
June 2017 | Volume 8 | Article 7161

HypotHesis and tHeory
published: 19 June 2017

doi: 10.3389/fimmu.2017.00716

Frontiers in Immunology | www.frontiersin.org

Edited by: 
István Vadász,  

Universities of Giessen  
and Marburg Lung Center,  

Germany

Reviewed by: 
Peter Sporn,  

Feinberg School of Medicine,  
United States  

Emmanuelle Brochiero,  
Université de Montréal, Canada

*Correspondence:
Zaher S. Azzam 

z_azzam@rambam.health.gov.il

Specialty section: 
This article was submitted  

to Inflammation,  
a section of the journal  

Frontiers in Immunology

Received: 03 March 2017
Accepted: 02 June 2017
Published: 19 June 2017

Citation: 
Azzam ZS, Kinaneh S, Bahouth F, 
Ismael-Badarneh R, Khoury E and 

Abassi Z (2017) Involvement of 
Cytokines in the Pathogenesis of  

Salt and Water Imbalance in 
Congestive Heart Failure. 

Front. Immunol. 8:716. 
doi: 10.3389/fimmu.2017.00716

involvement of Cytokines in  
the pathogenesis of salt and  
Water imbalance in Congestive  
Heart Failure
Zaher S. Azzam1,2*, Safa Kinaneh1, Fadel Bahouth1, Reem Ismael-Badarneh1,  
Emad Khoury1 and Zaid Abassi1

1 Department of Physiology and Biophysics, Technion, Israel Institute of Technology, Haifa, Israel, 2 Internal Medicine “B”, 
Rambam Health Care Campus, Haifa, Israel

Congestive heart failure (CHF) has become a major medical problem in the western 
world with high morbidity and mortality rates. CHF adversely affects several systems, 
mainly the kidneys and the lungs. While the involvement of the renin–angiotensin–
aldosterone system and the sympathetic nervous system in the progression of car-
diovascular, pulmonary, and renal dysfunction in experimental and clinical CHF is well 
established, the importance of pro-inflammatory mediators in the pathogenesis of this 
clinical setting is still evolving. In this context, CHF is associated with overexpression of 
pro-inflammatory cytokines, such as tumor necrosis factor-α, interleukin (IL)-1, and IL-6, 
which are activated in response to environmental injury. This family of cytokines has 
been implicated in the deterioration of CHF, where it plays an important role in initiating 
and integrating homeostatic responses both at the myocardium and circulatory levels. 
We and others showed that angiotensin II decreased the ability of the lungs to clear 
edema and enhanced the fibrosis process via phosphorylation of the mitogen-activated 
protein kinases p38 and p42/44, which are generally involved in cellular responses 
to pro-inflammatory cytokines. Literature data also indicate the involvement of these 
effectors in modulating ion channel activity. It has been reported that in heart failure due 
to mitral stenosis; there were varying degrees of vascular and other associated paren-
chymal changes such as edema and fibrosis. In this review, we will discuss the effects 
of cytokines and other inflammatory mediators on the kidneys and the lungs in heart 
failure; especially their role in renal and alveolar ion channels activity and fluid balance.

Keywords: heart failure, alveolar epithelium, renal cells, inflammation, cytokines, alveolar fluid clearance

introdUCtion

Congestive heart failure (CHF) has recently become a major medical problem in the developed 
countries with increased rates of mortality and morbidity, particularly among the elderly popula
tion. CHF constitutes an enormous economic burden on health service because of the expensive 
costs of the various therapeutic modalities, frequent hospital admissions, and poor quality of 
life. In the developed countries, it is estimated that up to 2% of the adult population suffers from 
this syndrome; whereas, in patients ≥65  years of age, the prevalence surges to more than 10% 
(1). The pathophysiologic conditions of CHF are various and include either decreased cardiac 
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output due to loss of cardiac muscle tissue as it is observed in 
myocardial infarction, myocarditis and dilated cardiomyopathy; 
or increased filling pressures of the heart as it is evident in 
hypertension, hypertrophic and restrictive cardiomyopathies, 
and certain valvular diseases. CHF can also develop due to a 
volume overload deriving from arteriovenous shunts or fistulas 
and administration of fluid excess.

Understanding the underlying mechanisms leading to the 
development of CHF and its complications is therefore essential 
for optimizing the treatment of CHF and exploring novel thera pies 
that aim to improve the outcome of the disease (2). Since the 
early 1980s, the importance of vasoconstrictor neurohormonal 
systems in the pathogenesis of CHF has been increasingly 
recognized. Numerous studies in patients and in experimental 
models of CHF have established the important role of the renin–
angiotensin–aldosterone system (RAAS) and the sympathetic 
nervous system (SNS) in the progression of cardiovascular and 
renal dysfunction in CHF. It is now accepted that excessive 
neurohormonal activation may adversely affect cardiac function 
and the hemodynamic condition by enhancement of systemic 
vasoconstriction and promoting salt and water retention by 
the kidney. In addition, prolonged activation of the SNS and 
RAAS may have direct deleterious actions on the myocardium,  
independent of their systemic hemodynamic effects (3–5). How
ever, generally, inflammation plays an important role in most 
cardiac diseases, and receptormediated innate immunity is pri
marily investigated with respect to tolllike receptors. However, the  
role of the innate immune system in heart failure has been 
controversial (6).

