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Abstract

Background: The concept of cardiorenal syndrome (CRS) has been
established more than 10 years ago. Five distinct types of CRS have
been defined. In CRS type 3, acute kidney injury (AKI) induces car-
diac complications such as ventricular decompensation due to ar-
rhythmias, myocardial ischemia, or fluid retention with or without
arterial hypertension. The risk of cardiovascular events in AKI has
been known for many years, even long before the introduction of the
CRS concept. However, epidemiological and clinical studies pub-
lished in recent years increasingly emphasized CRS type 3 (and the
remaining four types also) as separate entity which requires particular
therapeutic attention in an interdisciplinary manner. However, only a
limited number of experimental studies specifically addressed CRS
type 3 so far. Our review aims to summarize experimental studies on
the pathological mechanisms in CRS type 3.

Methods: The following search criteria were employed in order to
identify articles published on the topic: “cardiorenal syndrome 3” OR
“cardiorenal syndrome type 3”” OR “CRS type 3” OR “CRS 3” AND
“experimental” OR “mouse” OR “mice” OR “rats” OR “animals”;
additional criteria were “myocardium” AND “ischemia” AND “kid-
ney” OR “renal”. By applying the search criteria mentioned earlier,
10 references were finally selected.

Results: By applying the search strategy, 10 experimental studies
were finally selected. All included cardiac outcome analysis in AKI
animals. The data clearly provide evidence for cardiac complications
that evolve independently from excretory kidney dysfunction. Path-
ological processes that emerge in the heart of animals subjected to
renal ischemia involve inflammation, a dysbalance of redox compo-
nents, pro-apoptotic processes, and mitochondrial dysfunction.

Conclusion: The findings may explain why AKI increases the risk of
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acute cardiac complications even if dialysis treatment has been initi-
ated.
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Introduction

Cardiorenal syndrome (CRS)

CRS, which has initially been described by Ronco and colleagues
in 2008 [1], is increasingly being recognized as disorders with
common pathophysiological characteristics. The concept “car-
diorenal” emphasizes the interdisciplinary character of the dis-
eases, not only from a pathophysiological but also a therapeutic
perspective. Five distinct types are differentiated, and in all of
these, heart and kidney function are variably impaired at the same
time, either with acute or chronic onset: acute heart failure induc-
es acute kidney injury (AKI) - CRS type 1; chronic heart failure
accelerates progression of chronic kidney disease (CKD) - CRS
type 2; AKI is followed by acute abnormalities in cardiac func-
tion - CRS type 3; CKD induces/aggravates chronic heart disease
including cardiac hypertrophy - CRS type 4. In type 5 CRS final-
ly, a systemic disorder such as sepsis or an autoimmune-mediated
disease (e.g., systemic lupus erythematodes) affects both heart
and kidneys. Table 1 summarizes characteristics, pathophysi-
ological hallmarks, and treatment strategies of CRS types 1-4.
The general idea behind the CRS concept was and is to provide a
more standardized rationale for treating patients and to facilitate
a more accurate design of clinical studies related to the topic. Fi-
nally, and this aspect has been emphasized in the literature since
2008, different types of CRS emerge from common pathophysi-
ological processes. The latter involve numerous events including
hemodynamic, metabolic, inflammatory and genetic factors.

CRS type 3

AKIT affects an increasing number of patients treated in hospitals
in central Europe and the USA. It is being estimated that AKI
establishes in up to 30% of all in-hospital patients [2]. The fol-
lowing criteria are currently used for AKI diagnosis: increase of
serum creatinine of at least 0.3 mg/dL within 48 h, or a 1.5-fold
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Table 1. Characteristics, Pathophysiological Hallmarks, and Treatment Strategies of CRS Types 1-4

CRS type Characteristics Pathophysiological hallmarks Treatment strategy
1 AHF induces AKI Cardiac output |, venous congestion,  Treatment of respective cause, anti-congestive therapy,
activation of renin-angiotensin- vasopressors if mandatory, fluid removal by hemodialysis/
aldosterone and sympathetic nervous  hemodiafiltration/slow extended daily dialysis/peritoneal
system — impaired renal perfusion dialysis if mandatory
11 CHF aggravates Low cardiac output and Treatment of respective cause, management of
progression of CKD prolonged venous congestion — CHF according the current recommendations (beta-
renal ischemia and subsequent blocker, mineralocorticoid antagonist, gliflozine, RAS
endothelial cell dysfunction inhibitor or sacubitril/valsartan), anti-progressive CKD
treatment according to current recommendations,
kidney replacement therapy if mandatory
11 AKI induces acute cardiac ~ Hyperhydration due to oligo-anuria, Treatment of respective cause, treatment of electrolyte
complications (e.g., hyperkalemia, metabolic acidosis, disturbances if mandatory, treatment of infections,
arrhythmias, left ventricular intrarenal inflammation with avoidance of nephrotoxic substances, kidney replacement
insufficiency, myocardial subsequent systemic inflammation therapy if mandatory
ischemia)
v CKD aggravates CHF Retention of sodium and water, Treatment of respective cause, anti-progressive CKD

