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Abstract

Heart failure (HF) is a syndrome characterized by a complex pathophysiology which involves
multiple organ systems, with the kidney playing a major role. HF can present with reduced
ejection fraction (EF), HFrEF, or with preserved EF (HFpEF). The interplay between diverse
organ systems contributing to HF is mediated by the activation of counteracting neurohormonal
pathways focused to re-establishing hemodynamic homeostasis. During early stages of HF, these
biochemical signals, consisting mostly of hormones and neurotransmitters secreted by a variety of
cell types, are compensatory and the patient is asymptomatic. However, with disease progression,
the attempt to reverse or delay cardiac dysfunction is deleterious, leading to multi-organ
congestion, fibrosis and decompensation and finally symptomatic HF. In conclusion, these
neurohormonal pathways mediate the evolution of HF and have become a way to monitor HF.
Specifically, these mediators have become important in the diagnosis and prognosis of this highly
fatal cardiovascular disease. Finally, while these multiple neurohumoral factors serve as important
HF biomarkers, they can also be targeted for more effective and curative HF treatments.
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1. HEART FAILURE

1.1 Definition

Human heart failure (HF) is a condition in which the cardiac pump is not able to provide the
appropriate blood supply to diverse organ systems and tissues, and remove deleterious waste
products. Thus HF, with its mosaic of signs and symptoms is defined as a syndrome. In this
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regard, two pathognomonic symptoms are dyspnea and fatigue, with congestion secondary
to renal sodium and water retention and elevated venous pressure which favors transudation
of intravascular fluid into the interstitium. Most often, it is the elderly who present with HF
and have many risk factors which contribute to the development of this syndrome, such as
hypertension, diabetes mellitus, renal disease, obesity, sleep apnea and depression [1]. The
severity of the clinical manifestations of HF is variable; nevertheless, a progressive
condition which may have recurrent exacerbations and requires constant therapeutic
interventions is defined as chronic heart failure (CHF), whereas a gradual or sudden onset
which requires urgent treatment is acute HF syndrome (AHF) [2].

Relevant to this review is a more contemporary and emerging picture of HF which goes
beyond the concept of sodium and water retention and congestion. What is emerging is a
concept of a multi-organ syndrome in which multiple deleterious cellular pathways are
activated by known and unknown humoral and mechanical mediators. This picture of
cascading mechanisms results in tissue remodeling in the heart and kidney and likely in
other organ systems, leading to organ fibrosis and end-stage HF. Indeed, it is in such a
context that circulating biomarkers may be valuable diagnostic and prognostic entities in
addition to serving as protective biochemical factors or deleterious potentiators of HF.

1.2 HFrEF and HFpEF

Although every cell type and chamber of the heart can potentially be involved in the
beginning of HF, often there is initially left ventricular (LV) dysfunction linked to an
elevation of LV filling pressures. Such a maladaptation secondary to loss of muscle due to
myocardial infarction, reduced contractility due to idiopathic cardiomyopathy or increased
afterload with hypertension results in a reduced cardiac output and/or increased LV wall
tension with a reduced compliance to inflow. When the ejection fraction (EF) of the LV is
reduced (<40%), a condition called “systolic dysfunction”, HF is defined as “reduced
ejection fraction” (HFrEF). When the EF is = 50%, but there is concomitant impaired
relaxation of the left ventricle, a condition called “diastolic dysfunction”, along with the
presence of pathognomonic signs and symptoms of HF, is classified as “HF with preserved
EF” (HFpEF). Subjects with HF and an EF between 40% and 50% are considered as part of
an intermediate group [3]. Diastolic dysfunction can also be present in HFrEF [4].
Interestingly, HFrEF and HFpEF could be additionally distinguished according to a patient’s
phenotype. Subjects with HFpEF, compared to HFrEF, are more often older women, with a
higher body-mass index, greater prevalence of diabetes, atrial fibrillation and a long history
of arterial hypertension [5]. The estimated prevalence of HFpEF among subjects with HF is
approximately 50% [6, 7]. Mortality rate may be higher in patients with HFrEF, however,
the high prevalence of HFpEF in the elderly lead to the absolute number of deaths being
higher in HFpEF [6]. HFpEF patients principally die from cardiovascular deaths;
nevertheless, they also have a higher incidence of non-cardiovascular mortality compared to
HFrEF. Subjects with HFrEF are more likely to have cardiovascular related deaths
compared to HFpEF patients [5, 8].

