [median (IQR)] refer to (A) cystatin C (CysC) and (B) KIM-1 734 
(Kidney-Injury-Molecule-1) in the subgroups of ADHF patients as described in Figure 4A. (C and 735 
D) Spearman correlation (Rho) between urinary VDBP levels and CysC and KIM-1, respectively, in 736 
all ADHF patients. (E) ROC curve analyses (C-Statistics) for the prediction of renal function 737 
deterioration presentation in ADHF patients (N=34). AUC indicates area under the curve.  738 

739 
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Table 1: Patient baseline characteristics. 740 

 All patients 
N=64 

NRF 
N=34 

RD 
N=30 P-value 

DEMOGRAPHIC CHARACTERISTICS; median [IQR]  
Female/male, N 20/44 9/25 11/19 0.146 
Age, years 71.0 [64.0-77.0] 59.0 [58.0-75.0] 74.5 [69.0-78.0] 0.010 
Weight, kg 72.6 [61.2-86.6] 70.0 [59.8-86.8] 75.8 [62.0-84.0] 0.591 
KIDNEY FUNCTION MARKERS    
Creatinine, µmol/L 104.5 [78.0-146.3] 78.5 [67.8-96.8] 147.0 [120.8-195.5] <0.001 
Glomerular filtration (MDRD-4) 61.3 [41.8-83.1] 82.3 [69.0-98.2] 41.1 [31.0-45.3] <0.001 
Urea, mmol/L 10.1 [7.0-15.6] 7.1 [5.8-9.2] 16.5 [12.9-23.0] <0.001 
CARDIAC FUNCTION MARKERS    
NT-proBNP, µg/L 4.14 [2.5-8.9] 3.4 [1.9-6.4] 5.2 [3.0-14.7] 0.022 
Left ventricular ejection fraction 
(LVEF), % 

45.5 [33.0-57.5] 37.5 [33.0-57.0] 51.0 [33.0-58.0] 0.297 

Preserved LVEF, N (%) 27 (42) 11 (32) 16 (53)  
Reduced LVEF, N (%) 27 (42) 18 (53) 9 (30) 0.158 
Mid-range LVEF, N (%) 10 (16) 5 (15) 5 (17)  

Atrial fibrillation, N (%) 31 (48) 16 (47) 15 (50) >0.999 
Cardiovascular disease, N (%) 20 (31) 10 (29) 10 (33) 0.791 
OTHER BIOCHEMICAL MARKERS    
Haemoglobin, g/L 122 [104-138] 129 [114-141] 113 [96-125] 0.008 
RISK FACTORS; N (%)  
Active smoking 10 (16) 8 (24) 2 (7) 0.088 
Hypertension 47 (73) 21 (62) 26 (87) 0.046 
Pulmonary hypertension 16 (25) 8 (24) 8 (27) 0.781 
Diabetes mellitus type 2 28 (44) 11 (32) 17 (57) 0.079 
Dyslipidaemia 44 (69) 20 (59) 24 (80) 0.108 
BACKGROUND MEDICATION; N (%)    
Diuretics 47 (73) 21 (59) 27 (90) 0.011 
Statins 41 (64) 18 (53) 23 (77) 0.068 
Anticoagulants 26 (41) 14 (41) 12 (40) >0.999 
Antiplatelet agents 36 (56) 19 (56) 17 (57) >0.999 
Beta-blockers 44 (69) 21 (62) 23 (77) 0.281 
Antiarrhythmic agents 6 (9) 4 (12) 2 (7) 0.676 
Antidiabetics 24 (38) 8 (21) 17 (57) 0.010 

Insulin 11 (17) 2 (6) 9 (30) 0.018 
Oral antidiabetic agents 21 (33) 8 (24) 13 (43) 0.114 

ACE inhibitor/ARB 43 (67) 26 (76) 17 (57) 0.114 
P values compare NRF and RD patients, and it is calculated using Fisher exact test��H[FHSW�IRU�/9()�ZKHUH�Ȥ2 was used. 
Diuretics: hydrochlorothiazide, furosemide, eplerenone, and spironolactone. Statins: atorvastatin, pravastatin, simvastatin, 
ezetimibe. Anticoagulants: warfarin, acenocumarol, bemiparin, heparin, dabigatran, rivaroxaban, edoxaban, and apixaban. 
Antiplatelet agents: acetylsalicylic acid and clopidogrel. Beta-blockers: bisoprolol and carvedilol. Antiarrhythmic agents: 
amiodarone. Oral antidiabetic agents: metformin and repaglinide. Angiotensin-converting enzyme inhibitors (ACEI) 
include: captopril, enalapril, and ramipril. Angiotensin receptor blockers (ARB): losartan, olmesartan, and valsartan. 
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Figure 1.TIF
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Figure 2.TIF
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Figure 3.TIF
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Figure 4.TIF
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Figure 5.TIF
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Supplementary Table I: $'+)� SDWLHQWV¶� FKDUDFWHULVWLFV� LQ� WKH� GLVFRYHU\� SKDVH� DW�

hospital admission by 2 dimension electrophoresis 

 All patients 
N=17 

ADHF-NRF 
n=12 

ADHF-RD 
n=5 P-value 

DEMOGRAPHIC CHARACTERISTICS; median [IQR]  
Female/male, N 3/14 2/10 1/4  
Age, years 72.0 [69.0-76.0] 71.0 [63.5-76.5] 74.0 [71.0-75.0] 0.561 
Weight, kg 75.8 [65.8-86.6] 82.1 [65.8-93.0] 73.0 [61.3-78.7] 0.322 
KIDNEY FUNCTION MARKERS   
Creatinine, µmol/L 101 [73-131] 86 [66.5-103] 191 [147-197] 0.002 
Glomerular filtration (MDRD-4) 68 [43.2-81.7] 73.6 [65.3-109.5] 32.2 [30.7-35.2] 0.002 
Urea, mmol/L 9.0 [5.8-13.1] 6.5 [5.3-9.1] 23.1 [22.1-25.5] 0.002 
CARDIAC FUNCTION MARKERS   
NT-proBNP, ng/L 2424 [1734-4570] 2094 [1346-4293] 2591 [2256-19677] 0.157 
Left ventricular ejection fraction 
(LVEF), % 48.0 [33.0-56.0] 47.5 [34.0-58.0] 51.0 [33.0-55.0] 0.832 

Preserved LVEF, N (%) 8 (47) 5 (42) 3 (60) 
0.462 Reduced LVEF, N (%) 6 (35) 4 (33) 2 (40) 

Mid-range LVEF, N (%) 3 (18) 3 (25) 0 (0) 
Atrial fibrillation, N (%) 11 (65) 7 (58) 4 (80) 0.600 
Cardiovascular disease, N (%) 4 (24) 2 (17) 2 (40) 0.538 
OTHER BIOCHEMICAL MARKERS    
Haemoglobin, g/L 122 [106-139] 126 [114-141.5] 106 [104-121] 0.225 
RISK FACTORS; N (%)  
Active smoking 3 (18) 3 (25) 0 (0) >0.999 
Hypertension 13 (77) 9 (75) 4 (80) >0.999 
Pulmonary hypertension 6 (35) 4  (33) 2 (40) >0.999 
Diabetes mellitus type 2 6 (35) 3 (25) 3 (60) 0.280 
Dyslipidaemia 12 (71) 9 (67) 3 (60) 0.600 
BACKGROUND MEDICATION; N (%)    
Diuretics 10 (59) 5 (42) 5 (100) 0.044 
Statins 9 (53) 6 (35) 3 (60) >0.999 
Anticoagulants 9 (53) 5 (42) 4 (80) 0.294 
Antiplatelet agents 7 (41) 5 (42) 2 (40) >0.999 
Beta-blockers 11 (65) 6 (50) 5 (100) 0.102 
Antiarrhythmic agents 0 (0) 0 (0) 0 (0) >0.999 
Antidiabetics 4 (24) 1 (8) 3 (60) 0.053 

Insulin 3 (18) 0 (0) 3 (60) 0.015 
Oral antidiabetic agents 3 (18) 1 (8) 2 (40) 0.191 

ACE inhibitor/ARB 13 (76) 9 (75) 4 (80) >0.999 
P values calculated with Fisher exact test�� H[FHSW� IRU� /9()� ZKHUH� Ȥ2 was used. Diuretics: hydrochlorothiazide, furosemide, 
eplerenone, and spironolactone. Statins: atorvastatin, pravastatin, simvastatin, ezetimibe, fenofibrates. Anticoagulants: warfarin, 
acenocumarol, bemiparin, heparin, tinzaparin, dabigatran, rivaroxaban, edoxaban, and apixaban. Antiplatelet agents: acetylsalicylic 
acid and clopidogrel. Beta-blockers: bisoprolol and carvedilol. Antiarrhythmic agents: amiodarone. Oral antidiabetic agents: 
metformin and repaglinide. Angiotensin-converting enzyme inhibitors (ACEI) include: captopril, enalapril, and ramipril. Angiotensin 
receptor blockers (ARB): losartan, olmesartan, and valsartan. 
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Supplementary Table II: Proteins associated to vitamin metabolism presenting a differential detection 
pattern in urine of ADFH at hospital admission. 
 

 
 

  

Protein name Gene 
name 

Swiss Prot 
number 

Theoretical 
pI 

Molar weight 
(KDa) 

MASCOT 
Score Function 

Retinol-binding 
protein 4 RBP4 P02753 5.27 23.0 66* 

Vitamin A 
Transthyretin TTR P02766 5.31 15.9 61* 

Vitamin D-binding 
protein GC P02774 5.22 21.5 72* Vitamin D 

Proteins identified by 2DE-MS/MS. MASCOT score refers to detection by MS/MS. 
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Supplementary Table III: Urine VDBP levels obtained by immunoassay according to SDWLHQWV¶�
characteristics and risk factors at hospital admission. 
 

 
  

  ADHF patients  ADHF-NRF  ADHF-RD 
 N Median [IQR] N Median [IQR] N Median [IQR] 
Sex       

Male 44 49.2 [12.3-125.7] 25 35.4 [12.0-78.0] 19 125.7 [32.6-227.5] 
Female 20 47.2 [13.6-85.5] 9 41.6 [8.0-76.0] 11 54.5 [17.7-118.4] 
P value  0.563  0.823  0.209 

LVEF       
Reduced (<40%) 27 40.0 [20.5-97.3] 18 38.8 [20.8-71.6] 9 125.7 [12.0-161.2] 
Mid-range (40-49%) 10 63.4 [26.9-141.3] 5 43.7 [23.4-74.0] 5 130.8 [46.7-270.6] 
Preserved (>50%) 27 64.7 [10.3-108.4] 11 10.3[5.3-78.0] 16 76.6 [42.2-163.3]  
P value  0.815  0.598  0.773 

Atrial fibrillation       
No 32 43.6 [10.3-98.3] 17 30.2 [8.6-45.8] 15 91.7 [32.6-161.2] 
Yes 31 71.6 [17.7-102.2] 16 71.6 [12.0-95.1] 15 73.6 [17.7-171.7] 
P value  0.337  0.123  0.961 

Cardiovascular disease      
No 44 46.4 [11.1-110.3] 24 30.2 [8.1-71.6] 20 91.7 [17.7-163.3] 
Yes 20 55.5 [30.0-94.6] 10 45.4 [33.1-86.0] 10 64.7 [22.3-236.6] 
P value  0.538  0.205  0.915 

Arterial hypertension      
No 16 33.1 [10.3-57.1] 12 33.1 [8.6-45.7] 4 52.7 [12.8-120.7] 
Yes 47 69.6 [20.2-125.7] 21 12.0 [41.6-94.0] 26 85.5 [32.6-180.5] 
P value  0.085  0.383  0.375 