retention of phosphorus, increase of
blood FGF-23, renal anemia, CKD-

associated endothelial cell
dysfunction

treatment according to current recommendations,
particularly: blood pressure control, phosphorus-lowering
therapy, bicarbonate supplementation, control of renal
anemia, kidney replacement therapy if mandatory

The table exclusively summarizes the most important information. CRS: cardiorenal syndrome; AHF: acute heart failure; AKI: acute kidney injury;
CHF: chronic heart failure; CKD: chronic kidney disease; FGF-23: fibroblast growth factor-23; RAS: renin-angiotensin system.

increase within 7 days, or a reduction in urinary output to below
0.5 mL/kg/h for at least 6 h [3]. Early AKI diagnosis remains
difficult, although substantial progress has been achieved with
the identification of new biomarkers [4]. Particularly markers of
structural kidney damage will most likely be incorporated into
new diagnostic criteria or definitions of AKI [5]. The prognosis
of AKI subjects has only mildly been improved over the years,
since almost no therapeutic measures substantially promote renal
recovery specifically, once AKI has been established. The term
“acute cardiac dysfunction” must be used in a broader sense. It
encompasses acute failure with low cardiac output, acute myo-
cardial ischemia with or without ventricular failure, and ar-
rhythmias [1]. Epidemiological data on CRS type 3 are limited.
According to the definition, any cardiac complication due to
AKT justifies the diagnosis. A retrospective investigation in 129
intensive care unit (ICU) subjects [6] performed between Janu-
ary 2006 and January 2008 identified an AKI incidence of 40%,
and cardiac arrest was responsible for death in 20.3%. However,
the actual prevalence of AKI-associated cardiac complications
is higher without doubt since other consequences than cardiac
arrest must be considered also: pulmonary congestion, arrhyth-
mias of various etiology, pericarditis, and coronary artery in-
sufficiency. Before the concept of CRS arose, the retention of
water and solutes, followed by volume expansion, electrolyte
and acid-base disorders such as hyperkalemia and acidosis have
been proposed as the most important mechanisms responsible for
cardiac complications in AKI. Meanwhile, the knowledge has
significantly been expanded. On one hand, AKI induces renin-
angiotensinogen-aldosterone system (RAAS) and sympathetic
nervous system activation. It also activates the immune system in
most situations, no matter what type of disease/condition was the
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primary cause [7]. Immune activation occurs in a systemic man-
ner, accompanied by lymphocyte/monocyte and endothelial cell
activation and numerous other events. Mulay and colleagues [8]
provided an excellent summary of the topic. The inflammatory
response in AKI may not be underestimated. On the contrary,
AKI is for sure a systemic inflammatory disease [9].

Bagshaw et al [10] and Virzi and colleagues [11] pub-
lished detailed review articles on current pathophysiological
ideas in CRS type(s) 3 and 1, including data from human ana-
lyzes. Aim of the current article in contrast is to exclusively
focus on experimental studies in the field.

Methods

The following search criteria were employed in order to iden-
tify articles published on the topic: “cardiorenal syndrome
3” OR “cardiorenal syndrome type 3” OR “CRS type 3” OR
“CRS 3” AND “experimental” OR “mouse” OR “mice” OR
“rats” OR “animals”; additional criteria were “myocardium”
AND “ischemia” AND “kidney” OR “renal”. By applying the
search criteria mentioned earlier, 10 references were finally se-
lected. Figure 1 summarizes the selection process.

Experimental Evidence in CRS Type 3
Mitochondrial reactions

More than 20 years ago, Robinson and colleagues [12] analyzed
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Figure 1. Selection process of references cited in the study.

