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Abstract
The organ crosstalk can be defined as the complex biological communication and feedback
between distant organs mediated via cellular, molecular, neural, endocrine and paracrine fac-
tors. In the normal state, this crosstalk helps to maintain homeostasis and optimal functioning
of the human body. However, during disease states this very crosstalk can carry over the in-
fluence of the diseased organ to initiate and perpetuate structural and functional dysfunction
in the other organs. Heart performance and kidney function are intimately interconnected,
and the communication between these organs occurs through a variety of bidirectional path-
ways. The cardiorenal syndrome (CRS) is defined as a complex pathophysiological disorder of
the heart and the kidneys whereby acute or chronic dysfunction in one organ may induce
acute or chronic dysfunction in the other organ. In particular, CRS type 1 is characterized by
a rapid worsening of the cardiac function leading to acute kidney injury. This clinical condition
requires a more complex management given its more complicated hospital course and high-
er mortality. A lot of research has emerged in the last years trying to explain the pathophysi-
ology of CRS type 1 which remains in part poorly understood. This review primarily focuses
on the hemodynamic and nonhemodynamic mechanisms involved in this syndrome.
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Introduction

The so-called organ crosstalk refers to the complex cellular communication, conveyed by
afferent vagal neurons and circulating myeloid and lymphoid cells, between distant systems
in the organism. This physiological crosstalk is necessary to preserve regular homeostasis
and normal functioning of the different organs. However, in the diseased state, this strong
connection can carry over the influence and signaling of the damaged organ and can induce
structural and functional dysfunctions in other organs [1, 2].

Heart performance and kidney function are strictly interconnected, and the communi-
cation between the two organs occurs through a variety of pathways, including perfusion,
filling pressure and neurohormonal activity [3]. The dynamic connections between both
acute and chronic cardiac dysfunction and acute and chronic kidney disease are well recog-
nized and classified as the cardiorenal syndrome (CRS) by the consensus conference of the
Acute Dialysis Quality Initiative (ADQI) [4, 5].

The current definition has been expanded into 5 subtypes of which the etymology reflects
the primary and secondary pathology, the time frame as well as the simultaneous cardiac and
renal co-dysfunction secondary to systemic disease [5]. The classification is not intended to
be stationary; it is acknowledged that many patients may transition between different CRS
subtypes during the course of their disease [6].

The CRS type 1 is characterized by a rapid worsening of the cardiac function leading to
acute kidney injury (AKI). Increases in serum creatinine (sCr) ranging from 0.1 to 0.5 mg/dl
and of 25-50% from baseline have been used to define this type of CRS. Other definitions
include changes in the estimated glomerular filtration rate (eGFR; e.g., a decrease in eGFR of
25%), changes in sCrand/or urine output, or changes in blood urea nitrogen. Different studies
also considered variable time frames for the ascertainment of this end point. Most commonly,
the period of observation is within the hospital admission [7].

Recognizing the limitations of having varied definitions, CRS type 1 occurs in approxi-
mately 25-33% of patients admitted with acute decompensate heart failure and follows
ischemic or nonischemic cardiac events [8]. It is an important consequence of hospitalization
with a myriad of implications in terms of diagnosis, prognosis and a more complex manage-
ment [4, 5]. Furthermore, patients who develop AKI after an acute cardiac event have a signif-
icantly high morbidity and mortality, an increased stroke risk, longer hospitalization and a
greater incidence of readmission [9]. Currently, no pharmacological agents have been proven
to prevent AKI, and the mortality rate of patients with severe AKI has not declined in the
recent decades [2, 7]. The pathophysiology of CRS type 1 is multifaceted and involves
numerous factors [10]. In recent years, there has been growing interest in organ-organ inter-
actions as a way of understanding the underlying pathophysiology of concomitant heart and
renal dysfunction (fig. 1). The complexity of this syndrome presents a key challenge for
singular diagnostic and treatment approaches. A lot of research has emerged in the last years
trying to explain the pathophysiology of CRS type 1 which remains in part poorly understood.
This review primarily focuses on the hemodynamic and nonhemodynamic mechanisms
involved in this syndrome.