Dyslipidaemia       
No 19 30.2 [8.6-91-7] 13 28.8 [8.6-45.8] 6 91.7 [13.6-279.1] 
Yes 44 61.8 [20.2-118.4] 20 41.6 [12.0-94.0] 24 83.3 [32.6-163.3] 
P value  0.212  0.313  0.852 

Diabetes mellitus type II      
No 35 48.1 [12.0-99.4] 22 35.7 [8.3-67.6] 13 118.4 [47.1-161.2] 
Yes 28 61.8 [20.2-171.7] 11 38.8 [20.8-76.0] 17 64.7 [12.3-180.5] 
P value  0.635  0.572  0.594 

Pulmonary hypertension      
No 48 49.2 [17.7-118.4] 26 40.0 [12.0-94.0] 22 85.5 [32.6-163.3] 
Yes 16 45.8 [8.6-76.0] 8 27.4 [5.4-71.6] 8 76.7 [12.0-227.5] 
P value  0.388  0.359  0.816 

LVEF: left ventricular ejection fraction. Values given in ng VDBP/mg total protein. 
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Supplementary Table IV: Effect of background medication on urine VDBP levels in ADHF 

patients at hospital admission 

  ADHF patients  ADHF-NRF  ADHF-RD 
 N Median [IQR] N Median [IQR] N Median [IQR] 

Diuretics       

No 16 41.6 [8.6-81.1] 13 30.2 [8.1-78.0] 3 220.9 [83.1-360.7] 

Yes 48 49.2 [13.6-118.4] 21 40.0 [12.0-76.0] 27 85.5 [17.7-163.3] 

P value  0.567  0.822  0.309 
Statins       

No 23 38.0 [10.3-81.1] 16 25.2 [8.3-64.4] 7 96.4 [17.7-171.7] 

Yes 41 55.5 [20.8-125.7] 18 41.1 [20.8-94.0] 23 85.5 [32.6-163.3] 

P value  0.213  0.288  0.907 
Anticoagulants       

No 38 45.7 [11.3-95.0] 20 34.5 [9.5-64.4] 18 74.4 [22.4-143.3] 

Yes 26 62.6 [15.7-156.5] 14 41.1 [12.0-94.0] 12 149.7 [17.7-279.1] 

P value  0.354  0.630  0.236 
Antiplatelet agents       

No 28 44.7 [11.1-120.7] 15 11.1 [6.0-64.4] 13 88.6 [29.9-162.2] 

Yes 36 55.5 [24.1-100.8] 19 41.6 [27.4-94.0] 17 81.1 [12.3-180.5] 

P value  0.477  0.121  0.961 
ǺHWD-blockers       

No 20 47.1 [10.3-102.2] 13 12.0 [5.4-76.0] 7 122.0 [47.1-161.2] 

Yes 44 49.2 [17.7-99.4] 21 41.3 [20.8-78.0] 23 81.1 [13.6-180.5] 

P value  0.527  0.281  0.683 
Antiarrhythmic agents      

No 58 44.4 [12.0-102.2] 30 30.2 [8.6-71.6] 28 85.5 [32.6-171.7] 

Yes 6 62.6 [31.9-78.0] 4 62.6 [40.6-77.0] 2 83.7 [17.7-149.7] 

P value  0.791  0.255  0.781 
Antidiabetic agents       

No 39 46.5 [11.1-98.9] 26 30.2 [8.1-78.0] 13 118.4 [47.1-161.2] 

Yes 25 64.7 [26.4-176.1] 8 55.2 [31.9-76.0] 17 64.7 [12.3-180.5] 

P value  0.330  0.236  0.594 
ACE inhibitor/ARB       

No 21 61.8 [13.6-161.2] 8 45.6 [8.6-78.0] 13 96.7 [29.9-176.1] 

Yes 43 45.8 [12.3-95.1] 26 35.4 [12.0-76.0] 17 85.5 [12.3-163.3] 

P value  0.452  >0.999  0.626 
P values calculated using Mann-Whitney.  Median values given in ng VDBP/mg total protein. Diuretics: hydrochlorothiazide, 

furosemide, eplerenone, and spironolactone. Statins: atorvastatin, pravastatin, simvastatin, ezetimibe, fenofibrates. Anticoagulants: 

warfarin, acenocumarol, bemiparin, heparin, tinzaparin, dabigatran, rivaroxaban, edoxaban, and apixaban. Antiplatelet agents: 

acetylsalicylic acid and clopidogrel. Beta-blockers: bisoprolol and carvedilol. Antiarrhythmic agents: amiodarone. Oral antidiabetic 

agents: metformin and repaglinide. Angiotensin-converting enzyme inhibitors (ACEI) include: captopril, enalapril, and ramipril. 

Angiotensin receptor blockers (ARB): losartan, olmesartan, and valsartan. 
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Supplementary Table V: Correlation values between VDBP and markers of renal 

function (GFR, Cystatin C) and kidney damage (KIM-1) in ADHF patients (N=64) at day 

3 of hospitalisation. 

 

 

 VDBP 

 Correlation Lower limit Upper limit P value 

GFR -0.396 -0.602 -0.141   0.003 
Cystatin C 0.596 0.389 0.746 <0.001 
KIM-1 0.477 0.237 0.662 <0.001 

VDBP: Vitamin D Binding Protein; GFR: glomerular filtration rate; KIM-1: Kidney Injury Molecule 1 
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Supplementary Table VI: ROC (associated receiver operating characteristic) curve 
(AUC) analysis for determining discriminatory power of urine VDBP for incident AKI in 
ADHF patients at day 3 of hospitalisation. 
 

A. ROC curves of urinary levels of VDBP, cystatin C, KIM-1, and the combination 
of all three proteins. 

 

 

 

B. P values of the comparison of AUC for all three proteins and their combination. 

  VDBP CysC KIM-1 CysC + KIM-1 
+ VDBP 

VDBP  0.479 0.532 0.338 
CysC 0.479  0.940 0.088 
KIM-1 0.532 0.940  0.100 
CysC + KIM-1 + VDBP 0.338 0.088 0.100  
VDBP: Vitamin D Binding Protein; CysC: Cystatin C; KIM1: Kidney Injury Molecule 1. 
  

Protein AUC 
Area 

Error 
deviation 

Lower 
limit 

Upper 
limit 

P-value 

VDBP 0.579 0.105 0.374 0.783 0.446 

CysC 0.476 0.105 0.270 0.682 0.818 

KIM-1 0.487 0.103 0.284 0.690 0.901 

CysC + KIM-1 + VDBP 0.711 0.089 0.536 0.885 0.018 

VDBP: Vitamin D Binding Protein; CysC: Cystatin C; KIM1: Kidney Injury Molecule 1. 
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Supplementary Table VII: 8ULQH�&\VWDWLQ�&�OHYHOV�DFFRUGLQJ�WR�SDWLHQWV¶�characteristics 
and risk factors at hospital admission. 

 

  ADHF patients  ADHF-NRF  ADHF-RD 
 N Median [IQR] N Median [IQR] N Median [IQR] 
Sex       

Male 44 3.97 [2.10-11.44] 25 3.12 [2.02-8.77] 19 9.03 [2.39-14.41] 
Female 20 6.32 [2.74-9.84] 9 4.97 [2.08-8.86] 11 9.21 [4.85-20.75] 
P value  0.438  0.760  0.763 

LVEF       
Reduced (<40%) 27 5.86 [2.37-10.02] 18 3.97 [2.34-9.29] 9 9.03 [2.39-13.24] 
Mid-range (40-49%) 10 4.33 [2.43-11.64] 5 2.43 [0.79-6.12] 5 9.79 [4.33-22.23] 
Preserved (>50%) 27 5.52 [2.04-13.16] 11 3.38 [2.00-6.06] 16 9.21 [2.31-20.75] 
P value  0.958  0.327  0.862 

Atrial fibrillation       
No 32 4.33 [2.10-11.44] 17 2.73 [2.02-8.24] 15 9.03 [3.02-14.88] 
Yes 31 4.97 [2.31-10.09] 16 3.97 [2.11-8.77] 15 9.21 [2.31-20.75] 
P value  0.973  0.629  0.771 

Cardiovascular disease      
No 44 4.75 [2.09-9.44] 24 2.73 [2.00-4.97] 20 9.03 [3.49-14.88] 
Yes 20 9.56 [2.62-17.35] 10 9.69 [5.86-12.59] 10 6.43 [2.9-27.65] 
P value  0.099  0.003  >0.999 

Arterial hypertension      
No 16 5.46 [2.02-9.29] 12 4.73 [2.02-8.77] 4 7.40 [3.32-10.69] 
Yes 47 5.07 [2.22-13.24] 21 2.85 [2.08-8.86] 26 9.03 [2.39-21.12] 
P value  0.532  0.819  0.539 

Dyslipidaemia       
No 19 8.24 [2.11-13.24] 13 7.15 [2.02-9.29] 6 11.44 [4.85-13.24] 
Yes 44 4.66 [2.22-9.95] 20 2.85 [2.08-7.74] 24 8.81 [2.39-20.75] 
P value  0.535  0.409  0.618 

Diabetes mellitus type II      
No 35 7.74 [2.22-9.95] 22 3.06 [1.93-8.81] 13 9.95 [6.32-14.88] 
Yes 28 3.97 [2.10-13.26] 11 3.97 [2.73-4.97] 17 4.09 [1.79-20.75] 
P value  0.696  0.540  0.207 

Pulmonary hypertension      
No 48 6.32 [2.22-13.26] 26 3.41 [2.02-8.86] 22 9.03 [3.49-21.12] 
Yes 16 3.39 [2.11-9.29] 8 3.39 [2.11-6.06] 8 6.07 [1.79-11.44] 
P value  0.233  0.760  0.180 

LVEF: left ventricular ejection fraction. Median values given in ȝJ CysC/mg total protein. 



RESULTS 

 
 

183 

 

 

Diaz-Riera et al. Vitamin D Binding Protein and renal injury in ADHF                                                               9 

 

Supplementary Table VIII: Urine KIM-1 OHYHOV�DFFRUGLQJ�WR�SDWLHQWV¶�FKDUDFWHULVWLFV�
and risk factors at day 3 of hospitalisation. 

  

  ADHF patients  ADHF-NRF  ADHF-RD 
 N Median [IQR] N Median [IQR] N Median [IQR] 

Sex       
Male 44 181.0 [23.5-462.6] 25 53.6 [11.3-366.7] 19 383.5 [169.4-862.6] 
Female 20 260.1 [41.3-897.2] 9 203.0 [17.4-1022.7] 11 352.4 [81.6-803.4] 
P value  0.806  0.598  0.509 

LVEF       
Reduced (<40%) 27 203.0 [29.4-803.4] 18 89.2 [11.3-366.7] 9 359.8 [121.8-803.4] 
Mid-range (40-49%) 10 233.5 [81.6-467.2] 5 467.2 [21.3-1149.9] 5 232.7 [99.5-234.2] 
Preserved (>50%) 27 216.9 [20.7-745.6] 11 20.7 [4.9-145.2] 16 568.7 [216.9-907.3] 
P value  0.932  0.334  0.364 

Atrial fibrillation       
No 32 259.4 [84.3-816.6] 17 203.0 [7.4-815.3] 15 408.8 [177.3-862.6] 
Yes 31 114.0 [21.3-438.8] 16 39.1 [18.2-195.9] 15 352.4 [82.9-745.6] 
P value  0.260  0.589  0.343 

Cardiovascular disease      
No 44 133.5 [19.8-727.8] 24 23.0 [7.2-341.9] 20 328.0 [110.7-810.6] 
Yes 20 322.2 [86.3-657.1] 10 224.8 [53.6-420.7] 10 438.8 [91.0-907.4] 
P value  0.253  0.174  0.710 

Arterial hypertension      
No 16 129.6 [9.3-416.9] 12 71.7 [7.2-291.7] 4 560.7 [186.3-1935.7] 
Yes 47 234.2 [53.1-803.4] 21 53.6 [18.9-815.3] 26 359.8 [99.5-803.4] 
P value  0.352  0.653  0.724 

Dyslipidaemia       
No 19 81.6 [4.4-366.7] 13 18.9 [4.4-216.7] 6 294.0 [81.6-407.3] 
Yes 44 240.4 [76.1-1006.8] 20 89.2 [21.0-1045.3] 24 438.8 [121.8-907.4] 
P value  0.009  0.060  0.250 

Diabetes mellitus type II      
No 35 246.6 [18.9-817.8] 22 87.3 [7.4-815.3] 13 407.3 [99.5-817.8] 
Yes 28 169.4 [75.4-448.3] 11 53.6 [17.4-114.0] 17 356.1 [121.8-745.6] 
P value  0.945  0.516  0.810 

Pulmonary hypertension      
No 48 265.56 [68.27-903.1] 26 118.3 [21.3-815.3] 22 438.8 [232.7-990.9] 
Yes 16 75.4 [5.7-312.1] 8 12.3 [4.2-66.4] 8 154.2 [75.4-576.4] 
P value  0.016  0.026  0.071 

LVEF: left ventricular ejection fraction. Median values given in pg KIM-1/mg total protein. 
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Supplementary Figure I: Distribution of differential proteins detected in 2-dimension 
electrophoresis gels (left), and on the right are the differential proteins distributed 
according to their different funcions. 
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Supplementary Figure II: A) Peptide mass fingerprint of a representative VDBPspot. 
B) MS/MS analysis of peak 1444.5 of a representative VDBP spot. 