response patterns of cardiac preparations from rats with acute
renal failure (ARF), induced by glycerol administration. The left
atria showed inotropic incompetence in response to the calcium
agonist Bay K 8644. Right ventricular myocardium however
showed lower sensitivity to at least three inotropic mediators
(isoprenaline, 3-isobutyl-1-methylxanthine, and Bay K 8644).
Mitochondrial respiration was uncoupled, although not accom-
panied by alterations in the cellular adenine nucleotide or crea-
tine phosphate contents or by impaired cellular energy charge.
The pyruvate dehydrogenase activity, which indirectly reflects
the mitochondrial calcium load, was significantly higher in iso-
prenaline treated hearts from ARF rats. Overall, the analyses
showed impaired calcium homeostasis in ARF hearts, most like-
ly responsible for diminished reactivity to inotropic substances.
Sumida et al [13] evaluated mitochondrial malfunction in
murine hearts after renal ischemia reperfusion. Male C57BL6
mice were employed, and ischemia lasted for 30 min. At 24 h,
cardiac mitochondria were significantly fragmented. At 72 h,
cardiomyocytes displayed increased caspase-3 activity which
indicated stimulation of apoptosis. At the same time, echocar-
diography revealed diminished fractional shortening of the left
ventricle. Several proteins involved in regulating mitochondrial
activity were quantified in both compartments, the mitochondria
and the whole heart. Out of four candidates, only mitochondrial
dynamin-related protein 1 (Drpl) increased post-ischemia. Also,
cardiac tumor necrosis factor-alpha (TNF-o)) was higher in post-
ischemic animals. Finally, mitochondrial fragmentation was re-
duced after pre-treatment with mitochondrial division inhibitor-1
(mdivi-1), a substance with known inhibitory effects on Drpl.

Immune responses

In a 2003 published study, Kelly [14] performed renal artery
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clamping experiments in Sprague-Dawley rats, and ischemia
lasted for 30 min. Systemic TNF-a levels transiently increased
after ischemia, followed by normalization until 48 h. Myocar-
dial TNF-a and interleukin-1 (IL-1) were subsequently elevat-
ed, beginning at 6 h until 48 h post-ischemia. In addition, car-
diac intercellular cell adhesion molecule-1 (ICAM-1) mRNA
abundances were elevated (6, 24, and 48 h). Extrarenal my-
eloperoxidase (MPO) activities, indicating leukocyte activa-
tion, increased in both organs, heart and liver. The latter effects
were abrogated by the administration of anti-ICAM-1. Finally,
ultrasound analysis showed impaired left ventricular function
in post-ischemic rats. The study clearly showed that post-AKI
systemic inflammation affects extrarenal tissues such as the
heart in both, a functional and structural manner.

A critical role of interleukin-1beta (IL-1pB) for the induc-
tion of cardiac arrhythmias post-AKI was shown by Alarcon
and colleagues [15]. So-called NLrp3”- and Casp1~~ mice were
employed in renal ischemia reperfusion experiments, and both
strains are characterized by the inability to produce and se-
crete IL-1pB. Genetically modified animals did not suffer from
ventricular arrhythmias at day 15 post-ischemia, as opposed to
wild-type (WT) mice. Also, renal ischemia did neither induce
renal insufficiency nor atrophy in the absence of IL-1f. Inter-
estingly, macrophage depletion or anti-IL-1p treatment in WT
mice had comparable effects on ventricular susceptibility to
arrhythmias.

The effects of melatonin on cardiomyocyte function/me-
tabolism were studied by Wang et al [16]. All experiments
were performed in 8 weeks old, male C57BL6 mice. AKI was
induced by bilateral renal ischemia for 30 min, and analyses
were carried out 24 and 74 h later. Melatonin was applied intra-
peritoneally at 30 min after reperfusion. First of all, melatonin
significantly protected post-ischemic animals from excretory
kidney insufficiency. The hormone also prevented cardiac di-
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astolic dysfunction. The latter effect went in line with dimin-
ished myocardial inflammation, as assessed by lower levels of
the following proteins: TNF-a, IL-6, and transforming growth
factor-beta (TGF-fB). Cardiomyocyte viability was improved
upon melatonin treatment as well. Two additional of myocar-
dial parameters were stabilized: mitochondrial function and
cytoplasmic calcium overload. Finally, the cardioprotective
effects of melatonin were shown to depend on the so-called
inositol 1, 4, 5-trisphosphate receptors-mitochondrial calcium
uniporter (IP3R-MCU) signaling pathway.

Oxidative stress

Caio-Silva et al [17] performed unilateral ischemia reperfusion
experiments in male C57BL/6 mice. At 8 and 15 days after an
ischemic period of 60 min, kidneys and heart were semiquan-
titatively assessed for several oxidative/anti-oxidative stress
parameters (redox balance components): catalase (CAT), su-
peroxide dismutase (SOD), total antioxidant capacity (FRAP),
NADPH oxidase (NOX), nitric oxide synthase (NOS), and
hydrogen peroxide (H,O,). In addition, the authors evaluated
tissue contents of NO donors such as S-nitrosothiol (RSNO).
Intrarenal activities of antioxidant enzymes, such as SOD,
were increased, and the NO bioavailability was higher as well.
Myocardial analyses revealed elevated activities of both, NOX
and NOS at day 8, combined with aggravated cell damage. On
day 15 however, the amount of protein damage was reduced.

