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ABSTRACT

The cardiorenal syndrome (CRS) is described as a multi-organ disease encompassing bidirectionally heart and kidney. In
CRS type 4, chronic kidney disease (CKD) leads to cardiac injury. Different pathological mechanisms have been identified
to contribute to the establishment of CKD-induced cardiomyopathy, including a neurohormonal dysregulation,
disturbances in the mineral metabolism and an accumulation of uremic toxins, playing an important role in the
development of inflammation and oxidative stress. Combined, this leads to cardiac dysfunction and cardiac
pathophysiological and morphological changes, like left ventricular hypertrophy, myocardial fibrosis and cardiac
electrical changes. Given that around 80% of dialysis patients suffer from uremic cardiomyopathy, the study of cardiac
outcomes in CKD is clinically highly relevant. The present review summarizes clinical features and biomarkers of
CKD-induced cardiomyopathy and discusses underlying pathophysiological mechanisms recently uncovered in the
literature. It discloses how animal models have contributed to the understanding of pathological kidney–heart crosstalk,
but also provides insights into the variability in observed effects of CKD on the heart in different CKD mouse models,
covering both “single hit” as well as “multifactorial hit” models. Overall, this review aims to support research progress in
the field of CKD-induced cardiomyopathy.
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INTRODUCTION

According to the World Health Organization (WHO), an esti-
mated 17.9 million people globally die from cardiovascular dis-
eases (CVD) every year, particularly from heart attacks and
strokes [1]. In Europe, this number is about 1.68 million [2]. Dial-

ysis patients present CVD mortality rates approximately 10–30
times higher than the general population. Overall, ∼50% of pa-
tients with advanced chronic kidney disease (CKD) (stage 4–5)
face CVD and about 40%–50% of them die as a consequence of
this [3].
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This multi-organ disease affecting bidirectionally heart and
kidney is called the cardiorenal syndrome (CRS) [4]. CRS is di-
vided into five main types. The first two encompass a pri-
mary cardiac injury leading to secondary acute or chronic renal
pathology, respectively. The types 3 and 4—also called renocar-
diac syndrome—involve an acute, respectively, chronic kidney
injury that leads to cardiac injury; and in type 5—also referred
to as secondary CRS—kidney and heart injury are found con-
comitant with systemic conditions [5, 6].

CKD patients display an increased prevalence and progres-
sion of atherosclerosis, contributing to the increased risk of
myocardial infarction and stroke [7]. Furthermore, vascular
calcification and vascular stiffness represent crucial factors
contributing to elevated cardiovascular morbidity and mortality
in the CKD population [8]. Also, cardiac tissue remodeling with
development of myocardial interstitial fibrosis and left ventricu-
lar hypertrophy (LVH), the hallmarks of uremic cardiomyopathy,
together with molecular and electrical alterations in the heart,
lead to heart failure and arrhythmias [9].

Systemicmolecular alterations contributing to increased car-
diovascular risk in CKD include a neurohormonal dysregulation
and an accumulation of uremic toxins, playing an important role
in the development of tissue and systemic inflammation and ox-
idative stress [10]. This promotes not only further kidney injury
but also heart cellular damage, as well as endothelial and vas-
cular dysfunction [11]. The present review will focus on uremic
cardiomyopathy, its clinical features and biomarkers, as well as
underlying pathophysiological mechanisms recently uncovered
in literature. Also, we will discuss animal models that have been
used to study the effect of CKD on the heart, building partly on
our recent systematic reviewwithmeta-analysis of cardiac phe-
notyping in mouse models of CKD [12].

UREMIC CARDIOMYOPATHY: CLINICAL
FEATURES

Uremic cardiomyopathy is characterized by LVH and cardiac in-
terstitial fibrosis and is associatedwith cardiac electrical dysreg-
ulation. Here we will discuss the clinical features involved in the
pathology as well as biomarkers of increased cardiovascular risk
in CKD patients.

Cardiac remodeling: left ventricular hypertrophy and
fibrosis

Left ventricular hypertrophy

Left ventricular hypertrophy (LVH) is described as a thickening
of the left ventricle wall and an increased LV mass [13]. In pa-
tients in early CKD stages [with estimated glomerular filtration
rates (eGFRs) above 60mL/min/1.73m2] the prevalence of cardiac
hypertrophy is ∼30% [14]. Progressively, LVH incidence increases
with loss of renal function [14]. While CKD3–4 patients have a
LVH prevalence of up to 40%, this is 70%–90% in patients with
end-stage renal disease (ESRD) (Table 1) [14–18].