Cytokines that are composed of a vast array of relatively 
low molecular weight, pharmacologically active proteins; have 
been implicated in the progression of CHF. The most important 
cytokines are tumor necrosis factorα (TNFα), interleukin (IL) 
1β, and IL6. These cytokines share some of their major charac
teristics (redundancy), and all act in a proinflammatory sense 
(7). Adhesion molecules, autoantibodies, nitric oxide (NO), and 
endothelin1 are also thought to be relevant to the pathogenesis 
of CHF (8).

Recently, it was shown in patients with acute decompensated 
heart failure (ADHF) that following standard treatment of 
ADHF, the monocyte profile and circulating inflammatory 
markers (Creactive protein and IL6) shifts to more closely 
resemble those of healthy controls, suggesting the contribution 
of systemic inflammation to the pathophysiology of ADHF (9). 
We and others have shown the deleterious consequences of heart 
failure on the lungs and the kidneys; therefore, we decided in this 
review to focus on the effects of cytokines and other inflammatory 
mediators on the lungs and the kidneys in heart failure; especially 
their role in renal and alveolar ion channels activity and fluid 
balance.

tHe ContriBUtion oF tHe iMMUne 
systeM to Heart FaiLUre

There are several theories regarding the activation of the 
immune system in heart failure (10). One hypothesis is based 

on the consequences of heart failure, that is, systemic venous 
congestion including the mesenteric venous system with con
sequent bowel edema and increased permeability that leads 
to bacterial translocation, endotoxin release and resultant 
activation of the immune system (11). The second theory is 
related to the ability of the failing heart to produce cytokines; 
TorreAmione et al. have shown that TNFα mRNA and TNF
α protein were present in the explanted hearts from dilated 
cardiomyopathy and ischemic heart disease patients but not in 
nonfailing hearts (12).

In the third hypothesis, the state decreased cardiac output in 
heart failure causes systemic tissue hypoxia with subsequent sys
temic inflammation, which in turn may be the primary stimulus 
for increased TNFα production (13).

The heart undergoes extensive structural and functional 
remodeling in response to injury, central to which is the hyper
trophy of cardiac myocytes, with excessive deposition of extracel
lular matrix (14). Myocardial fibrosis is commonly categorized 
as one of two types: reactive fibrosis or replacement fibrosis. 
Reactive fibrosis occurs in perivascular spaces and corresponds 
to similar fibrogenic responses in other tissues; replacement 
fibrosis occurs at the site of myocyte loss.

Myocardial fibrosis is attributed to cardiac fibroblasts, which 
resides in the myocardium and is confirmed to be abundant (15). 
Following myocardial injury, all types of fibroblasts proliferate 
and differentiate into myofibroblasts, a process that is orches
trated by classic mediators such as TGFβ1, endothelin1, and 
angiotensin II (Ang II). Notably, fibrosis is accelerated as result 
of intercellular interaction and cross talk; in this case, between 
activated fibroblasts and cardiomyocytes (16).

The effects of fibrosis on the heart muscle are various and 
include impairment of cardiac function, both systolic and dias
tolic. It also caused electrical instability and the development 
of fatal ventricular arrhythmias. This arrhythmogenic activity 
occurs in areas that couple fibroblasts and cardiomyocytes 
due to discontinuous slowing of conduction and consequent 
arrhythmia (17).

The CORONA study that included 1,464 patients with 
chronic ischemic systolic HF demonstrated that serum levels 
of TNFα, soluble TNF receptors type I and II (sTNFRI and 
sTNFRII), and the chemokines monocyte chemoattractant 
protein1 and interleukin8 (IL8) were independent predictors 
of all endpoints (allcause mortality, cardiovascular mortal
ity, and worsening heart failure). After further adjustment for 
estimated glomerular filtration rate (GFR), the ApoB/ApoA1 
ratio, NTproBNP, and highsensitivity Creactive protein, only 
IL8 remained a significant predictor of all endpoints (except 
the coronary endpoint), while sTNFRI remained independen tly 
associated with CV mortality (18). Recently, in concord ance 
of this study, it was reported IL8 was negatively correlated 
with the left ventricular enddiastolic diameter and positively 
with left ventricular systolic volume (19). However, it should 
be emphasized that the elevated levels of cytokines in general 
and in heart failure, in particular, may not be responsible for 
tissue injury, rather it may reflect a concomitant phenomenon 
where cytokines could be used as biomarkers for heart failure but  
not effectors.
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FigUre 1 | Alveolar fluid clearance process in the lung epithelium. Sodium is actively transported from alveolar space to the lungs’ interstitium and blood vessels; 
achieved mainly by apical ENaC and basolateral Na+/K+ ATPase located at AECI and AECII. This results in the formation of osmotic gradient, which drives 
transcellular and paracellular movements of water molecules. Some regulators, including cytokines, negatively affect this process while others appear to be with 
positive effects. AECI, alveolar epithelial cells type I; AECII, alveolar epithelial cells type II.
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pulmonary system
The alveoli are composed of thin layer of epithelial cells; 
alveolar epithelial cells type I and type II (AECI and AECII, 
respectively) that occupy together 99% of surface area of the 
lungs and play a crucial role in breathing and preserving lung 
homeostasis. There are also alveolar residential macrophages 
that protect the lungs from pathogens and regulate lung immune  
response (20).