Others

A recent study by Wang and colleagues [18] aimed to identify
the primary stimulus of myocardial damage in CRS type 3. It
was emphasized that inflammation and oxidative stress indeed
induce cardiac dysfunction. However, mediators capable to
activate or initiate the complex processes involved in cardiac
pathologies have been unknown so far. Again, male C57BL6
mice (8 weeks) were subjected to bilateral renal artery clamp-
ing for 30 min, and analyses were also performed 24 and 72
h later. Echocardiography did not reveal impaired systolic
but diastolic function of the left ventricle in post-ischemic
animals. The mitochondrial structure in cardiomyocytes
was affected. Proteomic analyses from heart tissue showed
an upregulation of more than 400 proteins, from which 91
candidates were involved in metabolic functions. So-called
“STRING protein-protein interaction network analysis” al-
lowed identifying growth factor receptor-bound protein-2
(Grb2) as a key regulator of AKI-associated cardiac pathol-
ogy. Exogenous administration of a Grb2 inhibitor resulted
in improved cardiac function, stabilization of cardiomyocyte
metabolism, and reversal of mitochondrial malfunction. Fi-
nally, the Akt/mTOR pathway was identified as a mediator
of Grb2. The authors also found elevated IL-6 levels post-
AKI, and the cytokine unregulated Grb2 expression. Thus,
the study revealed Grb2 as an inductor of cardiac damage in
experimental CRS type 3.

A 2006 published experimental study was performed in
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male mongrel dogs [19]. Principal aim was to characterize cor-
onary vasoregulation in the context of ischemia-induced ARF.
Renal ischemia lasted for 30 min. The following parameters
were analyzed: coronary pressure flow relations, distribution
of myocardial blood flow, and coronary dose-responses to vas-
odilatory substances that either act in an endothelium-depend-
ent or -independent manner. The latter series of experiments
showed significantly impaired vascular reactivity to all of the
applied compounds. Also, myocardial oxygen consumption
was higher in ARF as compared to control dogs (resting condi-
tions). Finally, ARF dogs displayed reduced coronary vascular
conductance. In summary, the data indicated ARF-associated
vascular dysfunction, most likely induced by a systemic dys-
balance of vasomodulatory substances.

In 2019, Trentin-Sonoda and colleagues [20] analyzed
the role of Caspl in mediating the cardiac response to renal
ischemia reperfusion injury. Particularly, the authors assessed
cardiac hypertrophy and apoptosis. Male C57/BL/6 and Caspl
knockout mice were subjected to unilateral renal ischemia for
60 min, followed by a latency period of 15 days. The lack of
Caspl was associated with increased cardiac hypertrophy.
Also, caspases 3, 7, and 9 activities were higher, indicating
the stimulation of apoptosis in an IL-1B-independent manner.

A 1996 published study [21] evaluated the so-called area
at risk (AR) and the infarction area (IA) in rats that under-
went transient coronary artery occlusion for 60 min. Aim was
to determine whether brief occlusion of either the mesenteric
or the left renal artery may prevent myocardial damage. While
renal ischemia failed to protect the heart under normothermic
conditions, lowering the body temperature to 30-31°C was as-
sociated with significant cardioprotection of ischemic precon-
ditioning (reduction of the IA/AR ratio).

Figure 2 summarizes pathophysiological aspects of CRS
type 3 with regard to experimental evidence.

Conclusions

Experimental data support the concept of CRS type 3.

The studies presented herein show that cardiac pathologies
in CRS type 3 evolve from pathophysiological events, which
are heterogenous in terms of origin and dynamics. Intra-renal
activation of the immune system and the production of vaso-
constrictive substances may be proposed as key events. Both
act as danger signals in a systemic manner.

Subsequently, cardiac mitochondriopathy, an impaired
balance of redox components, and activation of the pro-apop-
totic machinery induce myocardial damage. All processes oc-
cur in the absence of endogenous toxification or fluid retention
due to diminished excretory kidney function.

This may partly explain the significantly higher cardiovas-
cular risk of AKI subjects, even if renal replacement therapy
has been initiated.
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Figure 2. Molecular mechanisms involved in myocardial dysfunction in CRS type 3. The figure summarizes the essential findings
described in the article. Acute kidney injury of various origin triggers mitochondrial dysfunction in cardiomyocytes, an aberrant
(systemic and local) immune response, and systemic vasomodulatory disturbances. CRS: cardiorenal syndrome.
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