Structural characteristics of HFrEF and HFpEF are markedly different. In HFrEF the LV is
dilated with hypertrophic walls [9]. Histologically, fibrosis is present, cardiac myocytes are
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elongated and have a smaller diameter than in HFpEF, and their inner myofibrillar density is
also reduced. In addition, myocytes are less stiff compared to HFpEF. In HFpEF, the LV
cavity has typically a normal volume and the walls are hypertrophic. Histological
examination shows collagen deposition and larger, more rigid cardiomyocytes than in
HFrEF [4]. Despite diverse cardiac structure and function, the hemodynamic patterns of
HFrEF and HFpEF share similarities as well as differences. Clinical symptoms, renal
dysfunction, neurohormonal activation, response to exercise, and outcomes may overlap
[10]. Nevertheless, increased ventricular and vascular stiffening may play a more important
role than an actual volume overload, in acute HFpEF compared to HFrEF. Thus, these two
forms of HF are two well distinguished entities, with different pathophysiology and
consequently therapeutic approaches. It is possible that HFpEF may evolve into HFrEF and,
thus, the two conditions might be considered as “extremes of a single disease” [11].

Treatment and prognosis of cardiovascular disease have dramatically improved over the last
decades. Nevertheless, increased mortality and re-hospitalization rates remain high in
patients with HF [5]. The American Heart Association Guidelines for the management of
HF [3] are clear and straightforward for HFrEF; however, there is lack of consensus in the
management of HFpEF [8]. Importantly, therapies such as beta-blockers, angiotensin
receptor blockers (ARBS), angiotensin converting enzyme inhibitors (ACE-I), diuretics and
mineralocorticoid receptor antagonists (MRAS) which are widely used in HFrEF, do not
always have the same beneficial outcome in HFpEF. Most recently, PARAMOUNT [12]
was a phase Il clinical trial testing the efficacy of a novel compound created by the
combination of an ARB, valsartan, with a neprilysin inhibitor (AHU377). Neprilysin is one
of the most important enzymes responsible for the degradation of the natriuretic peptides
(NPs). The name of this new first-in-class Angiotensin Receptor Neprilysin Inhibitor
(ARNI) is LCZ696. The strategy behind this complex molecule is based on the effect
targeting two different pathways, both important in the pathogenesis of HFrEF and HFpEF:
the renin-angiotensin-aldosterone-system (RAAS) and the NP system [8]. This new drug
was added to baseline therapy in n=301 HFpEF patients and compared to HFpEF subjects
with baseline treatment plus valsartan alone. The results of this study showed a greater
reduction in NT-proBNP levels in the LCZ696-treated group compared to controls;
however, this difference was no longer present after 36 weeks of observation. Further, this
reduction in NT-proBNP levels remains to be translated into improved clinical outcomes.
LCZ696 has been recently added to standard therapy in chronic symptomatic HFrEF
patients: the PARADIGM-HF trial [13, 14]. This trial was stopped early (March 2014
instead of October 2014) due to mortality benefit in subjects taking LCZ696 compared to
subjects on standard therapy with added ACE-I (enalapril) alone. LCZ696 compared to
enalapril also reduced the risk of hospitalization for HF and significantly improved the
symptoms of HF. These impressive results have been obtained using a drug that targets at
the same time the RAAS and the NP system, and it supports a favorable and enhancing
effect of the combination of the two molecules together. LCZ696 may change the
therapeutic strategy and the long-term survival of HFrEF patients [15]; however, subjects
selected for this landmark trial had a cardiac EF < 35% and had to tolerate a dose of 10 mg
twice a day of enalapril before being considered for taking LCZ696. Translating it into the
clinical practice may require careful considerations. Another important trial is TOPCAT that
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tested the efficacy of spironolactone, an MRA, in HFpEF patients [16]. In this case the
investigators selected patients with an EF = 45%, from the Americas as well as from Russia
and Georgia, and it reported that treatment with spironolactone did not reduce the primary
composite outcome of death from cardiovascular causes, aborted cardiac arrest, or
hospitalization for the management of heart failure. However, in a post-hoc analysis
spironolactone seemed to benefit patients from the Americas but not those in Russia or
Georgia as to reflect a possible diverse approach to the conduct of clinical trials in clinical
practice in different countries [17].

In conclusion, the treatment for HF and, particularly, HFpEF remains a challenge that
certainly warrants new alternative and novel therapeutic approaches, in the acute setting as
well as in CHF.