An increased number of sarcomeres, triggered bymechanical
stress, leads to an enlargement of the cardiomyocytes, and forms
a compensatory mechanism of the heart to maintain cardiac
function [13]. These structural changes are strongly associated
with diastolic dysfunction [19], with LVH as a strong indepen-
dent and early predictor of cardiovascular events and mortality
[18, 20–22]. LVH is also associated with an increase in oxidative
stress and inflammation [23, 24].

LVH was revealed in CKD patients by echocardiography
(Table 1) [14, 15, 17–19, 25]. Furthermore, Izumaru et al. reported
an increased cardiac cell size in the left ventricular wall as well
as an increased myocardial wall thickness in autopsies of CKD
patients [26]. LVH is a direct consequence of an increased car-
diac preload and afterload in CKD patients [19]. Whereas an in-
creased preload is caused by volume overload, cardiac afterload
is a pressure overload as result of arterial stiffness, arterial hy-
pertension or aortic valve stenosis.

Cardiac fibrosis

Myocardial fibrosis after kidney injury is characterized by a pro-
duction of extracellular matrix, such as collagens [27]. Clinical
and autopsy studies revealed that CKD patients present more
cardiac interstitial fibrotic tissue than non-CKD patients [26, 28]
(Table 1). Aoki et al. analyzed left ventricular endomyocardial
biopsies of hemodialysis patients, elucidating that 42% of them
presented cardiac fibrotic deposits [29]. By contributing to severe
left ventricular stiffness, cardiac fibrosis can induce cardiac dys-
function and is an important pathophysiological contributor to
ventricular arrhythmias and atrial fibrillation [30].

During CKD, cardiac fibrosis develops together with LVH [31],
triggered by hemodynamic alterations (pressure overload) and a
disturbed secretion of systemic soluble factors, including cate-
cholamines, angiotensin (Ang) II and aldosterone, cytokines and
uremic toxins [32, 33].

Cardiac electrical changes

Around one-third (25%–39%) of mortality in dialysis patients
is a result of sudden cardiac death [34–36], which are mainly
caused by atrial arrhythmias [37, 38]. One of three dialysis pa-
tients present atrial arrythmias [37]. Akoum et al. showed that
the mean rate of any type of cardiac arrhythmia was 88.8
episodes per person-year in CKD patients, with atrial fibrilla-
tion observed at a rate of 37.6 per year [39]. Not only arrhyth-
mias, but also a prolongation of the QT interval is found in CKD
patients (Table 1). Approximately 50% of hemodialysis patients
had at least one electrical conduction disorder, including a pro-
longation of the QTc interval (i.e. the QT interval corrected for
heart rate), a QTc dispersion or ventricular and atrial premature
contractions [40–43].

Arrhythmia was revealed in CKD patients by electrocardiog-
raphy studies, mainly in patients with LVH [44]. Cardiac fibrosis
can contribute to ventricular arrhythmias and atrial fibrillation
through left ventricular stiffness [30]. Also, increased inflamma-
tory processes are correlated to the initiation and maintenance
of atrial fibrillation [45]. Furthermore, hyperkalemia is frequent
in ESRD patients, being observed in 5%–10% of patients under-
goingmaintenance hemodialysis [46]. It is caused by imbalances
between excess potassium intake and insufficient removal as
well as alterations in cellular potassiumuptake versus secretion,
amongst other things [46]. Hyperkalemia triggers cell hyperpo-
larization and disturbed cardiac conductivity [46]. It is frequently
associated with peaked T-waves, a prolonged PR interval and a
widenedQRS complex, and—in severe hyperkalemia—a total ab-
sence of P-waves [47].

Also, the dialysis procedure itself may increase the risk of
arrhythmias and atrial fibrillation, as observed during but also
directly after the dialysis session [48–50], potentially through
electrolyte shifts in the blood and/or volume changes [35, 48].
Hemodialysis increases QTc dispersion and the QTc interval,
especially when using a low-calcium dialysate, with the QTc
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interval changes inversely correlated with calcium changes in
the serum [51]. Furthermore, intradialytic hypotension is fre-
quent during hemodialysis, triggering myocardial stunning and
increasing the risk of cardiovascular events and mortality [52].

HUMAN BIOMARKERS OF CARDIOVASCULAR
RISK IN CKD

Table 2 and Fig. 1 summarize human biomarkers in blood that
are associatedwith increased cardiovascular risk in patients suf-
fering fromCKD.Of note, this overview is not restricted to uremic
cardiomyopathy but also includes biomarkers of atherosclerosis
risk, as specified in Table 2.