Hemodynamic Mechanisms of Heart-Kidney Crosstalk in CRS Type 1
CRS type 1 most frequently appears in the setting of acute decompensated heart failure
[11] and follows ischemic (cardiac surgery, myocardial infarction) or nonischemic (valve

dysfunction, aortic dissection, pulmonary embolism) cardiac events [9]. Any of these clinical
conditions can cause worsening renal function, which is related to increased hospital stay,
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Fig. 1. CRS type 1 is characterized by an acute worsening of heart function leading to AKI and/or dysfunc-
tion. Acute cardiac events that may contribute to AKI include acute decompensated heart failure, acute coro-
nary syndrome, cardiogenic shock and cardiac surgery-associated low cardiac output syndrome.

morbidity and mortality [4, 5, 12-21]. Risk predictors for this complication include reduced
baseline renal function, diabetes and previous episodes of heart failure [22].

At the onset of acute heart failure (AHF), particularly with the presence of systolic
dysfunction and decreased cardiac output, kidney arterial underfilling and increased venous
congestion are expected complications leading to a decreased GFR [23]. A lower kidney
perfusion in the setting of AHF overactivates the renin-angiotensin-aldosterone system,
promoting water and sodium retention, which will contribute to systemic and kidney hyper-
tension and consequently endothelial and glomerular injury [7]. Additionally, angiotensin II
and aldosterone have profibrotic and proinflammatory properties that further contribute to
kidney damage, which is more pronounced in CRS type 2.

Patients with AHF often develop hyponatremia, which is an independent predictor of
mortality and repeated hospitalizations for decompensation [24]. Heart failure-associated
hyponatremia is predominantly hypervolemic and a marker of congestion, which is an
important factor contributing to AKI. In these patients, hyponatremia can be effectively
considered as an index of general neurohumoral activation including the nonosmotic release
of vasopressin and higher levels of plasma renin, angiotensin II, aldosterone and catechol-
amines.

Some drugs commonly prescribed for the treatment of AHF can also contribute to the
development of AKI by disturbing systemic and kidney hemodynamics. Diuretics are recom-
mended to control dyspnea and edema, but their use may be complicated by excessive intra-
vascular volume depletion and further compromise kidney perfusion [25, 26]. Diuretic resis-

KARGER

105



CardioRenal Cardiorenal Med 2014;4:103-112

ici DOI: 10.1159/000362650 © 2014 S. Karger AG, Basel
www.karger.com/crm

Virzi et al.: The Hemodynamic and Nonhemodynamic Crosstalk in Cardiorenal
Syndrome Type 1

tance may also complicate the clinical picture of CRS type 1 by acutely or chronically increasing
sodium retention [27]. ACE inhibitors, angiotensin receptor blockers and aldosterone
receptor antagonists are included in the treatment of heart failure. However, they affect
kidney hemodynamics, and their use must be carefully monitored to avoid AKI in decompen-
sated patients.

Another important iatrogenic nephrotoxin in AHF and acute coronary syndromes is
radiocontrast medium for imaging procedures [7]. lodinated contrast agents induce intense
and prolonged vasoconstriction at the corticomedullary junction of the kidney and directly
impair the autoregulatory capacity of the kidney through a reduction in nitric oxide (NO)
synthesis [28, 29]. These effects, coupled with the direct tubular toxicity of iodinated radio-
contrast agents lead to overt acute tubular necrosis and contrast-induced AKI.

Nonhemodynamic Mechanisms of Heart-Kidney Crosstalk in CRS Type 1

In addition to hemodynamic pathways, other mechanisms have been described to be
involved in the pathogenesis of CRS type 1, including the activation of the sympathetic nervous
system, innate and adaptive immunity, inflammation and impaired balance between reactive
oxygen species (ROS) and NO production [30].