Alveolar macrophages—AMφ comprise 95% of bronchoal
veolar lavage and are part of cellular compartment of innate 
immunity that has an essential role in pathogen defense. Another 
type of macrophages is interstitial macrophages or bonemarrow 
derived macrophages that are also involved in the process of lung 
defense (21).

Alveolar Fluid Clearance (AFC)
Active sodium (Na+) transport across the alveolarcapillary 
barrier is important in keeping the airspaces free of fluid in 
healthy conditions and for the resorption of lung edema in 
pathologic conditions. Briefly, Na+ enters the alveolar epithelial 
cells through apical amiloride sensitive Na+ channels (ENaC), 

and by a process that consumes energy is pumped out of the 
cell by the Na,KATPase located in the basolateral membrane in 
exchange for potassium entry on a ratio of 3:2 Na+–K+ against 
their chemical gradient (20, 22–27) (Figure  1). ENaC consti
tutes the rate limiting step for sodium absorption in epithelial 
cells of various sites including distal renal tubule, distal colon, 
exocrine glands, and lungs. Concerning the latter, ENaC plays 
a critical role in AFC. A support for this notion was derived 
from Hummler et  al. who demonstrated that AFC in knock
out mice to ENaC was severely attenuated with resultant fatal 
respiratory distress (27). Notably, nonselective Na+ channels 
(NSC) and cyclic nucleotidegated channel have been shown to 
be involved in the process of AFC, however to a lesser extent 
than ENaC (28). In addition, K+ ions are recycled by basolateral 
K+ channels, which also participate in the control of Na+ and 
fluid absorption (26). It has been shown that AFC is modulated 
by several pharmacologic modalities and interventions; such 
as catecholamines, angiotensin, vasopressin, endothelin, gene 
therapy, hypercapnia, hyperoxia, sepsis, and others (20, 29–33). 
Notably, Ang II decreased AFC via cAMP–Na, KATPase 
pathway. Whereas, it was reported that Ang II plays a role in 
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lung fibrosis by phosphorylating p38 and p42/44 kinases (also 
called extracellular signalregulated protein kinases, ERK 1/2) 
(31). Ang IIinduced mitogenactivated protein kinase (MAPK) 
activation has been implicated in myocardial hypertrophy, 
inflammation and neurotransmitter catecholamine synthesis, 
and release in the brain (34–36). These two kinases play a dis
tinct role in the induction and signaling of proinflammatory 
cytokines. Specifically, fibroblasts stimulated with Ang II 
showed a strong timedependent expression of COX2 protein. 
The p38 MAPK inhibitor SB203580 but not the p42/44 MAPK
inhibitor PD98059 suppressed Ang IIinduced COX2 protein 
expression, a pro inflammatory enzyme (37). Likewise, blockade 
of Ang II receptors type I and II (AT1 and AT2, respectively) 
reduced the levels of TNFα and its damage on renal tubular 
cell injury, thus exerting cytoprotective effects (38). Concerning 
the interaction between the RAAS and CNS systems, Wei et al. 
demonstrated that Ang II stimulates MAPK to upregulate brain 
AT1 receptors in rats with HF (39). Similarly, these authors 
demonstrated that Ang IIactivated MAPK signaling pathways 
contribute to sympathetic excitation in HF (40). Specifically, 
intracerebroventricular administration of two selective p44/42 
MAPK inhibitors, PD98059 and UO126, induced significant 
decreases in mean arterial pressure, heart rate, and renal sym
pathetic nerve activity in rats with HF but did not affect these 
parameters in sham controls. In addition, MAPK can be acti
vated by other factors, such as proinflammatory cytokines and 
reactive oxygen species (41, 42), which are known to increase 
during inflammatory, pulmonary, and cardiac diseases. ERK1 
and ERK2 play a crucial role in the pathogenesis of cardiac and 
vascular diseases. In this context, it was found that ERK1/2 
and p38 MAPK activation occurred within 10  min of trans
verse aortic constriction, a model of pressure load heart failure  
(43). Similarly, activation of ERK, Jun kinase (JNK), and p38 
MAPK has been demonstrated in other clinical and experimen
tal heart failure (44).

The ability of the lungs to clear edema is impaired in acutely 
increased left atrial pressure (45–48). The underlying mechanisms 
are not fully understood; it has been assumed that NO synthesized 
in the alveolar endothelial cells attenuated the ability of the lungs 
to clear fluids via alveolar endothelial–epithelial interactions 
(45). The addition of Ang II to cultured vascular smooth muscle 
cells did not induce neither nuclear factor kappa B (NFκB) acti
vation nor iNOS or VCAM1 expression. However, when added 
together with IL1β, Ang II, through activation of the (AT1) 
receptor, inhibited iNOS expression and enhanced VCAM1 
expression induced by the cytokine. The inhibitory effect of Ang 
II on iNOS expression was associated with a downregulation of 
the sustained activation of extracellular signalregulated kinase 
(ERK) and NFκB by IL1β, whereas the effect on VCAM1 was 
independent of ERK activation. The effect of Ang II on iNOS was 
abolished by inhibition of p38 MAPK with SB203580. The authors 
concluded that Ang II, by a mechanism that involves p38 MAPK, 
differentially regulates the expression of NFκBdependent genes 
in response to IL1β stimulation by controlling the duration of 
activation of ERK and NFκB (49).