D:\Data\2016-016\H18_OrinaP_047\0_H18\1\1SRef\pdata\1\1r
Unmatched
Peaks Meas. M/z Calc. MH+ Int. Dev.(Da) Dev.(ppm) Range P Sequence
peak 1 926.360 - 1.880.742 - - -  

Vitamin D-binding protein OS=Homo sapiens GN=GC PE=1 SV=1  VTDB_HUMAN
Digest Matches (Score: 94.10)
Modifications: Global: Carbamidomethyl (C),  Optional: Oxidation (M), 
Search Parameter: Charge=1+, MS Tol.: 50.000000   ppm , MSMS Tol.: 0.500000   Da, Trypsin ,  Mascot   2.3.0 ,  SwissProt   SwissProt_57.15.fasta 
Peaks Meas. M/z Calc. MH+ Int. Dev.(Da) Dev.(ppm) Range P Sequence
peak 2 1.275.551 1.275.567 2.007.073   -0.016 -12.783 219 - 229 0 VCSQYAAYGEK 2: Carbamidomethyl (C) 
peak 3 1.326.726 1.326.753 1.101.192   -0.027 -20.443 353 - 363 1 RTHLPEVFLSK 
peak 4 1.404.647 1.404.683 1.175.201   -0.036 -25.612 342 - 352 1 VMDKYTFELSR 2: Oxidation (M) 
peak 5 1.444.564 1.444.583 2.351.746   -0.019 -13.309 293 - 303 1 NSKFEDCCQEK 7: Carbamidomethyl (C) 8: Carbamidomethyl (C) 
peak 6 2.092.794 2.092.826 664.937   -0.031 -14.945 371 - 388 0 SLGECCDVEDSTTCFNAK 5: Carbamidomethyl (C) 6: Carbamidomethyl (C) 14: Carbamidomethyl (C) 
peak 7 2.264.931 2.264.937 558.952   -0.006 -2.806 95 - 114 0 SCESNSPFPVHPGTAECCTK 2: Carbamidomethyl (C) 17: Carbamidomethyl (C) 18: Carbamidomethyl (C) 

Vitamin D binding-protein ± Peptide mass fingerprint

D:\Data\2016-016\H18_OrinaP_047 LIFT1444\0_H18\1\1444.5600.LIFT\1SRef\pdata\1\1r
Vitamin D-binding protein OS=Homo sapiens GN=GC PE=1 SV=1  VTDB_HUMAN
Digest Matches (Score: 61.53)
Modifications: Global: Carbamidomethyl (C),  Optional: Oxidation (M), 
Search Parameter: Charge=1+, MS Tol.: 50.000000ppm, MSMS Tol.: 0.700000Da, Lys-C ,Mascot 2.3.0, SwissProt  SwissProt_57.15.fasta         

Calc. MH+ Meas. Mr Calc. Mr Dev.(Da) Score MascotScore Sequence
MSMS 1 1.444.583 1.443.553 1.443.576   -0.023 117 61 NSKFEDCCQEK 7: Carbamidomethyl (C) 8: Carbamidomethyl (C) 

Vitamin D binding-protein ± MS/MS peak 1444.5

A

B
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Supplementary Figure II (continued): C) MS/MS analysis of peak 1275.5 of a 
representative VDBP spot. 

  

D:\Data\2016-016\H18_OrinaP_047 LIFT1275\0_H18\1\1275.5500.LIFT\1SRef\pdata\1\1r
Vitamin D-binding protein OS=Homo sapiens OX=9606 GN=GC PE=1 SV=2  VTDB_HUMAN
Digest Matches (Score: 41.86)
Search Parameter: Charge=1+, MS Tol.:50.000000 ppm, MSMS Tol.:0.500000 Da, Trypsin , Mascot 2.7.0.7, SwissProt SwissProt_2021_02.fasta
Modifications: Global: Carbamidomethyl (C),  Optional: Oxidation (M), 

Calc. MH+ Meas. Mr Calc. Mr Dev.(Da) Score MascotScore Sequence
MSMS 1 1.275.567 1.274.543 1.274.560   -0.017 24 41 VCSQYAAYGEK 2: Carbamidomethyl (C) 

Vitamin D binding-protein ± MS/MS peak 1275.5C
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Supplementary Figure III: A) Serum VDBP levels did not correlate with GFR at day 3 

of hospitalisation, however, urinary VDBP levels presented a statistically significant 

correlation with GFR at the same time point. 
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Supplementary Figure IV: diabetes distribution according VDBP tertiles in the 
ADHF population. Values at hospital admission for the total ADHF population and the 
groups of normal renal function (NRF) and renal dysfunction (RD) patients.  
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Supplementary Figure V: ROC characteristics of the VDBP, CysC and KIM-1 
cluster for early discrimination of patients with renal deterioration compared to 
age. 
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VDBP 0.579 0.105 0.374 0.783 0.446 

CysC 0.476 0.105 0.270 0.682 0.818 

KIM-1 0.487 0.103 0.284 0.690 0.901 

CysC + KIM-1 + VDBP 0.711 0.089 0.536 0.885 0.018 

Age 0.618 0.116 0.391 0.846 0.308 

Age +  CysC + KIM-1 + VDBP 0.728 0.109 0.515 0.941 0.036 

VDBP: Vitamin D Binding Protein; CysC: Cystatin C; KIM1: Kidney Injury Molecule 1. 
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Abstract: Familial hypercholesterolemia (FH) is increasingly associated with inflammation, a pheno-
type that persists despite treatment with lipid lowering therapies. The alternative C3 complement
system (C3), as a key inflammatory mediator, seems to be involved in the atherosclerotic process;
however, the relationship between C3 and lipids during plaque progression remains unknown. The
aim of the study was to investigate by a systems biology approach the role of C3 in relation to
lipoprotein levels during atherosclerosis (AT) progression and to gain a better understanding on
the effects of C3 products on the phenotype and function of human lipid-loaded vascular smooth
muscle cells (VSMCs). By mass spectrometry and differential proteomics, we found the extracellular
matrix (ECM) of human aortas to be enriched in active components of the C3 complement system,
with a significantly different proteomic signature in AT segments. Thus, C3 products were more
abundant in AT-ECM than in macroscopically normal segments. Furthermore, circulating C3 levels
were significantly elevated in FH patients with subclinical coronary AT, evidenced by computed
tomographic angiography. However, no correlation was identified between circulating C3 levels and
the increase in plaque burden, indicating a local regulation of the C3 in AT arteries. In cell culture
studies of human VSMCs, we evidenced the expression of C3, C3aR (anaphylatoxin receptor) and
the integrin ↵M�2 receptor for C3b/iC3b (RT-PCR and Western blot). C3mRNA was up-regulated
in lipid-loaded human VSMCs, and C3 protein significantly increased in cell culture supernatants,
indicating that the C3 products in the AT-ECM have a local vessel-wall niche. Interestingly, C3a and
iC3b (C3 active fragments) have functional effects on VSMCs, significantly reversing the inhibition of
VSMC migration induced by aggregated LDL and stimulating cell spreading, organization of F-actin
stress fibers and attachment during the adhesion of lipid-loaded human VSMCs. This study, by using
a systems biology approach, identified molecular processes involving the C3 complement system in
vascular remodeling and in the progression of advanced human atherosclerotic lesions.

Keywords: atherosclerosis; cardiovascular disease; complement system; proteomics; mass spectrom-
etry

1. Introduction
Familial hypercholesterolemia (FH), an autosomal-dominant disorder mainly caused

by the loss-of-function mutations in the low-density lipoprotein (LDL) receptor, is asso-
ciated with an increased risk of atherosclerosis and ultimately premature cardiovascular
event presentation, resulting in lifelong exposure to high-LDL cholesterol levels [1–5].
Increasing evidence suggests that FH patients recurrently present an inflammatory phe-
notype that is maintained despite treatment with lipid lowering therapies according to
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guidelines [6–9]. We and others have demonstrated that adult FH patients have higher lev-
els of extracellular microvesicles originating from inflammatory cells in plasma [6] as well
as circulating mononuclear cells and monocyte-derived macrophages with inflammatory
phenotypes [7,10].

The complement system is an important component of the innate immunity and
plays a key role in the regulation of inflammation. Particularly relevant is the activation
of the alternative C3 system, in which the different pathways of the complement system
converge, leading to the formation of active C3 proteolytic products, C5 convertases and
eventually the activation of the terminal complement proteins C5 to C9 and the formation
of the membrane attack complex (MAC) [11,12]. The C3 system is tightly regulated by
a cascade of components, including activators (Factor B), inhibitors (Factor H) and cell
surface proteins acting as receptors (CR1, C3aR and ↵M�2 integrin).

Atherosclerosis is widely recognized as a lipid-induced chronic inflammatory disease
of the arterial wall with the activation of resident cells and recruitment of circulating
leukocytes [13]. The complement system has been repeatedly associated with vascular
remodeling [14] and atherosclerosis [15]. Results from experimental animal models and
human samples suggest that complement activation may exert dual atheroprotective
and proatherogenic effects mainly associated with the initial and terminal stages of the
complement cascade, respectively [16,17]. However, the impact of the C3 complement
system in atherogenesis is not fully understood.

C3 complement products and their cell receptors have been detected by immunohisto-
chemistry in areas with atherosclerotic lesions of different severity in human arteries [18,19],
which has led to the hypothesis that local activation of the alternative-complement system
is involved in atherosclerotic plaque progression and complication [15]. In contrast, prior
studies in mice models of atherosclerosis (Ldlr-/- or ApoE-/- Ldlr-/- background) and
knock-out C3 expression (C3-/-) evidenced that atherosclerotic lesions developed in the
absence of C3 have a lower content of vascular smooth muscle cells (VSMCs) and collagen,
hallmark of vulnerable plaques, and are of a larger size than those plaques developed in
animals with a sufficient content of C3 [20,21]. A potential effect of C3 on the proliferation
of VSMCs during atherogenesis was suggested by a recent study, in ApoE-/- mice fed a
high-fat Western diet, in which dedifferentiated clonally expanding vascular SMC showed
an up-regulated C3 expression [22] and also by prior results linking C3a with the increasing
proliferation of mouse VSMCs [23].