Kidney injury parameters

Among markers reflecting the loss of kidney function, urea and
cystatin C are associated with increased cardiovascular events
in non-dialysis CKD patients [53–55], for urea independently of
eGFR [53]. In a Mendelian randomization study, van der Laan
et al. also identified an association between cystatin C and CVD
independent of the eGFR, however without detecting an under-
lying causal role of cystatin C in CVD risk [56].

Cardiac injury parameters

Among typical cardiac injury biomarkers in the general popula-
tion, the N-terminal pro-B-type natriuretic peptide (NT-proBNP)
is a strong predictor of CRS in CKD patients, and its use has
been reported to benefit CKD/dialysis patients for an early
identification of heart failure [57–59]. Recently, the prognos-
tic ability of NT-proBNP towards cardiovascular mortality in
advanced CKD was questioned, with de la Espriella et al. ob-
serving that the significant association of NT-proBNP with
cardiovascular mortality was progressively lost in patients with
an eGFR <45 mL/min/1.73 m2 [60]. In addition, BNP and cardiac
troponin (cTNT) predict adverse cardiovascular outcome in
CKD/dialysis patients [61–64], and cTNT in non-dialysis CKD
patients associated with LVH, reduced LV ejection fraction
and LV diastolic dysfunction, also after adjustment for eGFR
[63]. BNP is a member of the natriuretic peptide system with
natriuretic, diuretic and vasodilative properties [4]. In response
to pressure or volume overload it is increasingly secreted
by cardiomyocytes as a compensatory mechanism to reduce
pressure and volume overload [65]. Once secreted, proBNP is
cleaved into NT-proBNP and the bioactive BNP [66]. cTNT is
released from cardiomyocytes into the circulation upon cardiac
injury such as ischemia as a consequence of cardiomyocyte
necrosis [67].

Another marker, cancer antigen 125 (CA125), emerged in the
literature as positively and consistently associated with a higher
risk of 1-year all-cause and cardiovascular mortality throughout
the whole spectrum of eGFR categories, independent of kidney
function [60]. Serum CA125 levels are also associated with LV
dysfunction in hemodialysis patients [68].

Galectin-3 (Gal-3), a β-galactoside-binding lectin that is re-
leased from injured and inflammatory cells and a biomarker of
heart failure andmyocardial infarction in the general population
[69], is positively associated with both LVH [70] and adverse vas-
cular outcomes in CKDpatients, e.g. endothelial dysfunction and
increased vascular reactivity [71]. The main pathophysiological
role of Gal-3 is described as promoting fibrosis in both cardiac
and kidney tissue by inducing fibroblast proliferation but also

collagen deposition.Along this line, it has been implicated in the
heart in the cardiac remodeling process and the progression to
heart failure,while in the kidney Gal-3 is involved in progression
of kidney dysfunction [66].

Inflammation parameters

The inflammatory biomarkers interleukin (IL)-6 and C-reactive
protein (CRP) can predict overall and cardiovascular mortality,
and cardiovascular and vascular events in cohorts of patients at
different CKD stages [72–78], independent of eGFR [73, 75]. Sta-
ble high levels as well as trimestral variations of IL-6, CRP and
tumor necrosis factor alpha (TNF-α) are associated with higher
mortality in hemodialysis patients [79, 80]. Increased plasma IL-
6 levels, as found in CKD patients, are caused by an increased
generation triggered by oxidative stress, chronic inflammation
and fluid overload [81], as well as by a minimized clearance of
IL-6 in ESRD patients. Increased IL-6 levels further impair kid-
ney function, and stimulate inflammation and atherosclerosis
[82]. IL-6 is considered to be a strong biomarker of the severity
of inflammation aswell as of atherosclerosis in CKDpatients [76]
and its levels can predict overall and cardiovascular mortality in
patients at different stages of CKD [75].

Furthermore, serum levels of osteopontin are negatively
correlated to eGFR in CKD patients and can predict cardiovas-
cular events in CKD patients [83]. Also, increased levels of sol-
uble TNF-like weak inducer of apoptosis (sTWEAK) were identi-
fied to be associated with all-causemortality in dialysis patients
[84]. On the other hand, Fernández-Laso et al. observed sTWEAK
to be negatively associated with atherosclerotic plaques and
cardiovascular event risk in CKD patients [85]. TWEAK inter-
acts with its specific receptor fibroblast growth factor-inducible
molecule 14 (Fn14), which is normally expressed at very low lev-
els, but is highly upregulated in pathological conditions such
as atherosclerosis [86]. The TWEAK/Fn14 axis is involved in all
steps of atherosclerotic plaque development, such as inducing
the expression of adhesion molecules in endothelial cells in the
beginning of plaque development, and activation of nuclear fac-
tor κB, a transcription factor highly contributing to atheroscle-
rosis [86, 87].