In chronic heart failure, however, the ability of the lungs to 
clear edema is increased particularly in compensated CHF  

(50, 51). Verghese et al. have shown that in most of the patients 
with hydrostatic pulmonary edema, AFC is intact or even 
increased. Notably, in this population, there was a trend though 
insignificant toward better outcomes (52).

De Vito reported that Na+/H+ Exchanger isoform 1 might be 
a possible mediator of immunity involved in cytoplasmic pH 
(pHi) homeostasis and expression of cytokines and chemokines 
(53). Our laboratory is currently investigating the expression 
pattern of Na+/H+ Exchanger (NHE) isoforms in alveolar epi
thelial cells and to evaluate their involvement in AFC process 
in both control and heart failure rats. CHF was induced by the 
placement of arteriovenous fistula between the abdominal aorta 
and vena cava (50). Notably, one should bear in mind that many 
of the immune cell functions are coupled with pHi modification. 
Specifically, an increase in pHi represents an important signal for 
cytokine and chemokine release, whereas a decrease in phagoso
mal pH can induce an efficient antigen presentation (53). Thus, 
our hypothesis in this regard speculates a potential role of one 
of the NHE isoforms in the inflammatory aspect of heart failure 
in general and pulmonary system in particular.

The Effects of Cytokines on AFC
The effects of cytokines on AFC were examined on a variety of 
acute lung injury (ALI) models and found to play a controversial 
role (18, 19, 54).

The role of the immune system in patients with acute respi
ratory distress syndrome (ARDS) and ALI is well known; briefly, 
soon after lung injury, endothelial cells are damaged with gap for
mation that allows fluid permeability, activation, and migra  tion 
of neutrophils with activation of proinflammatory cytokines  
such as TNFα, IL1β, and the transcriptional regulatory NFκB. 
Notably, in response to stimuli, such as infection, NFκB is acti
vated with consequent cellular responses that lead to pulmonary 
edema due to ALI/ARDS (55). Peteranderl et al. recently dem
onstrated that in mice lungs infected with influenza A (IAV), 
the rate of AFC was decreased via inhibiting the recruitment 
of Na,KATPase α subunit to the plasma membrane (54). It was 
demonstrated that this process was mediated by a paracrine cross 
talk between the infected and noninfected AEC and alveolar 
macrophages. The mediators that were involved in this interac
tion were principally interferon α and to lesser degree IFNβ 
and an IFNdependent elevation of macrophage TNFrelated 
apoptosisinducing ligand. Interestingly, interruption of this 
cellular cross talk accelerates the rate edema resolution, which is 
of biologic and clinical importance to patients with IAVinduced 
lung injury (56).

TNFα levels are known to be increased in heart failure. It 
was shown that LV ejection fraction was depressed in transgenic 
mice overexpressing TNFα in cardiomyocytes; this effect was 
dependent on TNFα gene dosage (57). However, the knowledge 
regarding the role of cytokines on AFC in the context of heart 
failure is limited. Rezaiguia et al. have shown that TNFα instilled 
in normal rats increased alveolar liquid clearance by 43% over 1 h 
compared with control rats; conceivably, due to ENaC stimula
tion. TNFα, which is secreted from alveolar macrophages binds 
to TNF receptors located on alveolar epithelial cells, where 
it induces its effects probably via upregulating of G proteins 
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FigUre 2 | Extracellular fluid volume control in CHF. Volume homeostasis in CHF is determined by the balance between the natriuretic and the anti-natriuretic arms. 
In decompensated CHF, enhanced activities of the Na+-retaining systems along with activation of pro inflammatory substances overcome the effects of the 
vasodilatory/natriuretic systems, leading to a net reduction in Na+ excretion and eventually to an increase in ECF volume. CHF, congestive heart failure;  
ECF, extracellular fluid.
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coupled ENaC. This effect is mediated via the lectinlike domain 
of TNFα (58, 59). Another suggested mechanism is recruitment 
of ion channels to the cell membranes (60, 61). Moreover, it 
was demonstrated that in a model of ischemia–reperfusion in 
rats; AFC was upregulated, at least partly via TNFαdependent 
mechanism (62). On the other hand, it was reported that treat
ing alveolar epithelial cells with TNFα, the mRNA expression  
of ENaC subunits was decreased with compatible decrease in 
activity (63, 64). Therefore, these studies demonstrated that 
exposure to TNFα decreases ENaC mRNA and protein expres
sion, as well as ENaC function both in alveolar type II cells and 
in injured lungs.

In models of ALI, it was demonstrated that IL8 mediated 
injury to both the endothelium and epithelium, with consequent 
high permeability edema formation and decreased AFC (54). 
In addition, pretreatment with antiIL8 antibodies successfully 
restored the rate of AFC to normal probably by attenuating injury 
to the epithelium (18, 19).

The Effect of NO and Endothelin on AFC
Endothelin1 (ET1), a potent vasoactive peptide produced by 
endothelial cells and released during injurious stimuli such as 
pulmonary hypertension and heart failure. It has been shown 
that elevated concentrations of ET1 predict mortality and 

hospitalizations in HF patients (65). It is noteworthy that ET1 
has an inhibitory effect on lung edema clearance via an endothe
lial epithelial interaction. The underlying mechanism involves 
activation of endothelial ETB receptors and NO generation lead
ing to alveolar epithelial Na,KATPase downregulation in a cyclic 
guanosine monophosphate (cGMP)independent manner (32).