Results from two recent studies evidenced a noticeable increase in arterial wall inflam-
mation, assessed by fluorodeoxyglucose positron emission tomography imaging, in FH
patients with high LDL levels with healthy controls [24,25]. The up-regulation of compo-
nents of the complement cascade, including C3-derived products, have been reported in
two studies in FH patients with no clinical evidence of coronary artery disease [23,26]. To
date, however, we do not know whether circulating C3 levels relate to the intensity and
profile of atherosclerotic plaque burden. Moreover, little is known regarding the interplay
among LDL, C3 complement products and VSMCs, although VSMCs are the key cellular
components in the development and complication of atherosclerotic lesions.

Therefore, the present study was conducted to investigate the relationship between
circulating C3 complement, lipids and atherosclerotic plaque burden in FH patients with
subclinical atherosclerosis. In addition, using a mass spectrometry-based proteomic ap-
proach, combined with transcriptomic analysis and in vitro functional assays, we analyzed
the pattern of the C3 complement components in the extracellular matrix (ECM) of hu-
man atherosclerotic plaques and investigated C3 complement expression and effects on
migration kinetics of lipid-loaded VSMCs.

2. Results
2.1. Characteristics of the FH Patient Population

FH patients from the SAFEHEART cohort were included (N = 49; 31 men and
18 women). The mean age was 44.7 ± 10.5 years (men: 45.4 ± 11.4 years; women
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43.7 ± 9.2 years). The baseline demographic and clinical characteristics of the studied
FH-population are shown in Table 1. All subjects were on lipid-lowering treatment (LLT)
and treated with statins as per the guidelines for > 1 year (mean treated years before
inclusion in the study were 14.9 ± 6.7 years). The mean LDL-cholesterol (LDL-C) in the FH
group was 136.3 ± 36.0 mg/dL.

Table 1. Demographic, biochemical and clinical variables: Familial hypercholesterolemia and healthy subject groups.

Familial Hyperchlesterolemia
n = 49

Healthy Subjects
n = 28

Demographic Characteristics; mean ± SD
Female/male, n 18/31 16/12
Age, years 38.6 ± 11.3 24.5 ± 4.6
Risk Factors; n (%)
Smokers 14 (29) 12 (43)
Hypertension 1 (2) 0 (0)
Diabetes mellitus 0 (0) 0 (0)
Dyslipidaemia 48 (98) 0 (0)
Biochemical Data, Mean ± SD
Total cholesterol, mg/dL 282 ± 72 170 ± 20
Triglycerides, mg/dL 104 ± 67 77 ± 35
HDL cholesterol, mg/dL 47 ± 11 56 ± 15
LDL cholesterol, mg/dL 221 ± 78 99 ± 15
Apo AI, mg/dL 135 ± 20 139 ± 29
Apo B, mg/dL 134 ± 41 61 ± 10
Lipoprotein(a), mg/dL 42 ± 35 18 ± 21
Glucose, mg/dL 89 ± 9 78 ± 9
C-reactive protein 1.86 ± 2.6 0.73 ± 0.2
Subclinical Atherosclerotic Disease; (%)
Plaque burden, % 23.5 ± 6.3 -
Calcium burden, % 2.2 ± 2.5 -
Non-calcium burden 21.3 ± 5.3 -
BAckground Medication; n (%)
Angiotensin-converting-enzyme inhibitors 0 (0) 0 (0)
Angiotensin II receptor blockers 1 (2) 0 (0)
Beta-blockers 0 (0) 0 (0)
Diuretics 2 (4) 0 (0)
Statins * 39 (80) 0 (0)

SD: standard deviation * Includes: rosuvastatin, ezetimibe, atorvastatin, simvastatin, lovastatin, pravastatin, Fluvastatin, pitavastatin,
resins, and fibrates. Healthy subject population was used to establish the C3 range in a healthy group.

None of the FH patients had a clinical history of cardiovascular disease (CVD). Less
than 5% of patients with FH presented hypertension or Type-2 diabetes. Eleven FH patients
(22%) were active tobacco smokers. The mean value for 5- and 10-year CVD risk in the FH
patients, according the SAFEHEART-risk score (SAFEHEART-RS), was 1.00 ± 0.76 % and
2.13 ± 1.6 %, respectively.

All FH subjects included in the study presented subclinical atherosclerosis, assessed
by computed tomographic angiography (CTA) and quantified by SAPC software [27]. The
mean value for the total plaque burden was 23.5 ± 6.3% and, specifically, the median
calcified plaque burden was 2.2 ± 2.5%, and that of non-calcified-plaque burden was
21.3 ± 5.3%. FH patients with plaque burden above the median values (high plaque
burden) had a significantly higher estimated cardiovascular risk based on SAFEHEART-
RS, both at 5 (0.77 ± 0.76% vs. 1.24 ± 0.15%; p = 0.03) and 10 years (1.65 ± 1.59% vs.
2.60 ± 0.15%; p = 0.03).

2.2. C3 Complement in Patients with Hypercholesterolemia and Subclinical Atherosclerosis
Circulating levels of C3 complement were significantly elevated (p < 0.001) in subjects

with a genetic diagnosis of FH and subclinical coronary atherosclerosis, when compared
to the plasma levels of C3 in young healthy subjects at low atherosclerotic risk (subjects
without CV risk factors and age between 18 and 35 years) (Figure 1A). Plasma C3 comple-
ment levels were significantly correlated with LDL-C levels (Spearman correlation: Rho
value = 0.412, p < 0.001), ApoB levels (Spearman correlation: Rho = 0.562, p < 0.001) and
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Lp(a) (Spearman correlation: Rho = 0.244, p = 0.034) when the whole study population was
considered (healthy subjects and FH patients) (Figure 1B). No significant correlation was
found with other lipid variables, including triglycerides (Spearman correlation: =0.021,
p = 0.856) and HDL-cholesterol (Spearman correlation: Rho = �0.144, p = 0.213). Levels of
circulating C3 in FH patients did not significantly vary in relation to the severity of total-
plaque burden (Figure 1C). Circulating levels of C-reactive protein (CRP) in FH patients
were below 1mg/L in all subjects (median [IQR] mg/L: 0.035[0.020–0.258]).
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(B) Correlation between plasma C3 levels and LDL-C, ApoB and Lp(a) levels in the study popula-
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plement by plaque burden tertiles in FH patients. Dashed box (C3-NR) indicates the normal range 

Figure 1. Circulating C3 complement in patients with hypercholesterolemia and subclinical
atherosclerosis. (A) Plasma circulating C3 complement (µg/mL) in subjects with genetic diag-
nosis of FH and subclinical atherosclerosis (n = 49) compared to levels in a young healthy population
(n = 28). (B) Correlation between plasma C3 levels and LDL-C, ApoB and Lp(a) levels in the study
population (FH patients with subclinical atherosclerosis and healthy population). (C) Circulating
C3 complement by plaque burden tertiles in FH patients. Dashed box (C3-NR) indicates the normal
range of C3 levels in a healthy population (n = 28). Results are shown as median ± SE. p < 0.05 was
considered statistically significant (Mann–Whitney and Kruskal–Wallis tests).

2.3. C3 Alternative System Components in Human Advanced Atherosclerotic Lesions
Human atherosclerotic aortas were obtained from the Eulalia Study Biobank

(ICCC) [28]. The extracellular matrix (ECM) of human aortas was enriched in active com-
ponents of the C3 system with a significantly different proteomic signature in atheroscle-
rotic areas when compared to lesion-free segments. Specifically, by two-dimensional
electrophoresis (2DE) and MS/MS (MALDI-ToF/ToF), the complement-protein C3 was
consistently identified as two independent spots (s1 and s2) in the ECM of atherosclerotic
lesions (Figure 2A and Figure S1), whereas only weaker or non-consistent signals for s1
and s2 were identified in the ECM of aortic segments without macroscopic evidence of
atherosclerotic lesions. When analyzed by Western blot (Figure 2B), protein extracts from
aortic ECM showed three different C3-positive bands corresponding, based on their molec-
ular size, to the full-length molecule (185 kDa), the C3 ↵-chain (113 kDa, obtained after
proteolytic loss of a four-arginine peptide) and the final proteolytic product C3c-fragment
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(39.5 kDa, ↵-chain). ECM extracts from atherosclerotic (AT) segments had >3-fold higher
intensity in the C3-positive bands than protein extracts from non-lesion (nL) segments
(AT vs. nL: p < 0.05 for intensity differences for each protein band).
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ToF/ToF (Mascot score = 82). Tropomyosin-1 (TMP1) and Haptoglobin (HPT) are indicated as land-
marks. (B,C) Western Blot analysis for C3 and C3 receptors in total extracts from non-lesion (nL) 

Figure 2. C3 complement components in human atherosclerotic lesions. (A) Representative 2D-gel
images for protein extracts from normal and atherosclerotic ECM of human aortas (n = 3 independent
with nL and AT segments). Arrow heads indicate position of spots identified as C3 by MALDI-
ToF/ToF (Mascot score = 82). Tropomyosin-1 (TMP1) and Haptoglobin (HPT) are indicated as
landmarks. (B,C) Western Blot analysis for C3 and C3 receptors in total extracts from non-lesion
(nL) and atherosclerotic (AT) segments of human aortas (n = 4 independent arteries with nL and
AT segments). (B) denotes C3 activation products, and C refers to receptors C3aR and ↵M�2 for
C3a and iC3b/C3b (C3 activation products). Band relative intensity was normalized against total
protein, visualized with Ponceau Red staining and expressed as mean ± SEM. The antibody against
C3 recognizes complete full-length C3 (C3), C3 ↵-chain (C3 ↵-chain) and C3 ↵-chain-fragment 2
from C3c (C3c), product of degradation of iC3b. p < 0.05 was considered statistically significant
(Mann–Whitney test).

Moreover, C3-activated fragment receptors were consistently detected in the cell–
protein fraction (SDS fraction) of aortic extracts, both from control and atherosclerotic areas
(Figure 2C). Western blot analysis showed significantly higher levels of the ↵M and �2
subunits (CD11b and CD18, respectively) of the integrin ↵M�2 (iC3b/C3b receptor) in
atherosclerotic segments, whereas the expression level of the anaphylatoxin C3a receptor
(C3aR) did not significantly differ between non-lesion and atherosclerotic aortic segments.
(Figure 2C).
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2DE-MS/MS analysis of human aortic ECM also evidenced the presence of C3 sys-
tem regulatory components (Figure 3A), including the complement factor H (CFH) and
CFH-related proteins CFHR1 and CFHR5. CFHR1 and CFHR5 were identified as two
independent clusters of 7 and 4 spots (MW of 37–40 and 55 kDa), respectively. CFHR1 and
CFHR5 clusters showed 2.5- and 3.8-fold (average of cluster spots) higher labeling signals
in the ECM samples from atherosclerotic segments than those from normal aortic tissue
(Table 2) and a different spot pattern distribution in normal and atherosclerotic segments of
the aortic vessel wall (see Figure 3A). In addition, the complement component C5 (detected
as ↵-chain) and its proteolytic products were consistently found in the aortic vessel wall,
regardless of the presence of atherosclerotic lesions (Figure 3C). It is worth noting that
the relative abundance of C5 fragmentation products (C5↵1 and C5↵1-I) was lower in
atherosclerotic than in apparently normal segments.
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Figure 3. C3 complement regulatory components in human atherosclerotic lesions. (A) Repre-
sentative 2D-gel images (n = 3 independent with nL- and AT segments) of the proteomic pattern
corresponding to CFH, CFHR1 (s1 to s8) and CFHR5 (s9 to s11). Arrows indicate spots with signif-
icantly increased expression in AT-lesion samples (See Table 2). (B) Scheme of the proteolytic C3
cascade indicating steps regulated by CFHRs. (C) Western blot analysis of C5↵ chain proteolysis
products in total extracts from non-lesion (nL) and atherosclerotic (AT) segments of human aortas
(n = 4 independent arteries with nL and AT segments). Bars refer to arbitrary units of volume intensity
in the Western blot bands (Mean ± SEM). Significance (p < 0.05, Mann–Whitney test) is indicated.