2. NEUROHORMONAL ACTIVATION IN HF

2.1 From Asymptomatic to Symptomatic HF

Despite different pathophysiologies, HFrEF and HFpEF share activation of three major
neurchormonal systems: the NP system, sympathetic nervous system (SNS) and the RAAS.
The neurohormonal activation has laid the foundation of the field of HF biomarkers. The
initial phase of HF syndrome is usually asymptomatic. The stretched cardiomyocytes of the
failing heart secrete NPs primarily from the atria [18] to reduce the hemodynamic
impairment secondary to vasoconstriction and sodium retention due to the SNS and RAAS
[1]. More specifically, the SNS augments inotropic function and peripheral vasoconstriction
[19], whereas the RAAS maintains and expands intravascular volume and renal perfusion
through vasoconstriction in the kidney and active tubular sodium reabsorption.

The human NPs system consists of three structurally similar but genetically distinct
hormones: atrial natriuretic peptide (ANP), B-type natriuretic peptide (BNP) and C-type
natriuretic peptide (CNP). ANP and BNP are primarily synthetized in the heart whereas
CNP is produced mainly by the endothelium and kidney. ANP and BNP act through the
membrane-associated particulate guanylate cyclase A (GC-A) receptor. CNP preferentially
binds to the particulate guanylate cyclase B receptor (GC-B). There is a third receptor for
the clearance of NPs, NP receptor type C (NPR-C), which may also have proliferative
actions in cardiomyocytes and anti-fibrotic actions in cardiac fibroblasts [20, 21]. Only GC-
A and GC-B, after binding their specific peptides, produce the second messenger cyclic
guanosine 3’,5-monophosphate (cGMP). Importantly, cGMP mediates diverse
cardiovascular actions which involve suppression of cellular proliferation, inhibition of
inflammation [8], reduced platelet activation [22] and preservation of myocardial function
and structure [23]. The elevation of plasma NPs and, subsequently, cGMP levels may be
viewed as a compensatory response to reduce the initial cardiovascular maladaptation
present in HF. NPs have numerous and remarkable actions including natriuresis [24],
inhibition of aldosterone synthesis [25] and enhancement of vasodilation [26]. NPs are not
the only contributors to the increase of cGMP levels. Nitric oxide (NO) acting through
soluble guanylate cyclase, the other guanyate cyclase receptor, through cGMP production
may modulate inflammation [27], myocardial contractility[28] and endothelial
dysfunction[29]. However, NO bioavailability may be reduced in HF [30], contributing to a
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state of relative cGMP deficiency. NPs, together with NO, attempt to compensate for
hemodynamic dysfunction characterizing the initial stage of HF, through cGMP activation.
However, the SNS, which releases catecholamines, induces opposing effects and,
additionally, can directly activate the RAAS [31]. The peripheral vasoconstriction, including
vasoconstriction of the renal arteries, induced by SNS can also lead to glomerular
hypoperfusion followed by renin release from the kidney, and consequently augmented
RAAS activation. Directly or indirectly, there is a major renal involvement, with an increase
in angiotensin Il (Ang I1) and eventually aldosterone levels. Importantly, the kidney plays a
major role during HF, finally leading to sodium and water retention through the activation of
the mineralocorticoid receptors in the distal nephron [32]. In addition, Ang Il can stimulate
norepinephrine release, sustaining a vicious cycle between SNS and RAAS [33]. During
disease progression, the increased intravascular volume secondary to renal retention of salt
and water and the systemic vasoconstriction are deleterious to cardiorenal function but also
structure. The cardiorenal actions of the RAAS and SNS overwhelm the beneficial effects of
NPs-NO/cGMP leading to symptomatic HF, increased re-hospitalization and death.

It is important to underscore that these counteracting and complex interactions are present in
both AHF and CHF, although with different severities. Moreover, after myocardial
infarction aldosterone is also at its highest plasmatic concentration [34]. Indeed, EPHESUS
is a landmark clinical trial in which the investigators tested the efficacy of a
mineralocorticoid receptor blocker, eplerenone, given after acute myocardial infarction
complicated by left ventricular dysfunction and HF. This trial showed that the addition of
eplerenone to optimal medical therapy reduced morbidity and mortality [35]. Also,
eplerenone showed early survival benefit. Specifically, it significantly reduced all-cause
mortality 30 days after randomization in patients with HFrEF [36]. Therefore, the role that
aldosterone may play in the pathogenesis of cardiovascular diseases clearly goes beyond HF
and hypertension.