Humoral signaling is one of the essential precipitating mechanisms in human disease
crosstalk. Immune response orchestrates the eradication of pathogens, tissue healing and
generation. Uncontrolled inflammatory processes involving one organ may cause distant
organ damage. The activation of proinflammatory networks leads to combined inter- and
intracellular changes, including alterations in gene expression and methylation, apoptosis
induction, rapid and unmitigated cell decline, system dysfunction and, in the worst outcome,
death [30].

Humoral cardiorenal mediators are cytokines, chemokines, and growth factors which are
responsible for both inter- and intracellular modifications. Signaling pathways activated by
damaged cardiac or renal cells promote innate immune mechanisms and strengthen adaptive
immune processes.

Role of Immune Response in Heart-Kidney Crosstalk

The immune system plays a pivotal role both in the host defense against harmful agents
and in the tolerance to other antigens. Dysregulation of the immune response may result in
disorders of the innate and adaptive immune system as well as in inflammation [31]. Recent
studies have highlighted the importance of both the innate and adaptive immune response in
heart-kidney crosstalk.

Neutrophils, monocytes/macrophages, dendritic cells (DCs), natural Kkiller cells and
natural Killer T cells, which are part of the innate immune system, are able to immediately
defend the hostfrom infection states in a nonantigenic-specific manner (fig. 2). Innate immune
cells serve as sentinel cells that are prestationed in tissues and continuously monitor their
microenvironment for signs of distress. Conversely, the adaptive immune system is a second
line of defense and becomes responsive to specific antigens at cellular and humoral stages.
The adaptive immune response includes dendritic cell maturation and antigen presentation,
CD4+ and CD8+ lymphocyte proliferation and stimulation as well as interactions between T
and B lymphocytes [30].

The adaptive immune system is stimulated by the specificity of antigen receptors on B
and T lymphocytes that react to several antigenic molecular structures. Once stimulated, B
cells produce specific antibodies, perform opsonization to encourage phagocytosis and
activate the complement system [32].

KARGER

106



CardioRena[ Cardiorenal Med 2014;4:103-112

Tet| DOI: 10.1159/000362650 © 2014 S. Karger AG, Basel
edicine
www.karger.com/crm

Virzi et al.: The Hemodynamic and Nonhemodynamic Crosstalk in Cardiorenal
Syndrome Type 1

Immune system cells

o &

Monocytes Macrophages Natural killer cells
T cells B cells Dendritic cells

Fig. 2. Cellular types involved in CRS type 1.

Proposed initiators of the innate immune response during AKI include the activation of
Toll-like receptors and the release of ROS and reactive nitrogen species (RNS) as well as mito-
chondrial products [33]. Inflammatory mechanisms stimulate the expression of adhesion
molecules in renal endothelial cells, which leads to the deposition of immune complexes and
vascular stiffening [32, 34]. Early inflammatory response is triggered by the direct contact
between renal vascular endothelial cells and injurious agents [35], which are responsible for
the disorganization of the endothelial integrity, producing a partial disappearance of cell-cell
borders and disruption of cell-cell contacts. Thus, endothelial disintegration increases
vascular permeability and facilitates leukocyte infiltration and inflammation in the renal
parenchyma.

Monocytes play a pivotal role in the coordination of the inflammatory pathways in the
pathogenesis of heart failure [36]. However, it remains unclear if they have a reparative role
or if their effects are rather detrimental to the myocardium. Importantly, monocytes are not
homogenous and comprise subsets with a unique phenotype and function, and this may be
important in understanding their specific role in the pathogenesis of heart failure [37-39].
Indeed, activated monocytes and macrophages are the major source of cytokines responsible
for heart inflammatory mechanisms [36, 39, 40].