Kaestle et al. have explored the role of NO in both acute and 
chronic heart failure. They have shown that in isolated mouse 
lungs, hydrostatic edema formation was attenuated by NO syn
thase (NOS) inhibition. Similarly, edema formation was decreased 
in isolated mouse lungs of endothelial NOSdeficient mice. 
Whereas, in chronic heart failure model; AFC was preserved as a 
result of endothelial dysfunction and decreased NO generation. 
This effect is mediated by endothelialderived NO acting as an 
intercompartmental signaling molecule at the alveolocapillary 
barrier (45) (Figure 1).

renal system
Kidney dysfunction is common in heart failure and is associated 
with an increased risk of mortality. The interaction between the 
heart and kidney in this setting is complex, involving multiple 
interdependent mechanisms including hemodynamic altera
tions and activation of multiple neurohormonal as well as pro
inflammatory systems (Figure 2).
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FigUre 3 | (a) Sodium transport in the proximal tubule. (B) Reabsorption of Na+ and K+ transport in the principle cells of the collecting duct.
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Effects of Cytokines on Renal Handling  
of Water and Salt
The kidney is a major target organ of various hormones, and 
paracrine and autocrine substances. Many of the latter belong to 
the cytokines family, and some of the hormones that act on the 
kidney possess pro inflammatory properties. CHF is known to 
cause amplification of several proinflammatory mediators that 
can be detected at high concentrations in several vital organs and 
blood stream. The biologic sources of this chronic inflammatory 
state in CHF are not fully recognized. However, the heart and 
the kidneys produce a wide range of proinflammatory cytokines 
in response to activation of various neurohormonal systems  
and endotoxin accumulation as described below. Moreover, the  
hypo perfusion of the kidney during cardiorenal syndrome 
(CRS) results in sodium and water retention with further venous 
congestion. The biomechanical stretch of the vascular endothe
lium stimulates cytokine production (66).

The Renin–Angiotensin System
The RAAS plays a major role in the pathogenesis of heart failure 
and responsible for the cardiovascular and renal manifestations 
of this disease (67–69). At the initial phase of CHF, the RAAS 
exerts beneficial effects aimed at BP maintenance by direct 
systemic vasoconstriction, or indirectly via augmentation of the 
SNS activity and by promoting renal sodium retention. However, 
as CHF progress, the biological activities of the RAAS turn to be 
deleterious and contribute significantly to the disease aggrava
tion (67). The main active substances of the RAAS are Ang II and 
aldosterone, which play a key role in the adverse cardiac and renal 
manifestations of severe CHF (3). Concerning the kidney, both 
Ang II and aldosterone act directly on the proximal tubule and col
lecting dust where they enhance Na+ reabsorption via NHE3 and 
ENaC, respectively (Figure 3). Specifically, twothirds of filtered 
sodium is reabsorbed in the proximal tubule via cotransporters 
along amino acid, glucose, phosphor as well as NHE3. Water 

follows sodium via aquaporin 1. At the distal tubule, sodium is 
reabsorbed by Na, Kcotransporter sensitive to thiazide. In the 
collecting ducts, a minimal amount of sodium (2–3%) is reab
sorbed via amiloride sensitive ENaC that is upregulated by aldos
terone. Water is reabsorbed in the collecting ducts via aquaporin 
2 induced by vasopressin (70, 71). Furthermore, it is conceivable 
to reason that the antinatriuretic effect of the RAAS is counter
balanced by the natriuretic/vasodilatory effect of atrial natriuretic 
peptide (ANP) on the kidney, thereby leading to substantial 
urinary retention of sodium and water retention with resultant 
edema formation (72, 73). In addition, increased activity of the 
RAAS contributes to the attenuated endothelialdependent renal 
vasodilatation and the development of endothelial dysfunction 
characterizing CHF (74). Concerning the latter, it is attributed to 
several factors including the immune system. In support of this 
notion, it has been reported that T cells and various T cellderived 
cytokines play a role in the pathogenesis of fluid/salt imbalance 
and elevated vascular resistance. For instance, various stimuli 
including Ang II, aldosterone, and catecholamines, which are 
known to be activated in CHF and hypertension increase the 
count of effector like T cells, which infiltrate the renal tissue in the 
perivascular regions of both arteries and arterioles (66, 75). There 
is also accumulation of monocyte/macrophages in these vascular 
beds (75). Both cell types release several cytokines including 
IL17, IFNγ, tumor necrosis factorα (TNFα), and IL6, which 
cause renal damage and vascular dysfunction, resulting in avid 
sodium retention and elevated vascular resistance (75). By apply
ing MI model induced by left coronary artery ligation in rats, Cho 
et al. demonstrated elevated activated monocytes (CC chemokine 
receptor 2+ ED1+) in peripheral blood, along with the infiltration 
of ED1+ macrophages and the increment of nuclear p65 in the 
kidney of MI rats, suggesting the contribution of NFκBmediated 
inflammation in the development of type I CRS. The inflamma
tory cytokines, IL6, and tumor necrosis factorα (TNFα) mRNA 
expression, as well as microvascular endothelial permeability and 
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tubular cell apoptosis, significantly enhanced in the kidneys of 
MI rats. These findings support the involvement of the immune 
activation/inflammation in the pathophysiology of CRS besides 
the hemodynamic alteration, pathological compensatory neuro
hormonal activation and oxidative stress (76).