Table 2. C3 complement-system proteins identified on advanced atherosclerotic-lesion human aortas.

Fraction Protein UniProt-
Code

Gene-
Code MS-Score * Seq/Int

Cov. (%) *
MW

(kDa) pI-Value Fold-
Change

sb-ECM Complement Factor H P08603 CFH 102 9.9/78.4 143.7 6.20 ⇡(1.2)

Sb-ECM Complement Factor
H-related protein 1 Q03591 CFHR1 120 28.2/95.3 38.8 8.70 "(2.4)

Sb-ECM Complement Factor
H-related protein 5 ** Q9BXR6 CFHR5 28 – 66.4 7.00 "(3.9)

Lb-ECM Complement C3 P01024 C3 83 9.4/76.7 188.6 6.00 "(2.9)

Proteins were identified by peptide mass fingerprint and confirmed by MS/MS by MALDI ToF/ToF. * Mascot Score, sequence and intensity
coverage are expressed as representative values. ** Only identified by MS/MS.
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2.4. C3 Alternative Pathway Components Expression in Vascular Wall Resident Cells
Complement factor C3 was consistently transcribed by human VSMCs (hVSMCs), and

C3mRNA levels were up-regulated (1.7-fold, p < 0.05; Figure 4A) in lipid-loaded hVSMCs
(24 h exposure to 100 µg/mL aggregated LDL agLDL). The significant protein expression
of C3, receptor C3aR (anaphylatoxin receptor) and integrin ↵M�2 (CD11b/CD18) receptor
for C3b/iC3b was also observed in hVSMCs (Figure 4B). In contrast, agLDL did not
significantly affect the protein expression levels of the cell membrane receptors C3aR
and integrin ↵M�2 (Figure 4C). Interestingly, the protein levels of C3 (C3 ↵-chain) were
significantly increased in cell culture supernatants when hVSMCs were incubated in the
presence of agLDL (Figure 4B). All together, these results indicate that there is a local
synthesis of C3 components that were released to the ECM of atherosclerotic plaques.
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Figure 4. C3 alternative pathway components expression in human VSMCs. (A) mRNA quantifi-
cation by real-time PCR using specific primers for human C3 in human VSMCs treated with or
without agLDL (100 µg/mL). (B) Protein levels of C3 and C3-derived products in the supernatant of
hVSMCs treated with or without agLDL (100 µg/mL). Human serum (Serum) was used as a positive
control for C3 (n = 3 independent experiments). (C) Western blot analysis for C3a receptor (C3aR)
and ↵M�2 (C11b/CD18) integrin (receptor for C3b/iC3b) in lysates of hVSMCs incubated with or
without agLDL (100 µg/mL). Band intensity is given in arbitrary units as mean ± SEM and statistical
significance (p < 0.05, Mann–Whitney test) is indicated (n = 4 independent experiments).

2.5. Exogenous C3 Proteolytic Products, AgLDL and VSMC Function
Lipid-loaded VSMCs have an impaired migration rate and cell attachment dynam-

ics [29–31]. As shown in Figure 5, exogenously added C3 proteolytic products (10 nM C3a
or 100 nM iC3b) partially reversed the impairment of the human VSMC (hVSMC) repair
function induced by aggregated LDL (agLDL) to levels that did not differ significantly from
the wound repairing capacity of hVSMC control cells. C3a induced a significant increase
in the migrating capacity of lipid-loaded hVSMCs into the wound area. A similar trend,
although non-significant, was observed with iC3b. C3 proteolytic products did not affect
the wound-repairing capacity of control VSMCs (not exposed to agLDL).

Moreover, the addition of iC3b (100nM) to hVSMCs in adhesion experiments induced a
significant increase in the attachment capacity of the cells, both in the absence and presence
of agLDL. The effect was more evident (higher percentage of increase) and more prolonged
in time (up to 2 h after seeding) in the lipid-loaded hVSMCs compared to cells not exposed
to agLDL (Table 3). In addition, exogenously added iC3b enhanced the organization of the
F-actin cytoskeleton during cell adhesion. This was especially evident in hVSMCs exposed
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to agLDL that otherwise did not show any organized net of actin fibers (F-actin positive),
60 min after seeding (Figure 6).
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Figure 5. Effects of exogenous C3 proteolytic products on migration of human lipid-loaded hVSMCs.
Results for wound coverage (%) in an in vitro model of wound repairing of FCS-stimulated hVSMCs
treated with/without agLDL (100 µg/mL) in the presence or absence of C3a (10 nM) or iC3b (100 nM),
(n = 6 independent experiments in duplicates). (A) Time-course for wound coverage by hVSMCs.
Ctrol and LDL: cells incubated in the absence of C3 products, without or with agLDL, respectively.
iC3b and L+iC3b: cells incubated with iC3b without or with agLDL. C3a and L+C3a: cells incubated
with C3a without or with agLDL. (B) Representative microphotographs of wound-repairing model
by hVSMCs taken at 0 and 8 h after inducing double-side injury. Bar diagrams refer to quantitative
values for the % of wound covered area after 8 h injury. Band intensity is given in arbitrary units as
mean ± SEM (n = 6 independent experiments in duplicates). p < 0.05 was considered statistically
significant (Mann–Whitney and Kruskal–Wallis tests).

Table 3. Effect of iC3b on cell adhesion capacity in the absence and presence of agLDL.

Control +iC3b

30 min 60 min 120 min
�agLDL 100.0 ± 0.0 93.9 ± 4.4 115.9 ± 4.8 * 93.7 ± 14.0
+agLDL 100.0 ± 0.0 65.4 ± 1.8 122.0 ± 2.6 177.1 ± 42.3 *

Results refer to the number of attached cells from a total of 1 ⇥ 105 seeded cells, expressed as percentage of
attached cells in the groups non-receiving iC3b (controls). Cell viability was in all cases >95% as determined by
trypan blue staining. Results are given as mean ± SD of three independent experiments in duplicates. * p-values
for comparison (Mann–Whitney test) between cells with/without agLDL �/+ addition of exogenous iC3b at 3
different time points. * p < 0.05.
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Figure 6. iC3b induces actin fiber polymerization and cytoskeleton rearrangement in hVSMCs
exposed to agLDL. Confocal microscopy images of attached hVSMCs, 60 min after seeding. Rep-
resentative photomicrographs of control cells and agLDL treated cells, in the presence/absence of
exogenous iC3b (100 nM). Cells were labelled for F-actin with Alexa Cy3 488-phalloidin.

3. Discussion
The C3 complement system is an important mediator of innate immunity responses

and a key component of the complement system. Accumulating evidence indicates
that high levels of C3 account for an increased risk of cardiovascular disease in hu-
mans [19,22,32] especially in patients with metabolic pathologies [33]. To date, however,
most of the studies addressed to investigate the involvement of the complement system
in the atherosclerotic process have focused on the C5b-derived terminal pathway of the
complement system (reviewed in [14,15]).

Previous studies primarily employed immunohistochemistry to localize C3 compo-
nents in the human atherosclerotic vessel wall [18,19]. Here, using mass spectrometry-based
proteomics, we identified a differential protein signature of the alternative C3 complement
system in the intima layer of atherosclerotic lesions compared to macroscopically apparent
normal segments of human aortas. It is important to note that the sequential protein extrac-
tion method used in this study made it possible to separately investigate proteins located
in the extracellular matrix (ECM) and those in the cellular fraction of the intima. Using
this approach, we revealed an enrichment of the C3 complement proteolytic products and
regulators of the C3 cascade, such as the factor H/CFHR family in the matrisome (subset
of non-structural regulatory proteins) of the human atherosclerotic ECM.

In addition to being a structural support to provide cell anchorage, the components of
the ECM interact with vascular resident and infiltrated cells, regulating their phenotype
and function [34]. Thus, our results strongly suggest that the C3 complement components
present in the atherosclerotic ECM are key players in the outside-in signaling that occurs
in key vascular cells involved in atherosclerosis progression. In agreement, we and oth-
ers [35,36] have consistently identified anaphylatoxin receptors in human atherosclerotic
arteries. In addition, this study evidenced increased levels of ↵M�2 integrin in the cell
fraction of atherosclerotic lesions, supporting the relevance of the iC3b/C3b-mediated
signaling in the atherosclerotic process.

An unresolved question, with apparently controversial findings to date, refers to
the origin of the vascular components of the alternative complement system since the
C3 complement is mainly synthesized in the liver [37,38]. In the present study, we evi-
denced elevated levels of circulating C3 in clinically asymptomatic patients with genetic
diagnosis of FH and subclinical atherosclerosis (assessed by CTA) when compared with
plasma levels in young healthy subjects, suggesting a maintained activation of the innate
immune response in FH, although all patients were long-term treated with LLT as per
the guidelines [27]. Interestingly, these results extend our own previous findings report-
ing on higher levels of cMVs derived from inflammatory cells, specifically monocyte-
and lymphocyte-derived cMVs, in FH patients under long-term LLT [6]. In this respect,
monocyte/macrophage has been described to express complement proteins in response
to several pro-atherogenic conditions, including high levels of cholesterol [39]. It is worth
noting, however, that all FH patients in our study had circulating levels of CRP below
1mg/L, showing very low systemic inflammation which might be related to the fact that all
patients were treated according to the guidelines with the highest LLT for more than one
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year, and they had a well-compensated lipid profile. Further studies might help to gain a
better understanding of the association between immune cell activation and inflammatory
markers in heterozygous FH patients and their relevance for disease progression.

Plasmatic C3 was positively correlated with levels of LDL-C and Apo-B in the whole
population under study (healthy subjects and FH patients), whereas no correlation was
found with other lipid components, such as triglycerides and HDL-C. In agreement, a
previous study based on two-dimensional electrophoresis analysis of serum samples from
four FH patients and four healthy subjects identified a protein spot as C3 in the serum of
FH patients and reported a positive correlation between levels of the C3a product and total
plasma cholesterol [23]. From our results in FH patients, we could not exclude that the
higher content of C3 in the atherosclerotic ECM results from the LDL flux into the intimal
arterial wall and the retention of ApoB-rich lipoprotein particles in the intimal ECM space
by binding to proteoglycans, which in turn favors their modification to form aggregates
(agLDL) [40,41]. However, in the present study, although we found a local C3 accumulation
in the atherosclerotic ECM of human aortas, the levels of C3 in the systemic circulation
do not seem to be a sensitive measure of the plaque burden severity measured by CTA
imaging in FH patients with subclinical coronary atherosclerosis. This finding prompts us
to hypothesize that vascular resident cells may represent a main source of C3 in human
atherosclerotic plaques.

Supporting our view, experimental studies on hyperlipidemic Apolipoprotein-E
knockout (ApoE-KO) mice fed a high-fat diet evidenced C3mRNA up-regulation in aortic
tissue, even before atherosclerotic plaque formation [23]. Interestingly, clonally expand-
ing SMC, recently linked to neointimal formation and atherosclerotic plaque pathogene-
sis [42,43], overexpressed C3 complement factor in ApoE-/- mice fed a high-fat Western
diet [22]. Due to the post-mortem condition of the aortic samples, we could not ana-
lyze mRNA expression in the human atherosclerotic lesions in the present study, but we
evidenced that cultured human VSMCs express C3mRNA and that C3 complement is
consistently over-expressed when cells are exposed to atherogenic agLDL for 24 h periods.
In agreement with this, supernatants of lipid-loaded cells were enriched in the C3↵ chain, a
C3 form that was not present in the agLDL, but significantly increased in the atherosclerotic
ECM of human aortas, supporting the relevance of VSMCs as a source of C3 complement
active forms in the lesions. In contrast, the C3c fragments detected in the atherosclerotic
intimal ECM seem mainly to have a systemic origin, entering the arterial intima through
the LDL. Indeed, the serum showed a strong signal for C3c fragments, the final proteolysis
product derived from C3 complement activation, when analyzed by Western blot, and a
similar fragment was also found in purified agLDL (Figure S2). C3c has been described as
a biomarker of heart failure [44], periodontitis [45] or amyotrophic lateral sclerosis [46], but
its role and function needs to be further investigated.