2.2 Cardiorenal Syndrome

As originally stated by Braunwald, the hallmark symptoms of CHF are secondary to the
kidney and its retention of salt and water [5]. Therefore, the interaction between the heart
and kidney remains a crucial component of CHF. In physiological conditions as well as
during HF these two organs interact to maintain hemodynamic homeostasis and electrolyte
equilibrium, especially in the maintenance of sodium. Eventually, HF becomes a true
cardiorenal syndrome either under acute conditions or in chronic state in which glomerular
filtration rate is inadequate and sodium and water retention prevail with refractoriness to
diuretics and endogenous natriuretic peptides. When the heart begins to fail, the
juxtaglomerular cells of the kidney secrete renin. Renin cleaves angiotensinogen, produced
and released in the circulation by the liver, to angiotensin I. ACE, broadly present
throughout the vasculature and in renal tubules, cleaves angiotensin | to Ang Il. Ang 11, also
a potent vasoconstrictor, activates aldosterone synthesis and release from the zona
glomerulosa of the adrenal cortex, with secondary increase in circulating aldosterone [32].
Importantly, aldosterone binds to the mineralocorticoid receptor (MR) present in the
epithelial cells of the collecting duct in the nephron, inducing sodium retention and
potassium excretion. This action is counter-regulated by the natriuretic effect of the cardiac
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ANP and BNP, and at least at the beginning, in an effective manner. However, with the
evolution of HF, the protective actions of NPs/cGMP are lost, leading to disease
progression. The volume overload further induces cardiomyocyte stress and cell loss
through apoptosis. Also, inflammatory and pro-fibrotic processes are initiated with
extracellular matrix accumulation. Remodeling, hypertrophy, fibrosis and cell death with
reduced myocardial regeneration [37] finally mediate irreversible cardiac organ damage and
end-stage HF. In parallel, the kidney undergoes maladaptation. Renal blood flow is reduced,
and/or the reduced venous return can result in renal congestion [38—40] with secondary
increase in renal interstitial pressure [41]. HFrEF and HFpEF are strongly associated with
renal dysfunction [39, 42]. As in the heart, long-term impaired renal perfusion induces local
inflammatory pathways and fibrosis, and consequent reduction in glomerular and tubular
function and eventually parenchymal damage (chronic kidney disease, CKD). This unique
cardiac and renal damage is reciprocally maintained and perpetuated. Both organs no longer
optimally respond to the compensatory and cardiorenal protective neurchormonal systems
and decompensation progresses. This is the picture of cardiorenal syndrome with high risk
for death and re-hospitalization.

This strong and complex intercommunication between heart and kidney is bidirectional.
Therefore, the kidney can be the first organ to initiate HF. This concept is supported by
previous clinical studies that have shown even mild renal impairment to contribute to
increased cardiovascular risk [43, 44]. In a recent paper from our group, Martin et al. [45]
showed that mild CKD, produced by uninephrectomy (UNX), resulted in early cardiac
fibrosis with mild diastolic impairment and preserved systolic function in rats. These
findings were independent of blood pressure, sodium, water retention, or aldosterone
activity. Further, this kidney-heart connection in mild early CKD could involve at least two
gene pathways in the heart: TGF-$ and apoptosis pathways. These important results support
the hypothesis that impaired kidney function is associated with release of renal humoral
and/or cellular factors that contribute to changes in myocardial function and structure.

In conclusion, regardless of the organ of origin, when treating either HF or renal disease it is
indispensable to focus on both organs as this synergistic interaction plays a key role in HF
and CKD progression.

3. HF: BIOMARKERS OR MEDIATORS?

Neurohormonal activation is a hallmark of HF (Table 1). In this review, we have focused on
the roles played by the NP system, the SNS and the RAAS. Indeed, BNP, norepinephrine/
epinephrine, Ang Il and aldosterone are robust markers of HF [46, 47]. Arginine vasopressin
(AVP), also known as antidiuretic hormone (ADH), is synthetized by the hypothalamus and
stored in the neurohypophysis. This hormone induces water reabsorption by the nephron,
finally increasing the intravascular volume [48]. AVP is also part of neurohormonal
activation during HF. Adrenomedullin (ADM) is a vasodilator peptide first found in
pheochromocytoma cells, but it has been subsequently found synthetized by different organs
such as heart, kidney, lung, smooth muscle cells and endothelium [5, 49, 50]. ADM levels
are increased during HF to reduce preload and afterload. Cortisol is produced in the zona
fasciculata of the adrenal cortex. This glucocorticoid hormone, if not completely locally
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inactivated by the enzyme 11p-hydroxysteroid dehydrogenase type 2 (11 BHSD2), can
induce sodium and water retention during HF, through binding to the MR in the kidney [51,
52]. In HF subjects, cortisol levels are higher than in subjects without HF [53].