Immune-mediated damage, immune dysregulations and alterations in the immune
response have been postulated as potential specific mechanisms involved in the pathogenesis
of CRS type 1. Recently, Virzi et al. [41] explored the premise of an immune-mediated process
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in the pathophysiology of this syndrome and showed marked apoptotis in monocytes incu-
bated with CRS type 1 plasma. The specific immune responses during AKI facilitate and
enhance distant heart-kidney crosstalk; in particular, inflammation of renal tissue stimulates
the expression of adhesion molecules in endothelial cells, which leads to the deposition of
immune complexes and vascular stiffening in kidney disease [30].

Cell Signaling, Cytokines, Chemokines and Inflammation

Inflammation is produced by eicosanoid and cytokine release from injured or infected
cells. Common cytokines include interleukins responsible for the communication between
white blood cells, chemokines, which promote chemotaxis, and interferons, which have anti-
viral effects. The unbalance of cytokine and chemokine networks is involved in several inflam-
matory diseases. Persisting exposure to proinflammatory factors damages tissues, impairs
organ function and is lethal in the organ crosstalk [30].

Cytokines, chemokines and eicosanoids mediate cellular responses and interact with
genome-encoded receptors expressed on monocytes, macrophages, mast cells, astrocytes
and other cells of the innate immune system [42]. Upregulation of humoral factors by injured
cells leads to the activation of the Toll/interleukin (IL)-1 superfamily. Members of this super-
family possess a conserved domain able to activate nuclear factor kB, which translocates to
the nucleus causing an upregulation of the inflammatory cytokine expression.

Over the past 30 years, there has been growing evidence on the role of the inflammatory
response in the pathogenesis of AHF. Cytokines have been found to be produced by cardio-
myocytes following ischemic or mechanical stimuli, but also by innate immune response [43-
45].Inthe setting of AHF, an immune dysregulation may occur. In addition to myocyte damage,
cytokines may trigger distant organ damage such as AKI. In the kidney, the renal tubular
epithelium is a major site of cell injury and death during AKI. Furthermore, numerous studies
have suggested that renal epithelial cells play a central role in inflammation during AKI and
in the handling of inflammatory mediators and their resulting efflux into the systemic circu-
lation. These cells contribute to the circulating levels of inflammatory mediators by different
mechanisms including epigenetic processes [30, 46-48].

Oxidative Stress

Oxidative stress is a common pathway involved in cellular dysfunction, tissue injury and
organ failure. Injury caused by oxidative stress occurs in many clinical scenarios involving
ischemia and reperfusion such as organ transplantation, hemorrhagic shock, myocardial
infarction and cerebral vascular accidents, hypertension, diabetes, metabolic syndrome and
nephrolithiasis [49-51].

Oxidative loss of redox homeostasis in ROS and RNS results in an immune system acti-
vation and in a proinflammatory and profibrotic milieu via distinct mechanisms that stim-
ulate renal and cardiovascular structural and functional abnormalities [52, 53]. The link
between oxidative stress and inflammatory pathways is poorly understood [53]. Cardiorenal
pathophysiological interactions render the heart and kidney vulnerable to loss of control over
normal cellular oxidative reactions. Although physiological levels of ROS are required for
normal cellular function, overproduction of ROS will result in deleterious effects. It is
important to underline that in every cardiorenal crosstalk, oxidative stress and injury to the
heart and kidneys may play a potentially reversible role. These mechanisms describe a final
common pathway for tissue damage and organ failure. The development and progression of
CRS lead to and amplify oxidative stress production [54]. Thus, a better understanding of the
cellular and mitochondrial pathways involved in both renal and cardiac oxidative stress is
essential in order to allow the development of novel and more effective therapeutic strategies
able to improve survival and prognosis in CRS patients [4, 54].