As shown by Wang et al., C3 expressed by the clonal SMC induced proatherogenic
effects, including the paracrine regulation of macrophage inflammation and autocrine-
induced SMC proliferation [22]. Among the C3 proteolytic fragments resulting from the C3
cascade activation, C3a and iC3b/C3b are widely recognized as highly bioactive molecules
directly involved in the regulation of cell phenotype and function [47]. In particular, C3a
has been described to act as a chemoattractant for neural crest cells [48] and, through
its receptor C3aR, to control leukocyte recruitment and endothelial activation in cerebral
microvessel inflammation [49].

We previously described that agLDL, resembling the LDL retained and aggregated
in the ECM of the intimal layer in areas with atherosclerosis [40,50,51], is internalized by
human VSMCs, inducing changes in their phenotype and impairing cell functions, such
as adhesion and migration, mainly mediated by effects on actin-cytoskeleton dynamics
and organization [31,52,53]. In the present study, we demonstrate that the inhibitory
effect of agLDL on VSMC migration is ameliorated by the presence of exogenous C3a to
a level that did not significantly differ from the migration capacity of the control group
(non-exposed to agLDL) in an in vitro wound healing assay. Interestingly, C3a did not
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show a similar enhancing effect of cell migration in the control hVSMCs. Similarly, we
found that exogenously added- iC3b promoted attachment during the cell adhesion and
reorganization of the F-actin cytoskeleton network. This effect was more evident and
maintained in lipid-loaded cells that otherwise would not present any organized actin
cytoskeleton shortly after seeding.

In summary, our results demonstrated for the first time the presence and differential
abundance of active products of the C3 system in the ECM of human atherosclerotic lesions.
In addition, we provided evidence of the capacity of C3-derived products, beyond their
well-known role in inflammation and immunity, to modulate the migratory and repair
function of VSMCs that is impaired by LDL. These results suggest the C3 complement
pathway is a novel player in vascular remodeling and in the progression of advanced
human atherosclerotic lesions.

4. Materials and Methods
4.1. Human Samples
4.1.1. Subjects with Familial Hypercholesterolemia and Healthy Volunteers

The present study included 49 subjects with a genetic diagnosis of heterozygous
familial hypercholesterolemia (FH) and thus lifelong exposure to high LDL plasma levels
and high risk of premature atherosclerosis from the SAFEHEART cohort. A group of young
healthy volunteers (non-FH subjects, N = 28) from the same cohort was used as reference
group to establish the normal plasma range of C3 levels in a healthy population, at very
low risk of presenting subclinical atherosclerosis. Demographic and clinical data of the FH
patients and the healthy volunteers are provided in Table 1 and Table S1. Neither the FH
nor the healthy group included pregnant subjects. Cases of sepsis or infections and with
history of cancer or suspected clinical cardiovascular events were excluded. This part of
the study was approved by the Local Ethics Committee for Clinical Investigation in the
Fundación Jimenez Diaz (CEIC-FJD; Madrid, Spain) (protocol number: 01/09) and was
conducted according to the Declaration of Helsinki (2013), and written informed consent
was obtained from all participants [54].

Coronary atherosclerotic plaque characterization was performed by computed tomo-
graphic angiography (CTA), as previously described [27]. Coronary atherosclerotic-plaque
burden was characterized and quantified using the SAPC (QAngio CT (Research Edition
V2.1.16.1; Medis Specials, Leiden, The Netherlands) software. SAPC measurements were
performed by a blinded operator, unaware of any clinical or biochemical data. [27].

4.1.2. Aortas and Coronary Arteries
Abdominal aortic tissue was obtained from the Biobank of the Eulalia Study on

out-of-hospital sudden death [28]. Autopsy was performed within 18 h after death (age
34–79 years old) following the established forensic protocol [55,56], and the study was
approved by the Institutional Ethical Committee for Clinical Investigation (Hospital Santa
Creu i Sant Pau; Barcelona, Spain). The samples were processed immediately. After
the removal of connective tissue and adherent blood, the specimens were divided into
grossly homogeneous parts. Aortic wall segments were classified by their macroscopic
appearance according to the presence and severity of atherosclerotic lesions. In this study,
we compared macroscopically normal-appearing areas with atherosclerotic plaques (raised
white or yellow-white plaques) obtained from the same artery (N = 4 individual aortas).
From all segments, the intima layer was dissected from the media, snap-frozen in liquid
N2 and stored at �80 �C.

To confirm the validity of the macroscopic classification, representative samples of each
type of segment were examined histologically. To this aim, segments from each aortic tissue
were embedded with paraffin, and 5µM sections were stained with Massons’s trichromic to
identify cellular areas (Figure S3). The images were captured with an Olympus microscope
Vanox AHBT3 (Hamburg, Germany) coupled with a Sony 3CCD color video camera and
processed using Visilog (Sony ESPAC, San Jose, CA, USA) software (version 4.1.5).
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4.1.3. VSMC Culture and LDL Preparation
Primary human VSMCs (Cell Application, Inc., San Diego, CA, USA) were cultured in

M199 medium containing 20% FBS and used between passage four and seven, as previously
described [30]. Unless otherwise indicated, experiments were performed in subconfluent
monolayers after incubation without or with aggregated LDL (agLDL; 100 µg/mL) for
16 h.

Human LDLs (density 1.019–1.063 g/mL) were purified by ultracentrifugation from
pooled sera of normocholesterolemic volunteers, and agLDLs were generated by vortexing
LDL (1 mg/mL), according to the initial method described by Guyton et al. [57] and as
previously performed in our group [58]. This method has been shown to produce similar
LDL aggregation as LDL versican incubation [59].

LDL protein concentration was determined using the bicinchoninic acid (BCA)-
method (ThermoFisher, Rockford, IL, USA) and LDL purity assessed by agarose gel
electrophoresis (SAS-MX Lipo-kit, Helena Biosciences, Gateheads, UK). LDL prepara-
tions were tested to exclude the presence of endotoxin (Limulus amebocyte lysate test,
BioWhittaker, Walkersville, MD, USA) and potential bacterial contamination that could
derive in confounding results, and this proved to be negative in all cases. LDLs used
in the experiments were less than 48 h old. LDL oxidation in all LDL preparations was
excluded by assessing thiobarbituric-acid-reactive substance (TBARS) formation, according
to Ohkawa et al. [60] with slight modifications [61].

4.2. Tissue Processing and Extraction of ECM Proteins
Aortic ECM proteins were extracted according to Didangelos et al. [62]. Briefly, 300 mg

segments of aortic tissue (intima layer) were diced in 8–10 pieces (approximately 2 ⇥ 2 mm2

size) and washed 5 times with PBS containing 25 mM EDTA. ECM-soluble proteins were
obtained by incubating the aortic samples for 4 h at room temperature (RT) under mild
agitation at 800 rpm, with 0.5 M NaCl, 10 mM Tris (pH 7.5), supplemented with 25 mM
EDTA (10:1 buffer volume to tissue weight). Tissue pieces were left to drop. Then, the
supernatant was collected, cleaned up with desalting Zeba-Spin columns (ThermoFisher,
Rockford, IL, USA) and precipitated overnight with 5 volumes of chilled 100% acetone at
�20 �C. Proteins were re-dissolved in deglycosilation buffer (NaCl 150 mM; sodium acetate
50 mM; EDTA 10 mM, supplemented with 0.05 units of HeparinaseII; Chondroitinase ABC
and Endo-�-Galactosidase). Then, tissue samples were incubated with 0.08% SDS (10:1
buffer volume to tissue weight) and 25 mM EDTA for a further 4 h (RT, mild agitation at
800 rpm). SDS supernatant was collected. Thereafter, tissue pieces were incubated for 48 h
in guanidine-HCl buffer (4 M guanidine-HCl, 50 mM sodium acetate, pH 5.8 supplemented
with 25 mM EDTA). After removing the guanidine with 100% ethanol, samples were
centrifuged at 16,000⇥ g (10 min) and stored at �80 �C. All buffers contained protease
inhibitors (1 tablet/50 mL, Complete-EDTA free Roche) and phosphatase inhibitors (1%).
Reagents were obtained from Sigma-Aldrich ((Merck KGaA, Darmstadt, Germany). The
purity of each fraction was confirmed by Western blot with specific antibodies against
�-actin (ab8228, Abcam, 1/1000); ColI (ab6308, Abcam, 1/1000) and AEBP1 (#250461,
Antibodies Online, 1/500; Aachen, Germany), that specifically partitioned in the NaCl-,
SDS- and guanidin-HCl-fractions (Figure S4).

4.3. 2D Electrophoresis/Mass Spectrometry Analysis
Proteins (150 µg) were identified by matrix-assisted laser desorption/ionization time

of flight (MALDI-ToF/ToF) mass spectrometry (Bruker Daltonics Autoflex III Smartbeam;
Bruker Daltonik GmbH, Leipzig, Germany) after separation by two-dimensional elec-
trophoresis (2-DE) [63]. Differential protein pattern analysis by 2DE was performed with
arterial segments (apparently normal and atherosclerotic) obtained from 3 independent
aortas. To guarantee the highest homogeneity and ensure better comparability, protein ex-
tracts from all arterial segments (N = 6) were run simultaneously in an Ettan-Dalt-6 Device
(GE-Healthcare, Uppsala, Sweden), and analysis was performed in duplicate. Protein spots
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in the gels were labeled by fluorescence (Flamingo labeling, Bio-Rad), scanned (Typhoon,
GE-Healthcare, Uppsala, Sweden) and analyzed for differences in the protein pattern be-
tween groups with PD-Quest 8.0.1 software (Bio-Rad, Hercules, CA, USA). Quantification
of the protein spot volume was performed with the PD-Quest 8.0.1 software (Bio-Rad,
Hercules, CA, USA) as previously described [29,63]. Briefly, the software created a single
master that included all gels included in the analysis. A relative value that corresponds to
the single spot volume compared to the total volume of the spots in each gel was assigned
to each spot in the gels. Afterwards, this value was subjected to background extraction,
and the final intensity value was then normalized by the local regression model (LOESS)
method included in the software [29,63]. For protein identification, mass spectrometry
(MS) spectra were submitted to a MASCOT (Matrix Science Ltd, London, UK) search on
Swiss-Prot 57.15 database using the following parameters: taxonomy Homo sapiens, mass
tolerance 50–100, up to 2 missed cleavages; carbamidomethyl (C) as global modification
and oxidation (M) as variable modification. Identification was accepted with a score higher
than 56 for peptide mass fingerprint and 20 for MS/MS.

4.4. Western Blot and ELISA Assays
Protein antigen levels in total lysates, obtained with RIPA buffer (50 mM Tris HCl

pH 8.0, 150 mM NaCl, 0.5% triton X-100, 0.5% Sodium deoxyclodate, 0.1% SDS) as we
previously described [30], and from ECM extracts (see above), were analyzed by Western
blot, as described previously [52] using the following primary antibodies: C3 (ab200199,
dilution 1/2000, Abcam, Cambridge, UK ); C5 (Abcam ab11876, dilution 1/500); C3aR
(Abcam ab126250, dilution 1/1000); CD11b (Abcam ab133357, dilution 1/1000); CD18
(Abcam ab119830, dilution 1/500); Human �-actin (Abcam ab8226, dilution 1/5000) and
total protein (Ponceau staining) were used as loading controls. Western blot bands were
visualized by chemiluminescence using a peroxidase enzymatic reaction (Supersignal,
ThermoFisher, Rockford, IL, USA)) and quantified with a ChemiDoc™ XRS system using
Image Lab software (Bio-Rad, Hercules, CA, USA).