The activation of the endothelium, the extracellular matrix, immune system cells and the
oxidative stress reaction also contribute to the deleterious progression of HF from a
compensated to a decompensated and symptomatic stage. Specifically, endothelins, released
by endothelial cells, induce vasoconstriction and aldosterone release [54, 55]. Cytokines
such as TNF-qa, IL-1, IL-6, and other inflammatory proteins and molecules are produced by
lymphocytes, macrophages, endothelial cells and many other tissues under stress-related
conditions. The injured myocardium can also secrete inflammatory cytokines. All these
factors culminate in progression of CHF [56].

Most recently, in the systemic circulation in HF, it is also possible to detect matrix
proteinases, enzymes involved in collagen metabolism. Their presence indicates
extracellular matrix remodeling and active fibrotic processes [5]. Indeed, Iragi and
coworkers showed changes in biomarkers of collagen synthesis and degradation in patients
with congestive HF and left ventricular systolic dysfunction after acute myocardial
infarction. This extracellular matrix remodeling was attenuated with aldosterone antagonist
[57]. Further, soluble ST2, interleukin receptor released in response to myocardial strain
[58-60], and galectin-3, macrophage-derived mediator inductor of collagen synthesis [61],
are also measured to evaluate the severity/prognosis of HF. Soluble ST2 plays a role in the
cardio-protective stress-response, while galectin-3 is involved in the cardiac fibrotic process.
Therefore, both soluble ST2 and galectin-3 along with the collagen peptidases, currently
widely used, extend the important concept of monitoring the extracellular collagen turnover
during HF.

Importantly, ischemic injury might characterize HF progression, provoking release of
specific cardiac peptides, such as troponins, in the bloodstream [47]. In HF it has also been
reported that secondary hyperparathyroidism may exist. Specifically, parathyroid hormone
(PTH) is released from the parathyroid glands when hypocalcemia is present. Thus, calcium
homeostasis may be impaired in HF as well as in CKD. In addition, PTH has been shown to
have direct pleiotropic effects on cardiomyocytes [62]. Another connection between altered
bone metabolism and HF is the release of the fibroblast growth factor 23 (FGF 23) from the
osteocyte [63]. FGF 23, in addition to modulating serum phosphorus, has direct myocardial
hypertrophic actions.

In summary, all these factors are considered valid biomarkers of HF. However, to date, BNP
and the N-terminus of the pro-hormone (NT-proBNP) are the only ones recommended by
the American Heart Association Guidelines for the diagnosis of HF. In addition to BNP,
biomarkers of myocardial injury (tropinins) and cardiac fibrosis (soluble ST2 and galectin-3)
may be considered for additive risk stratification in AHF [3]. An illustration of the multiple
and complex interconnections activated during HF is shown in Figure 1.

An ideal biomarker should allow for the diagnosis, treatment and prognosis of a specific
disease, in addition to being highly sensitive, specific, reliable and standardized, regardless
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of age, sex and anthropometric parameters of the subject [64]. In HF, despite the continued
research and identification of new biomarkers, challenges and questions remain.
Importantly, biomarkers, while diagnostic and prognostic, clearly have a role in mediating
disease. Biomarkers are part of important pathways of disease and provide a powerful
rational for us to monitor specific pathological conditions, such as HF. One could then
speculate that using biomarkers just to track disease might not be completely an optimal
strategy. Targeting biomarkers with specific therapeutic agents together with their diagnostic
and prognostic potential could block or promote a selected pathway involved in the
pathogenesis of disease, leading to better outcomes [65]. In HF, the use of ACE-I, ARBs, 3-
blockers and, recently, the new class of drugs ARNIs are examples of therapeutic strategies
targeting biomarkers. The efficacy of these drugs, particularly in HFrEF is unquestionable.