KARGER

108



CardioRenal Cardiorenal Med 2014;4:103-112

ici DOI: 10.1159/000362650 © 2014 S. Karger AG, Basel
edicine
www.karger.com/crm

Virzi et al.: The Hemodynamic and Nonhemodynamic Crosstalk in Cardiorenal
Syndrome Type 1

Apoptosis and Cellular Death

Apoptosis is a controlled and physiological mechanism of the regulation of cell popula-
tions in a programmed pattern in prenatal development and aging [55]. Apoptosis also occurs
as a defense mechanism such as in immune reactions or when cells are damaged by a disease
or toxic agents [56]. However, an alteration in the regulation of cell death by apoptosis may
negatively affect the mechanism of host defense [55]. Furthermore, aberrant regulations of
the apoptotic pathways is the central abnormality in many clinical settings such as cancer,
neurodegenerative disorders, ischemic diseases, myocardial infarction, heart failure and
some renal disease [57-60]. Although there is a wide range of stimuli that can trigger apop-
tosis in physiological and pathological conditions, not all cells will necessarily die in response
to the same stimulus [61]. The best characterized endogenous promoters of apoptosis are
death receptors containing a death domain, such as receptors for TNF-a, FasL and TNF-
related apoptosis-inducing ligand (TRAIL) [62, 63]. Recently, inhibitors of TNF-a and FasL
have been successfully used in cell lines and animal models of AKI [64-66]. Multiple factors
are involved in the development of AKI during heart failure. There is increasing evidence
showing that sustained loss of cardiac cells by apoptosis can induce cardiac dysfunction and
ultimately lead to heart failure. In addition, apoptotic pathways and caspases seem to have
direct effects on cardiomyocyte contractility and remodeling, cleaving myocardiac contractile
proteins and promoting systolic dysfunction [67, 68]. Recent evidence has suggested that
immune-mediated mechanisms are implicated in the pathogenesis of CRS type 1 [41, 69]. It
has been recently shown that plasma from CRS type 1 patients induced apoptosis in mono-
cytes with an activation of caspase cascade; furthermore, IL-6 levels were significantly higher
in these patients when compared with healthy controls and heart failure patients without
kidney impairment [41, 69]. In a different study, Virzi et al. [69] demonstrated that TNF-«
levels, detected in monocyte cell supernatants, were significantly elevated in cells treated by
plasma from heart failure and CRS type 1 patients compared with supernatants from cells
treated by plasma from healthy subjects; in the cell supernatants obtained from monocytes
of patients with CRS type 1, the levels of the proinflammatory cytokines IL-6 and IL-18 were
significantly higher than in monocyte supernatants of heart failure patients and controls. This
is the first piece of evidence that CRS type 1 is an inflammatory disorder, and the contribution
of the inflammatory pathways in its pathogenesis is essential for distant organ damage and
the heart-kidney crosstalk.

Conclusion

In conclusion, CRS type 1 is a complex and multidimensional entity which is common in
clinical practice and significantly impacts patients’ morbidity and mortality. Many studies
confirm that immune systems, inflammation, oxidative stress and apoptosis may contribute
to the final nonhemodynamic pathways of organ dysfunction in the heart-kidney crosstalk.
Cytokines may be produced by different tissues and cleared by the kidney. The inability to
metabolize or clear cytokines in AKI and in CRS type 1 may lead to increased inflammation
and a general dysregulation.

In the last years, a significant number of genomics, transcriptomics and proteomics as
well as metabolomics studies became available characterizing altered kidney or cardiovas-
cular functions, but combined analyses of both failing organs have been rare. These studies
are needed for a better understanding of the heart-kidney crosstalk and for delineating
molecular features hypothetically involved in CRS crosstalk at molecular levels. Gaining a
clear mechanistic understanding on how dysfunction of one organ can lead to distant organ
dysfunction is critical in allowing the development of effective treatments.
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The heart and kidney are players of the same game at different levels and by different and

complex interactions. Moreover, the management of CRS type 1 is challenging because of the
multitude and complexity of pathophysiological interactions between these two organs. The
promising complete characterization of cellular and subcellular orchestration in the heart-
kidney crosstalk in CRS type 1 could allow the identification of new targets of therapeutic
strategies.
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