As mentioned above, the RAAS activates the immune system 
but also the immune system activates certain components of 
RAAS (8). In this context, TNFα and IL6 stimulate the gen
eration of angiotensinogen, exaggerate sodium retention and 
enhance renal fibrosis (77). One of the most famous represen
tatives of the adverse cytokines in CHF is TNFα, whose circula
tory levels increase in correlation with the severity of the disease 
(66). In line with the deleterious proinflammatory role of Ang 
II in CHF, pharmacological blockade of the AT1 receptors in 
this clinical setting decreased the levels of proinflammatory 
cytokines including TNFα (78, 79). Similarly, in  vivo studies 
demonstrated that Ang II enhanced the expression of both TNFα 
and IL6 in the cardiomyocytes and in renal cortical and tubular 
cells (78, 80). These findings support the notion that the RAAS, 
especially Ang II, triggers the production of proinflammatory 
molecules in CHF.

Finally, several studies provided a keen linkage between oxi
dative stress and immune activation in several cardiovascular 
diseases including CHF and hypertension (81, 82). Interestingly, 
longterm activation of the RAAS impairs mitochondrial func
tion, and increase oxidative stress burden which in turn can lead 
to renal injury and sodium and water retention (81). The major 
prooxidative stress stimulator is Ang II, where administration 
of the latter enhances renal mitochondrial oxidative stress and 
reduces GFR in rats with heart failure.

Sympathetic Nervous System
Activation of SNS is one of the hallmarks of CHF. It is well 
established the SNS mediates system and renal vasoconstrictor 
and salt retaining biological actions (83). However, experimental 
studies have demonstrated the involvement of proinflammatory 
cytokines TNFα, IL6, and IL1β in CHF rats that were exposed 
to chronic stimulation of βadrenergic stimulation with isopro
terenol for 12 weeks as manifested by increased mRNA expression 
of these cytokines in cardiomyocytes and cardiac blood vessels. 
Nevertheless, the mRNA expression of NO was not increased. 
Thus, it is presumed that one mechanism underlying the benefi
cial effects of βadrenergic blockade in heart failure may involve 
attenuation of TNFα and IL1β expression independent of iNOS 
and NO. In this context, βblockade with metoprolol causes sig
nificant decline in TNFα and IL1β, but not IL6 expression in 
the myocardium (84). It should be emphasized that the kidneys 
are preferentially innervate by sympathetic nerve fibers and the 
activity of renal sympathetic nerve is markedly increased in CHF. 
Stimulation of the renal nerve augments sodium reabsorption, 
decreases renal blood flow (RBF) via renal artery constric
tion, and stimulates renin release through β1 receptors on the 
juxtaglomerular apparatus (85).

Whether enhanced circulatory levels or locally produced 
cytokines in response to SNS or RAAS activation in CHF medi
ate some of the adverse renal actions of these systems remained 
largely to be elucidated. However, previous studies have shown 

that proinflammatory mediators such as TNFα, IL6, and CRP 
play a role in the pathophysiology of progressive renal injury 
and probably in salt and water imbalance characterizing various 
acute and chronic kidney diseases including CRS. As mentioned 
above, volume expansion associated with CHF promotes secre
tion of cytokines by endothelial cells. In this context, it was 
reported that TNFα caused renal dysfunction as was evident by 
intravascular volume expansion due to salt and water retention 
(86). Likewise, oxidative stress enhances NaCl absorption by the 
thick ascending limb through activation of protein kinase C (87). 
Additional explanation to the avid sodium retention and water 
imbalance in heart failure is renal epithelial and endothelial 
damage, which leads to a loss of endo–epithelial barrier integrity 
and function. In this respect, Cho et al. have shown that CRS 
type I and II was associated with increased tubular damage mar
ker as was evident by elevated levels of NGAL and tubular cell 
apoptosis. Moreover, macrophage infiltration and inflammatory 
cytokine expression possibly mediated by the NFκB pathway, 
and microvascular endothelial damage increased significantly in 
kidneys at 3 days postinduction of MI, suggesting the important 
contribution of inflammation in the pathogenesis of type I CRS. 
These changes ultimately led to renal interstitial fibrosis along 
with chronically decreased heart function (type II CRS) (76). 
Although the direct effects of cytokines on ion transports in the 
kidney were no studied yet, the observation that heart failure 
is associated with enhanced renal TNFα and IL6 expression 
along tubular cell apoptosis supports such a role. In addition, 
microvascular endothelial injury characterized by endothelial 
cell apoptosis, alteration of actin cytoskeleton, or increased 
expression of leukocyte adhesion molecules has mediated the 
early phase of renal injury following ischemia and by facilitating 
leukocyte transmigration; it substantially contributes to tissue 
inflammation. In the long run, activation of the Ang II and SNS 
along renal hypoperfusion causes further activation of pro 
inflammatory cytokines, which in their turn enhance neurohor
monal activation thus creating a vicious cycle (88).