Quantitative plasma analysis of C3 was performed by a commercial double antibody
sandwich enzyme-linked immunosorbent assay (AssayPro EC2101-1, St Charles MO, USA)
with a lower limit of detection of 83 ng/mL calculated by 2SD from the mean of a zero
standard. The intra-assay and inter-assay precision were CV < 5.2 and <8.9%, respectively.

4.5. RNA Extraction and Real-Time PCR Analysis
Total RNA was extracted from areas with migrating VSMCs (wound border) or non-

migrating cells after 6 h of wounding (Figure S3) or from growth-arrested cells (maintained
18 h in M199 without FBS supplementation) using an RNeasy Mini Kit (Qiagen, ref. 74104),
according to the manufacturer’s instructions. RNA concentration was determined with a
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies), and purity was checked
with the A260/A280 ratio.

mRNA levels were analyzed by real-time PCR [59] using an RT2 Profiler PCR targeted
array for human cell motility (Qiagen; Cat. no. 330231 PAHS-128ZA) to compare gene
expression profiles between migrating and non-migrating hVSMCs and with TaqMan
fluorescent real-time PCR probes (ThermoFischer, Rockford, IL, USA)) to quantify C3
(Hs00163811-m1). Human GAPDH (4326317E) was used as an endogenous control. Sam-
ples were analyzed in duplicate, and only mRNAs with expression levels below 32 cycles
were accepted.

4.6. Cell Adhesion and Wound-Healing Assays
Migration studies were performed with human VSMCs seeded in a culture insert

(ibidi 2-well culture insert, ibidi GmbH, Martinsried, Germany) and left in M-199 with
10% FCS with or without 100 µg/mL agLDL until cell confluence was achieved. When
indicated, C3a (10 nM) or iC3b (100 nM) were added to the culture medium 1 h before
stimulation with agLDL and maintained during the assay. After removing the culture
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inserts, cells were washed with PBS and maintained in M199 migration medium (10% FCS)
with its corresponding treatment for a total of 8 h. Migration on the cell-depleted area
was controlled using an inverted microscope (Leica DMIRE2, Wetzlar, Germay) with a
10⇥ lens magnification. Images were taken at 2 h intervals. During migration, cells were
maintained at 37 �C in a humidified atmosphere of 5% CO2. The cell-free area of each field
was quantitatively determined using ImageJ software. Changes in the viability of the cells
due to agLDL had been previously excluded [64].

Cell attachment studies were performed as previously described [53]. Briefly, sub-
confluent cultures of VSMCs were incubated with or without iC3b (100 nM), in the pres-
ence/absence of agLDL (100 µg/mL) for 16 h. Cells were then harvested with trypsin,
suspended in 5% FBS-containing medium and seeded (1 ⇥ 105 cells) on FBS-coated glass
bottom dishes in the presence or absence of iC3b (100 nM) and/or agLDL (100 µg/mL). At
different time periods (30 min, 1 h and 3 h), attached cells were released by trypsination,
stained with trypan blue for determination of cell viability and counted in a Neubauer
chamber. Alternatively, at these time periods, cells were fixed with 4% paraformaldehyde
for immunolabeling and confocal microscopy.

4.7. Confocal Focal Microscopy
Cells fixed with 4% paraformaldehyde were permeabilized (0.5% Tween-PBS), blocked

with 1% bovine serum albumin (BSA), immunolabeled for F-actin and analyzed by confocal
microscopy as previously described [30,31,52] using Alexa Fluor 633 or 488 phalloidin
(Molecular Probes) on a Leica TCS SP2-AOBS inverted fluorescence microscope (Leica
Microsystems Heidelberg GmbH, Mannheim, Germany). Fluorescent images were acquired
in a scan format of 1024 ⇥ 1024 pixels at intervals of 0.1 mm (20 slides) and processed with
the TCS-AOBS software (Leica). Maximal intensity projection values were calculated using
the LASAF Leica Software and given as AU/mm2.

4.8. Statistical Analysis
Results are presented as the mean ± SEM (standard error of the mean), except when

indicated. Outlier expressions were excluded by Chauvenet’s criterion. Sample distribution
was verified by the Shapiro–Wilk test. Statistical differences between groups were analyzed
by non-parametric tests (Kruskal–Wallis or Mann–Whitney), as indicated. StatView soft-
ware (Abacus Concepts) and SPSS Statistics Version 21.0.0 (SPSS, Chicago, IL, USA) were
used for statistical analysis, and a p-value < 0.05 was considered statistically significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22105122/s1.
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Table S1: Demographic, biochemical and clinical variables: Familial hypercholesterolemia 
and healthy subject groups 
 

 FH population 
n=49 

Reference 
group 
n=28 

Female/male, n 18/31 16/12 
Age, years 44.69±10.5 24.5±4.6 
BMI 25.7±3 22.4±2.9 

RISK FACTORS; n (%)   

Active smoking 11 (22) 12 (43) 
Hypertension 2 (4) 0 (0) 
Type 2 diabetes 1 (2) 0 (0) 
SAFEHEART risk 5 years, % 1.00±0.76 - 
SAFEHEART risk 10 years, % 2.13±1.6 - 

BIOCHEMICAL DATA; MEAN ± SD   
Total cholesterol, mg/dL 206.7±38 169.7±21 
Triglycerides, mg/dL 90.6±49 76.8±35 
HDL cholesterol, mg/dL 52.1±13 55.7±16 
Non-HDL cholesterol, mg/dL 154.6±40 114.0±16.7 
LDL cholesterol, mg/dL 136.3±36 98.6±15 
Apo AI, mg/dL 126.5±17 139.5±29 
Apo B, mg/dL 106.6±24 61.5±10 
Lipoprotein a, mg/dL 48.8±46 18.5±21 
Glucose, mg/dL 91.0±9 78.3±9 

SUBCLINICAL ATHEROSCLEROTIC DISEASE; (%)  
Plaque burden, % 23.5±6.3 - 
Calcium burden, % 2.2±2.5 - 
Non-calcium burden, % 21.3±5.3 - 

BACKGROUND MEDICATION; n (%)   
Angiotensin-converting-enzyme inhibitors 0 (0) 0 (0) 
Angiotensin II receptor blockers 1 (2) 0 (0) 
Beta-blockers 0 (0) 0 (0) 
Diuretics 2 (4) 0 (0) 
Statins* 49 (100) 0 (0) 
Lipid-lowering treatment, years 14.8±6.7  

SD: standard deviation. *Includes: rosuvastatin, ezetimibe, atorvastatin, simvastatin, 
lovastatin, pravastatin, fluvastatin, pitavastatin, resins, and fibrates. 
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Complement C3 

A 

B 

Figure S1: Mass Spectrometry Analysis. Identification by MALDI ToF/ToF of Complement C3 on 2DE-
PAGE from soluble protein fraction of ECM from human aortas, identified by a MASCOT search on 
Swiss-Prot 57.15 database with a Score of 82, a sequence coverage of 9.4% and intensity coverage of 
76.7%. To identify the following parameters were used: taxonomy Homo sapiens, mass tolerance 50ʹ
100, up to 2 miss cleavage; global modification: carbamidomethyl (C); variable modification: oxidation 
(M). Identification was accepted with a score higher than 56. Spectrum(A) and sequence Coverage (B) 
obtained with a Smartbeam AutoFlex III and visualized with BioTools Software (version 3.02, Bruker) 
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Figure S2: Western Blot analysis for C3 in agLDL.  250µl of agLDL (1ug/mL) was precipitated 

with ice cold acetone O.N. and resuspended in 25µl of 50mM Tris-HCl pH 8.0 and analyzed by 

western blot using C3 primary antibody (Abcam ab200199, dilution 1/2000) and visualized by 

chemiluminescence using a peroxidase enzymatic reaction (Supersignal, Pierce) and quantified 

with a ChemiDocΡ�yZ^�ƐǇƐƚĞŵ�ƵƐŝŶŐ�using Image Lab software (Bio-Rad).  
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Figure S3: Histological analysis of human aorta.  A and C Macroscopically normal-appearing 
areas (nL: no lesion areas) or B and D Areas with atherosclerotic plaques (AT segment). Aortic 
segments were embedded with paraffin and 5µM sections were stained with DĂƐƐŽŶƐ Ɛ͛ 
trichromic to identify cellular areas. C and D Representative of atherosclerotic plaque segment 
stained for lipids with Oil Red O. The images were captured with an Olympus microscope 
Vanox AHBT3 coupled with a Sony 3CCD color video camera and processed using Visilog (Sony 
ESPAC) software (version 4.1.5). Magnification x60 
 

HUMAN AORTAS 

no Lesion Area (nL) Atherosclerotic Lesion (AT) 

A B 

C D 
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ECM extraction   

human artery segments  

NaCl SDS  

loosely bound 
ECM-proteins 

cellular proteins strongly bound   
ECM-proteins 

                                                                
                  

Collagen-1 

ɴ-actin 

AEBP1 

Guanidine 

Figure S4: Schematic diagram representing tissue extraction of human aorta.  
Segments of human aorta with or with advanced atherosclerotic lesions and without 
atherosclerosis obtained from sudden death cases were sequentially extracted to 
obtain the ECM protein fraction as described in the Material and Methods section. 
Extraction purity was confirmed by western blot using specific antibodies for each 
fraction: AEBP1 (Adipocyte enhancer-binding protein 1) for the loosely bound ECM 
protein fraction; ɴ-actin for the intracellular proteins fraction and Collagen-1 the for 
strongly bound ECM-protein fraction. 
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6. Discussion 
Acute decompensated heart failure (ADHF) is a complex clinical 

condition that affects several organs and involves many 

pathophysiological mechanisms (47,265). It is known that several 

pathways play a role in adverse heart remodelling and disease 

progression, such as RAAS, complement system, haemostasis, 

inflammation, among others. However, their exact role and the long-

term consequences stemming from their dysregulation have not been 

completely elucidated, emphasising the need for a deeper 

understanding of the molecular functions and pathways associated to 

the ADHF pathophysiology (45). To address this problem, we carried 

out a discovery hypothesis-free study using 2DE coupled to MALDI/ToF-

ToF mass-spectrometry (2DE-MS) aimed to unravel a disease-specific 

differential proteomic profile of ADHF patients at hospital admission and 

its potential link to pathophysiology. 

To address this problem, we carried out as the main goal a discovery 

hypothesis-free study based on a top-down proteomic approach aimed 

to unravel a disease-specific differential protein pattern in ADHF 

patients at hospital admission and its potential link to pathophysiology. 

In recent years, urine has become a promising biospecimen in clinical 

proteomics (207). Urine represents a combination of both blood 

ultrafiltrates and local secretion from kidney specific cells and tubules, 

therefore reflecting systemic and renal diseases. Moreover, in the 

absence of homeostatic regulation the changes in urine proteins may 

detect small and early pathological changes (206). Besides, urine 

sampling has many advantages compared to blood including the 

availability of larger and more recurrent volumes without causing 

discomfort to the patient (266). 
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The identified ADHF differential pattern refers to proteins acting through 

molecular functions such as catalytic activity, signalling receptor binding 

and transport, and being involved in various biological processes 

including metabolism of lipids, vitamins, carbohydrates and heme 

components, haemostatic and complement systems, and immune and 

inflammatory responses. Furthermore, 17 of the 26 proteins were of 

hepatic origin, with 11 proteins showing the highest changes of urinary 

levels in ADHF patients with GFR below the pathological threshold 

(MDRD-4 <60 mL/min/1.73m2). This effect could be related to a 

pathological interaction between heart, kidney and liver in heart failure 

patients that can lead to multi-organ deterioration and unfavourable 

disease evolution (268–270) (267–269). 