4. PERSPECTIVES

Despite progress in the science and medicine of cardiovascular disease, HF remains an
enormous public health burden. The need for new effective drugs should involve the re-
studying of the pathophysiology of HFrEF and HFpEF and the re-defining new and diverse
pathways and biomarkers to target with novel therapies. Recognizing the activation of
numerous hormonal systems in HF and the imbalance between the NPs and RAAS, the use
of novel natriuretic peptide receptor agonists, to increase the beneficial effects of NPs/cGMP
pathway and counteracting the negative actions of Ang Il and mineralocorticoid receptor
activation, could be warranted. Nonetheless, as for any disease in which the majority of risk
factors are modifiable, HF prevention is the first step. In this regard, the data reported by
Eschalier et al. are very interesting. These authors highlight the importance of monitoring
blood pressure, procollagen-111-N-terminal peptide, and central obesity to identify early
structural and functional changes in the heart, before overt HF [66]. From the same group, a
reduced ratio between the low amino terminal pro-peptide of type Il procollagen and the
type | collagen telopeptide was predictive of ventricular remodeling as well as
cardiovascular deaths and hospitalizations for HF, in addition to BNP and cardiac EF [67].
Both these studies underscore the importance of the biomarkers in preventing adverse
cardiac remodeling and progression of HF. In conclusion, strict follow-up of identified high-
risk subjects, with the use of biomarkers and the modulation of their targets, could help in
early diagnosis and therefore in a more personalized strategy to reduce the burden of this
syndrome.
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KIDNEYS & ADRENALS -

THE ENDOCRINOPATHY OF HEART FAILURE

The complex neurohormonal activation in HF: an Endocrinopathy. The roles played by
endothelium, kidney, adrenal, hypothalamus and hypophysis, parathyroid, liver, immune
system and bone in response to the failing heart. All these organ systems secrete mediators
to compensate the cardiac dysfunction. AVP, arginine vasopressin; MMPs, matrix
metalloproteinases, TNFa, tumor necrosis factor alpha; ILs, interleukins; PTH,
parathormone; ANP, atrial natriuretic peptide; BNP, B-type natriuretic peptide; ADM,
adrenomedullin; FGF 23, fibroblast grow factor; NO, nitric oxide; CNP, C-type natriuretic
peptide; ET-1, endothelin-1; Ang Il, angiotensin II.
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Table 1

Biomarkers and Mediators in HF.
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Neurohormonal Factors

Cell of Origin

Principal Biological Actions

Natriuretic peptides

Adrenomedullin

ST2

Troponins

Renin

Angiotensin Il

Aldosterone

Cortisol

Epinephrine/Norepinephrine

NO

CNP

Endothelins

PTH

AVP

MMPs

Cardiomyocyte

Cardiomyocyte

Cardiomyocyte

Cardiomyocyte

Juxtaglomerular cell

Pulmonary endothelial cell and renal epithelial cell

Zona glomerulosa cell (adrenal cortex)

Zona fasciculata cell (adrenal cortex)

Adrenal medulla cell/SNS

Endothelial cell

Endothelial cell and renal tubular cell

Endothelial cell

Parathyroid chief cell

Hypothalamus

Fibroblast, Monocyte/Macrophage

Natriuresis/Diuresis
Vasodilation
Anti-fibrotic

Anti-inflammatory

Vasodilation

Anti-hypertrophic
Anti-fibrotic

Myocardial contraction

Cleaves angiotensinogen to Ang |

Vasoconstriction

Induction of aldosterone release

Sodium and water retention
Pro-fibrotic

Pro-inflammatory

Sodium and water retention via MR

Hypertension via MR

Vasoconstriction
Inotropic

Chronotropic

Vasodilation

Anti-fibrotic

Vasodilation

Anti-fibrotic

Vasoconstriction

Increase serum calcium level

Induction myocyte hypertrophy

Water retention

Vasoconstriction

ECM remodeling
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Neurohormonal Factors Cell of Origin

Principal Biological Actions

Cytokines (IL-1, IL-6, TNF a..)  Lymphocyte, Monocyte/Macrophage, Fibroblast

Galectin-3 Macrophage

FGF 23 Osteocyte

Pro-inflammatory
Pro-fibrotic

ECM remodeling

Collagen synthesis

Induction fibroblasts proliferation

Reduction serum phosphate level

Induction fibroblasts proliferation

SNS, sympathetic nervous system; NO, nitric oxide; CNP, C-type natriuretic peptide; PTH, parathyroid hormone; AVP, arginine vasopressin;
MMPs, matrix metalloproteinases; IL, interleukin; TNFa, tumor necrosis factor alpha; FGF 23, fibroblast grow factor 23; Ang, angiotensin; MR,

mineralocorticoid receptor; ECM, extracellular matrix.
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