Parameters of mineral bone disorder

In patients with CKD-mineral bone disorder (MBD), plasma fi-
broblast growth factor 23 (FGF23) concentration is a strong pre-
dictor of CRS and increases due to significant changes in phos-
phate or serum parathyroid hormone (PTH) concentration. High
FGF23 levels are associated with mortality, vascular calcification
and LVH in CKD/dialysis patients [88–92]. Elevated FGF23 was
independently associated with increased LV mass index after
adjustment for eGFR and CKD stage [93]. Also, CKD-MBD pa-
tients display a deficiency of Klotho and vitamin D. Low levels
of Klotho are a robust predictor of CVD in CKD. They are associ-
ated with cardiovascular events, mineral-bone disease and sub-
clinical atherosclerosis in CKD/dialysis patients [94–99]. Active
vitamin D is important for the absorption of calcium from the
intestine into the blood. A decrease in vitamin D in CKD and
thereby reduced calcium intestinal uptake, together with a re-
duction of phosphate urine excretion, triggers a compensatory
increase in PTH and FGF23, which can lead to secondary hyper-
parathyroidism [100, 101]. Furthermore, vitamin D deficiency is
associated with cardiovascular outcomes, sudden cardiac death
and inflammation in CKD/dialysis [102–104].
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Figure 1:Human biomarkers of increased cardiovascular risk in patients with CKD. Parameters of kidney injury, cardiac injury, inflammation andmineral bone disorder,
as well as uremic toxins have been associated with increased cardiovascular risk in patients with CKD. For more information, see text.

Uremic toxins

The accumulation of uremic toxins can predict cardiac out-
comes in CKD patients. Both indoxyl sulfate (IS) and p-cresyl
sulfate (PCS) are associated with CKD progression and are ef-
fective in the detection and prediction of mortality risk and CVD
in CKD/dialysis patients [105–108], with mortality prediction (by
IS) and predictability of cardiovascular events (by PCS) also after
adjustment for kidney function markers [109, 110]. In addition,
IS and PCS are associated with vascular calcification, ventricular
septal thickness, mitral regurgitation and mortality in CKD [111,
112].

UREMIC CARDIOMYOPATHY:
PATHOPHYSIOLOGICAL MECHANISMS

Pathophysiological mechanisms that are involved in the
establishment of CKD-induced cardiomyopathy include hemo-
dynamic alterations, inflammatory processes, oxidative stress,
disturbances in the mineral metabolism as well as the accu-
mulation of uremic toxins [113]. The understanding of not only
the signals that initiate these mechanisms in response to kid-
ney damage, but also of their consequences in distant organs,
is of paramount importance. Yet, rather few studies clarified ef-
fects of CKD on cardiac remodeling onmechanistic level. Table 3
and Fig. 2 summarize the main mediators that have been stud-
ied in animal models and their role in cardiac outcomes in CKD.

RAAS, SNS and mineralocorticoid receptor signaling:
hemodynamic regulation and beyond

During CRS 4, a permanent status of fluid overload is frequent
[114] and 60%–90% of patients display hypertension, depen-
dent on CKD stage [115]. This is caused by a chronic activa-
tion of the renin–angiotensin–aldosterone system (RAAS) and
the sympathetic nervous system (SNS) [116] as well as of min-
eralocorticoid receptor (MR) overactivation [117]. In addition to
hemodynamic and blood pressure effects, their activation also
contributes to vascular stiffness and processes of inflammation,
oxidative stress and fibrosis [116, 117].