Within identified proteins, several of them had been previously studied 

within different heart disorders. For example, leucine rich a-2-

glycoprotein (LRG1) and zinc-a-2-glycoprotein (AZGP1) have been 

studied in cardiac fibrosis (270,271); a-1-antitrypsin (SERPINA1) was 

recently studied in chronic heart failure (272); complement C3 and 

several other complement components have also been associated with 

heart diseases (88,273,274). Retinol binding protein (RBP4), encoded 

by RBP4 gene, could be associated with cardiomyocyte hypertrophy 

(275) and inflammatory cardiomyopathy (276), and ischaemia (277). To 

notice, RBP4 has also been studied within kidney disease (278).  

Among the identified proteins, transthyretin (TTR), which is encoded by 

TTR gene, has also been increasingly studied in the setting of heart 

failure due to its involvement in cardiac amyloidosis (112,279–281). 

Furthermore, TTR is a pivotal protein involved in the transport of RBP4, 

which simultaneously carries retinol, and also is one of the main 

transporters of thyroxine (T4) (282), a thyroid hormone that has been 

previously associated to blood pressure and LVEF in ADHF during 

hospitalisation (283). It has been observed that hormones have central 
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regulatory actions in the cardiovascular system and patients with even 

mildly altered thyroid function have a worse prognosis in heart disease, 

particularly in heart failure (284). 

In line with results of other studies concerning coronary artery disease 

(285), acute coronary syndrome (286), and those of our group in 

myocardial infarction (287), TTR levels in ADHF patients at 

hospitalisation, independently of kidney function, were significantly 

lower to those of healthy individuals. This thesis’ results, along with 

literature information strongly suggest that there is an increased 

inflammatory background in ADHF patients that could lead to decreased 

TTR levels, beyond glomerular filtration status, which is also depicted 

by the significant correlation between plasma TTR and CRP levels at 

hospitalisation. High urinary levels of RBP4 were observed in ADHF 

patients at hospitalisation, and significantly higher in patients with renal 

dysfunction at admission. Urinary TTR and RBP4 loss significantly 

correlated, and it is conceivable that the monomeric form was already 

circulating abundantly in blood, and since only TTR tetramers bind 

RBP4 and protect it from being filtered in the glomerulus, more RBP4 

was filtered and lost (288). This might have a pathological relevance in 

ADHF patients since increasing evidence suggest that TTR-tetramers, 

under unbalanced homeostatic conditions, dissociate in misfolded 

monomers that tend to aggregate and fibrillate. After infiltrating the 

cardiac extracellular matrix TTR induces oxidative stress and 

mitochondrial damage, increases cardiac wall thickness, and diastolic 

dysfunction (289). Supporting this view, low plasma transthyretin 

concentration has been shown to associate with incident heart failure in 

the general population (290) and suggested that low plasma TTR levels 

could be a biomarker of transthyretin tetramer instability (291). 

Two other proteins with a differential pattern in the urine of ADHF 

patients were antithrombin III (AT3), a relevant protease inhibitor in the 
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coagulation cascade, and C3, a key component of the complement 

system, one of the fastest acting mechanisms associated to innate 

immunity and to production of proinflammatory molecules (292). 

Although the complement system is mainly activated through three main 

pathways: classical, lectin, and alternative, several components of the 

coagulation cascade also activate the complement system (293). On the 

one hand, the components of the complement system interact with the 

coagulation cascade (293). Thus, MASP1 and MASP2, activators of the 

C3-complement pathway, are able to promote coagulation by the 

cleavage of fibrinogen and factor XIII, and to generate thrombin from 

prothrombin, respectively (294,295). 

In addition, Huber-Lang et al. (90) observed that thrombin might 

substitute C3-dependent C5 convertase in the setting of genetic C3 

absence. Later Amara et al. (296) speculated that several coagulation 

cascade components were able to generate the activated C3 (C3a) and 

C5 (C5a), among which factors IX-XI, thrombin and plasmin are 

mentioned. Irmscher et al. (297) recently reported that kallikrein, another 

coagulation cascade molecule, activate the complement system by 

cleaving C3. Within the coagulation cascade, AT3 is able to inhibit 

several components, mainly thrombin, but also kallikrein, factors IX, XI 

and XII, especially if bound to heparin (298). 

In this thesis, it was observed that ADHF patients presented elevated 

AT3 levels in both urine and plasma, being the higher AT3 plasma levels 

found in ADHF patients with preserved or mildly reduced LVEF and in 

those patients kidney dysfunction. AT3 main function is to inhibit 

thrombin by the formation of the complex thrombin-antithrombin (TAT). 

Although TAT was also significantly increased in ADHF patients, no 

association was found with heart or kidney function. TAT levels in 

plasma were several orders of magnitude lower than AT3 (0-1 nM TAT 
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vs 1000-10000 nM AT3). All these findings suggest a function for plasma 

AT3 in ADHF beyond its main role in coagulation as thrombin inhibitor. 

As seen for AT3, complement C3 levels are elevated in urine and 

plasma of ADHF patients compared to healthy individuals. Interestingly, 

AT3 plasma and urine levels significantly correlate with those of C3 in 

ADHF patients at hospitalisation, whereas no correlation was observed 

between AT3 and CRP, suggesting a link between AT3 and activation 

of innate immunity processes beyond a systemic inflammation. 

In previous studies the complement system was associated with 

adverse outcomes and survival in cardiovascular pathologies, with 

controversial findings (88,94,95,299). Thus, Suffriti et al. (299) and Frey 

et al. (88) reported that elevated complement activation products were 

associated with better outcomes, whereas Gombos et al. (94) reported 

the relevance of high C3a levels in the prediction of higher 

rehospitalisation rate, cardiovascular events, and mortality. In 

agreement with the two former publications, our results indicated that 

low C3 levels were associated with worse outcome and prognosis. 

Dysregulated activation of the complement system and inflammatory 

response might lead to left ventricular dysfunction and remodelling, 

which are hallmark characteristics of HF (300) and associated with its 

progression (301). In this thesis, as proof of concept to validate the 

relevance of C3 in tissue remodelling, we performed studies in human 

atherosclerotic arteries and in vitro cell culture studies with human 

vascular smooth muscle cells, in which the effects of C3-activation 

products such as C3a and C3b on cell function were investigated. 

To notice, active products of the C3-system are significantly increased 

in the pathological extracellular matrix (ECM) in human atherosclerotic 

vessels. Moreover, C3 and its cell receptor are expressed by human 

VSMC, a key cell component for vessel wall remodelling during 

atherosclerosis. Furthermore, our results provided evidence of the 
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capacity of C3-derived products, beyond its well-known role in 

inflammation and immunity, to modulate the migratory and repair 

function of VSMC when exposed to pathological conditions. These 

results of this proof-of concept study suggest the C3-complement 

pathway as a novel player in pathologic tissue remodelling, playing a 

role in the interaction between ECM and non-immune tissue resident 

cells. 

The ECM is vital for the proper structure and functionality for many 

organs (109), including the heart. It is dynamically remodelled, however, 

disruptions and dysregulations in its composition and/or structure can 

be pathological (302), leading to tissue damage. Future studies are 

needed to proof if in the heart ECM such C3-associated processes result 

in an adverse remodelling of the myocardium ending in heart failure. 

Among the several molecules studied within atherosclerosis and heart 

failure is vitamin D (303), which may inhibit cardiomyocyte hypertrophy, 

as it was observed in neonatal rats (304) Vitamin D is also suggested to 

play a role in ECM remodelling since mice lacking vitamin D receptor 

(VDR) presented elevated levels of matrix metalloproteinases and 

fibrosis, and reduced tissue inhibitors of metalloproteinases (305). In 

agreement, deficient levels of vitamin D have been associated with risk 

of ventricle remodelling, heart failure, and adverse clinical outcome 

(306). 

Vitamin D binding protein (VDBP) is the main carrier for vitamin D in 

plasma (307). Interestingly, the results of this thesis evidenced an 

exacerbated loss of VDBP in the urine of ADHF patients at hospital 

admission, being the urinary VDBP levels especially in those patients 

with kidney disfunction. 

The increased urinary VDBP is maintained after 72 hours hospitalisation 

in those patients suffering from acute kidney function deterioration 

during hospitalisation. Importantly, this pattern in VDBP is observed 
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before patients show a pathologic glomerular filtration rate, suggesting 

a potential value of VDBP as marker of subclinical kidney dysfunction in 

ADHF patients. Due to these changes or lack thereof, urinary VDBP 

levels were studied as a possible kidney function deterioration 

biomarker. Even though cystatin C and kidney injury molecule 1 (KIM-

1) have had promising results as biomarkers of AKI (184,308), although 

with controversial results (173,185,186). None of these protein alone, 

that is VDBP, cystatin C or KIM-1, was able to predict AKI in our ADHF 

population. However, the combination of these levels and the urinary 

levels of current potential biomarkers of renal injury CysC and KIM-1 

could be used as new diagnostic tool to stratify ADHF patients regarding 

the risk of developing renal injury during hospitalisation. 

In urine, VDBP is forming a complex with 25-(OH) vitamin D3. In normal 

conditions setting, this complex is reabsorbed in the proximal tubule 

back into circulation, which is a crucial step for vitamin D conversion into 

its active metabolite (309). Damage to proximal tubules, and 

consequent VDBP urinary loss, could imply deficient amounts of vitamin 

D reabsorbed into circulation and increased loss through urine. In this 

respect, vitamin D deficiency has been previously related to 

cardiovascular disease (310), kidney disease (311,312), and heart 

failure (306), therefore, low vitamin D levels could aggravate heart 

dysfunction in ADHF patients, further worsening their prognosis. 

In summary, ADHF patients present 26 differentially excreted proteins 

that are associated with inflammation, immune system, and transport. 

Their levels have been associated with ADHF pathophysiology and 

adverse outcomes in line with previous publications. Nevertheless, 

novel information regarding TTR, AT3, C3, and VDBP roles in heart 

failure has been presented. 
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7. Conclusions 
The conclusions of this thesis are the following: 

1. Acute decompensated heart failure (ADHF) patients at hospital 

admission present a differential proteomic urinary signature of 

26 proteins, identified by two dimensional electrophoresis 

coupled to mass spectrometry. 

2. In silico analysis identified the top molecular processes and 

functions related to the differential proteome in urine of ADHF 

patients. These are protein transport, coagulation and 

haemostasis, innate immunity and inflammation, and 

extracellular matrix remodelling. 

3. Increased levels of transthyretin (TTR) and retinol binding 

protein 4 (RBP4) in urine of ADHF patients associate with renal 

dysfunction and with poor disease evolution within 18 months 

follow-up. 

4. Antithrombin III (AT3) levels are increased in ADHF. AT3 

associates with renal dysfunction and preserved/mildly reduced 

left ventricular ejection fraction. The role of AT3 in these patients 

is probably beyond its activity as a haemostatic factor. 

5. ADHF patient showed an inflammatory background with 

increased levels of complement C3, which localises in the 

vascular extracellular matrix and stimulates cell functions such 

as adhesion, migration, and cytoskeletal reorganisation. 

6. Vitamin D binding protein (VDBP) was found increased in urine 

of ADHF patients, with a differential evolution pattern at early 

stage of hospitalisation, which relates to subclinical renal 

dysfunction, in the absence of a pathological glomerular filtration 

rate. 
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General conclusions 

In summary, all together, the results of this thesis provide evidence of a 

specific urinary protein signature in ADHF patients that associates with 

the underlying pathophysiology. The observed changes in the urinary 

proteome may contribute to a better understanding of mechanisms and 

triggers behind ADHF presentation and to a more accurate disease 

phenotyping. 
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