Endothelin
ET peptides are synthesized as preproETs in endothelium, heart, 
and kidney, processed into a big precursor and then converted 
into biologically active peptides such as ET1 by 2 ETconverting
enzyme isoforms. Active ET1 binds to ETA and ETB receptors 
(ETAR/ETBR) expressed in the kidney, lung, brain and cardio
vascular system. ETAR activation generally causes vasoconstric
tion, while ETBR produces vasodilation. The status of the major 
components of the ET system in the kidney during CHF has 
been subject to intensive investigation. As outlined above, the 
endothelin system is over activated in CHF as evident by elevated 
levels of ET1 in the circulation, cardiac and renal tissues as well 
as urinary excretion of this peptide (89–92). The deleterious and 
beneficial renal and cardiac ET effects are usually attributed to 
ETAR and ETBR, respectively (93, 94). However, ETAR blockade 
failed to improve cardiovascular outcomes and caused edema in 
clinical trials (95–98).

The heart and kidney are both important sources and key tar
gets for ET. Cardiac myocytes and the renal glomerulus, vessels, 
and tubular epithelium each express ETA and ETB receptors (91). 
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Elevated ET1 levels correlate with CHF, hemodynamic dysfunction,  
and symptom severity (15, 99) and result in cardiac ETA upreg
ulation along ETB downregulation (100–102). ET receptor 
anta gonists attenuate experimental cardiac pathophysiology 
(103–107). ETmediated renal pathology during CHF is an area 
of debate, but the potent reductions in RBF, GFR, natriuresis, and 
urine volume when ET1 is increased to CHF levels supports a 
deleterious role for ET (108). ET levels also strongly correlate 
with renal dysfunction in patients with CRS (109, 110). How
ever, a sustained cortical vasoconstriction and transient medul
lary vasodilation indicate renal responses to ET1 are complex  
(108, 111). ET also produces dosedependent changes in renal 
Na+ and water excretion, with high levels causing antinatriuretic 
and antidiuretic effects, due to reduced GFR and RBF. In contrast, 
lower doses or local tubular in situ epithelial delivery produced 
ET1 decrease tubular salt and water reabsorption, which are 
blocked by ETB antagonists (112).

Collectively, these findings suggest that ET signaling con
tributes to cardiac and renal dysfunction. Besides its endocrine/
paracrine role in the regulation of the cardio vascular and renal 
hemodynamic and salt balance, ET1 possesses proinflammatory 
and profibrotic properties in pulmonary, cardiac, and renal 
diseases. Under these disease conditions, increases in ET1 are 
critically involved in initiating and maintaining inflammation 
and injury, thereby promoting perturbations among the rest of 
salt and water balance. At the renal level, ET1 stimulates the 
aggregation and accumulation of neutrophils, thus propagating 
glomerular inflammation, a process that can be inhibited by ETA 
receptor blockade (113).

Natriuretic Peptides (NPs)
This family consists of three members of the NPs: ANP, brain 
natriuretic peptide (BNP), and Cnatriuretic peptides (114, 115). 
ANP and BNP are secreted mainly from the atria and ventri
cles, respectively, upon atrial distention and volume overload  
(116, 117). By binding to the NPRA receptor, ANP and BNP 
induce the production of cGMP, which in turn promotes vasodi
lation, diuresis, natriuresis, and prevent cardiac remodeling, thus 
playing a major role in the homeostasis of blood pressure as well 
as of water and salt balance.

Interestingly, clinical and experimental heart failure are 
associated with high levels of circulating NPs, and today these 
peptides serve as biomarkers for HF. However, few studies have 
demonstrated that de novo synthesis of NPs in the renal tissue 
constitutes an essential pathway for maintaining normal blood 
pressure and fluid balance besides the NPs of cardiac origin. Ritter 
et  al. were the first to report that primary cultures of neonatal 
and adult rat kidney cells produce and secrete ANPlike prohor
mone (118). Soon after, by using immunohistochemical staining, 
Greenwald et  al. detected proANP predominantly in the distal 
cortical nephron (119). It was later that Ramirez et al. reported 
that all forms of proANP/ANP were found in the kidney,  
mainly in the proximal and distal nephron (120). ANP and their 
recep tor, NPRA, were highly expressed as well in these parts of 
the tubule. The natriuretic and diuretic effects of ANP are attrib
uted to its stimulatory effect on GFR but also to its inhibitory 
action on ENaC in the collecting duct (121).

Interestingly, several studies demonstrated that ANP also act 
as autocrine/paracrine factor where it modulates various immune 
functions (122). There is keen evidence that ANP is locally 
produced by several immune cells, which also present specific 
natriuretic receptors. For instance, ANP stimulates the phagocy
tosis of macrophage and killing activity by ROS production, thus 
improving the innate immunity (123). Moreover, ANP inhibits 
lipopolysaccharideinduced NO release by macrophage cells and 
promotes the inactivation of NFκB via cGMP (53, 123). In a 
recent study by Mitaka et al. (124), ANP pretreatment prevented 
kidney–lung cross talk in a rat model of renal ischemic reperfusion 
injury. Interestingly, this group has also shown that ANP post
treatment ameliorated injuries in kidney and lung by direct tissue 
protective effect and antiinflammatory effects, which potentially 
inhibited interorgan cross talk (125). Zhu et al. have shown that 
ANP reduced the levels proinflammatory cytokines such as 
IL1β, IL6, IL10, and TNFα in rats with oleic acidinduced 
ALI (126). In agreement with its antiinflammatory properties, 
ANP interferes with the expression of adhesion molecules such as 
ICAM1 and Eselectin (66, 77).