The importance of the RAAS in the pathogenesis of CKD
is widely appreciated, with Ang II as a central mediator of
kidney injury due to its ability to produce glomerular capillary
hypertension damaging glomerular epithelial, endothelial and
mesangial cells [118, 119]. Furthermore, the inhibition of RAAS
by angiotensin-converting enzyme (ACE) inhibition or an-
giotensin receptor blockers (ARB) appears to be beneficial to the
heart in uremic cardiomyopathy. At least in part, these effects
seem to be independent of blood pressure reduction. Kovács
et al. studied the role of Ang II by inhibiting its effect throughAng
II type 1 receptor (AT1) using the ARB losartan in a model of 5/6
nephrectomy (SNX)-induced CKD for 13 weeks. They observed
that uremic cardiomyopathy, including CKD-induced diastolic
dysfunction, LVH, cardiac fibrosis and cardiac inflammation,
can be prevented or strongly slowed by losartan when the ad-
ministration starts in early CKD stage before the manifestation
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Figure 2: Pathophysiological mechanisms studied in animal models of CKD-induced cardiomyopathy. CKD triggers pathophysiological effects like hemodynamic
alterations through the RAAS, the SNS and MR signaling, inflammation and oxidative stress, disturbances in mineral metabolism and the accumulation of uremic
toxins. In red, molecular mediators are indicated that have been identified to contribute to uremic cardiomyopathy. In green, treatments or conditions that were
effective in reducing or attenuating uremic cardiomyopathy, are highlighted. For more information, see text. β1-AR, beta-1 adrenergic receptor; LCZ696, combination

of sacubitril and valsartan; TAK-242, TLR4 inhibitor.

of LVH, and these observations were independent of significant
blood pressure effects [120]. Similar effects were found when
treating either with another ARB, valsartan, or knocking out the
AT1 receptor genetically in mice [121]. Also, the combination of
valsartan and the neprilysin-inhibitor sacubitril (in the form of
the combination drug LCZ696) exerted cardioprotective effects
after SNX-induced CKD [122]. When the ACE blocker enalapril
was administrated to mice with CKD after unilateral urinary ob-
struction for 3 weeks, it significantly attenuated blood pressure,
cardiac hypertrophy, cardiac fibrosis and pro-fibrotic transform-
ing growth factor beta (TGF-β) signaling [123]. Since treatment
with the anti-hypertensive hydralazine did lower blood pressure
without impacting on cardiac structural remodeling, a blood
pressure–independent effect of enalapril on cardioprotection
in CKD was suggested [123]. Compared with ACE blocking by
enalapril, omapatrilat—which blocks both ACE and neutral
endopeptidases, the latter downregulating natriuretic peptide
levels—had a similar systemic antihypertensive effect in rats
subjected to SNX-induced CKD for 12 weeks; however, omapatri-
lat wasmore effective in reducing glomerular capillary hydraulic
pressure and showed an improved renoprotection on long-term
compared with enalapril [124]. The influence of omapatrilat on
CKD-induced cardiac effects has not yet been examined.

The SNS is fundamental to blood pressure control, whether
continuously (long-term) or moment-to-moment, being respon-
sible for hemodynamic stability [114]. CKD-induced activation
of the β-adrenergic receptors (β-ARs) by catecholamine neu-
rotransmitters results in abnormalities in the β-AR signaling
system that may ultimately lead to the cardiac outcomes ob-
served in CKD [125]. In line with this, its inhibition was shown
to be beneficial to the cardiovascular system in CKD: treating
nephrectomized rats with atenolol (a selective blocker of ARβ1)
or carvedilol (a non-selective ARβ blocker) reduced blood pres-
sure, cardiac hypertrophy, cardiac fibrotic deposition as well as

cardiac apoptotic signaling pathways [126]. In contrast, ARβ3
exerts cardioprotective functions [127] and the β-AR3 agonist
mirabegron reduced diastolic dysfunction, cardiac fibrosis and
cardiac inflammation, but not LVH, in rats subjected to SNX.
This was observed in the absence of significant blood pres-
sure effects and independent of β-AR3/endothelial nitric oxide
synthase (eNOS) signaling, but potentially mediated through a
downregulation of the AT1 receptor [120].

The MR is an important regulator of electrolyte and fluid
homeostasis. However, MR overactivation negatively impacts on
the kidney and the heart by increasing sodium retention and
hypertension, and by contributing to inflammation and kidney
fibrosis, as well as cardiac hypertrophy and fibrosis [128, 129].
The steroidal MR antagonist spironolactone has shown benefi-
cial effects on the cardiovascular system in CKD: it reduced sys-
temic and vascular inflammation as well as vascular calcifica-
tion independently of blood pressure level in rats with adenine-
induced CKD [130],with vascular calcification contributing to in-
creased cardiovascular mortality in CKD patients [8, 131]. Also,
treatment of mice with subtotal nephrectomy-induced CKD
with the non-steroidal MR antagonist finerenone for 6 weeks
mostly restored CKD-induced diastolic dysfunction, prevented
LVH and cardiac fibrosis, and attenuated the CKD-induced de-
crease of LV fractional shortening and ejection fraction without
effects on kidney dysfunction or systolic blood pressure [132].