Finally, in critically ill patients, BNP and NTproBNP levels 
correlated with inflammatory markers such as CRP and leukocyte 
count (127). Likewise, patients with septic shock had elevated 
BNP concentration regardless of the presence of CHF condition. 
Although the involvement of these antiinflammatory effects of 
NPs in the pathogenesis of renal function in CHF has not been 
completely understood, it may represent a counterbalance com
pensatory response to the activation of the adverse neurohormo
nal systems including RAAS, SNS, and ET1.

NO System
Renal NO is a molecule synthesized from its precursor, larginine 
by the enzyme, NOS; this process takes place in several sites, 
mainly in the endothelial cells of the renal blood vessels but 
also in the tubular epithelial and mesangial cells. Notably, three 
different isoforms of NOS; NOS 1 (bNOS), NOS 2 (iNOS) and 
NOS 3 (eNOS). NO plays an important role in the regulation of 
renal hemodynamics and excretory function. Specifically, locally 
produced NO is involved in the regulation RPF, salt excretion, 
and renin release. The action of NO is mediated by activation of 
a soluble guanylate cyclase in adjacent vascular smooth muscle 
cells, thereby increasing intracellular levels of its second mes
senger, cGMP (128, 129).

It has been shown that iNOS has been implicated in many 
human diseases associated with inflammation via the activa
tion of the cJNK, p42/44 MAPK, and p38 kinase pathways  
(130, 131). This isoform of NOS is responsible for the generation 
of exces  sive amounts of NO, which leads to tissue injury due to 
exaggerated generation of oxidative radicals such peroxynitrate. 
For instance, iNOS is overexpressed in the venous endothelial 
cells harvested from patients with decompensation CHF (132). 
Likewise, excessive NO in the heart leads to myocardial depres
sion and reduced contractility in patients and experimental 
ani  mals with CHF (133).

These findings lead to the “cytokine hypothesis,” which sug
gests that cytokines play an important pathogenic role in devel
opment of HF. This notion is further supported by two studies 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


9

Azzam et al. Cytokines in Heart Failure

Frontiers in Immunology | www.frontiersin.org June 2017 | Volume 8 | Article 716

demonstrating that iNOS knockout mice display less cardiac 
dysfunction after myocardial infarction than wildtype controls 
(134). Interestingly, there is negative interplay between iNOS and 
ANP, where the latter via cGMP production increases intracel
lular calcium levels in murine macrophages resulting in decreased 
iNOS expression (135).

sUMMary and ConCLUsion

In summary, inflammation and neurohormonal systems appear 
to interplay one with each other leading to worsening cardiac, 
pulmonary, and renal functions, which negatively affect patients’ 
outcome. While the adverse role of the RAAS, SNS, and ET1 
in the pathogenesis of CHF is well established, the involvement 
of the innate and adaptive immune in the cardiac, renal, and 
pulmonary manifestations of CHF is still evolving. Although 
we have shown that the inflammatory system plays a substantial 
direct and indirect role in heart failure, this observation does not 
prove unequivocally a causal role in CHF. Therefore, another 
possibility should be considered, such as that these cytokines are 
elevated in heart failure in response to the underlying injury, and 
that they may serve as markers rather than drivers of the disease 
process. The therapeutic interventions aimed at reducing the 
activation of the immune cells or blockade of certain cytokines 
were unsatisfactory. Milestones studies that investigated the effect 
of TNFα antagonists, etanercept (136), and infliximab (137) on 
the composite clinical outcomes of mortality and worsening heart 
failure in the range of several weeks, in patients with chronic 
systolic heart failure failed to show any benefit. Infliximab failed 
to show beneficial effect; this was related possibly to the short 
term treatment. The RENEWAL investigators suggested several 
possibilities for the lack of benefit of etanercept; among them, 
lower investigated doses of etanercept, cytokines may not play 
an important role in heart failure or alternatively, there is a need 
to simultaneously target several inflammatory mediators and the 
predisposition for infection due to etanercept. A recent review 
of these studies argued that the unfavorable outcomes might be 
attributed to the population cohorts that were mostly severe with 

advanced heart failure, toxicity of the treatment, and genetic 
polymorphism (138). Recently, it was shown in a small cohort 
of 30 patients with systolic heart failure and acute decompensa
tion; the administration of IL1 blocker, anakinra reduced the 
inflammatory burden as shown by reduced Creactive protein 
levels within 72 h. However, this study did not address cli nical 
outcomes (139). Cavalli et  al. have reported that in a patient 
who developed fulminant myocarditis with biventricular failure 
and cardiogenic shock, the administration of anakinra restored 
cardiac function with clinical improvement (140). Yet, we should 
await more welldesigned studies that may prove to be beneficial 
in reducing target organ damage and preventing congestion 
characterizing heart failure.

In light of the limited therapeutic tools of congestion of 
pulmonary and cardiac etiologies, antiinflammatory treatment 
strategies may turn to be a novel approach with promising prog
nostic consequences in the CRS. Yet, further research is required 
to understand in depth the interaction between the classic neu
rohormonal systems and the inflammatory ones, the sources of 
the latter in the CRS, and their effect on the specific mediators of 
salt and water transporters at the pulmonary and renal tissues.
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