Inflammation

Immune system activation and inflammatory processes are
among the most studied candidates for pathological kidney–
heart crosstalk. Inflammatory markers upregulated by kidney
injury include cytokines, chemokines, acute-phase proteins and
adhesion molecules, by which cells and receptors of the innate
immune response system are involved [133].
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For example, the inhibition of important inflammatory me-
diators such as IL-6 and toll-like receptor 4 (TLR4) have a ben-
eficial effect on the heart in CKD animal models. Blockage of
IL-6 signaling using a monoclonal antibody for the IL-6 recep-
tor (MR16-1) reduced cardiac fibrosis after SNX-induced CKD
[134]. In addition, pro-inflammatory gene expression (including
monocyte chemoattractant protein-1, TNF-α, IL-1β and IL-6) and
macrophage infiltration were significantly reduced in the hearts
of CKD mice treated with MR16-1 [134]. In the same line, inhi-
bition of TLR4 protected from cardiac inflammation and fibrosis
in rats with aldosterone-salt-induced CKD [135].

Furthermore, a role for nucleotide-binding oligomerization
domain–containing protein 1 (NOD1) in CKD-induced cardiac
Ca2+ mishandling was revealed, with NOD1 known to trigger
inflammatory nuclear factor κB signaling upon cell injury. In a
mouse model of SNX-induced CKD, genetic deficiency of NOD1
improved CKD-induced cardiac Ca2+ mishandling, the latter ob-
served as an impairment in the properties and kinetics of in-
tracellular Ca2+ transients in cardiomyocytes isolated from CKD
mice [136].

Regulators of mineral metabolism

The phosphaturic hormone FGF23 is increased and indepen-
dently associated with LVH in CKD patients [93]. FGF23 is able to
induce cardiomyocyte hypertrophy in vitro as well as LVH when
administered to mice, and blocking the FGF receptor in rats sub-
jected to SNX reduced CKD-induced LVH [93]. In line with this,
antibody-mediated blockade of fibroblast growth factor receptor
4 (FGFR4), one of the FGF23 receptors, in rats with SNX-induced
CKD inhibited hypertrophy of isolated cardiac myocytes and at-
tenuated LVH in vivo [137]. Also, knockout mice for FGFR4 did
not develop LVH in response to a high-phosphate diet, as ob-
served in wild-type mice [137]. Furthermore, FGF23 has been re-
ported to contribute to cardiac calcium mishandling. Cardiomy-
ocytes isolated from either mice with SNX-induced CKD or mice
treated with FGF23 displayed a slower increase in cytosolic cal-
cium during systole and a slower decay in cytosolic calcium
during diastole compared with controls [138]. Also, FGF23 re-
duced cardiomyocyte contractility and triggered spontaneous
pro-arrhythmic events through intracellular Ca2+ mishandling,
which could be blocked by soluble Klotho (sKlotho) [139]. Al-
though the precise mechanisms of these protective effects by
sKlotho remain unclear, it has been suggested that sKlotho
might trigger protective signaling that counteracts FGF23 effects.
Alternatively, sKlotho might operate as an FGF23 co-receptor
altering or impeding downstream FGF23 signaling, or sKlotho
might couple to circulating FGF23 as a decoy receptor [139].

Klotho deficiency is also well studied for potential cardiac ef-
fects in CKD. Hu et al. suggested that Klotho deficiency repre-
sents a condition of CKD, and Klotho deficiency not only wors-
ens renal disease but also exacerbates extra-renal complications
like vascular calcification and secondary hyperparathyroidism
[140]. Furthermore, heterozygous Klotho-deficiency was associ-
ated with spontaneous cardiac hypertrophy and dysfunction,
linked with an increase in p-SMAD2/3 and p-ERK [141]. When
inducing SNX-triggered CKD for 5 weeks, heterozygous Klotho-
deficient mice displayed aggravated cardiac hypertrophy and fi-
brosis as well as increased cardiac dysfunction compared with
wild-type CKD mice. After delivery of soluble Klotho to Klotho-
deficient CKDmice, these signatures of adverse cardiac remodel-
ingwere amelioratedwithout significant impact on kidney clear-
ance function [142].

Uremic toxins

Uremic toxins have been strongly implicated in the manifesta-
tion and progression of the inflammatory state associated with
CKD, by modulating a series of mediators such as CRP, cytokines
and transcription factors [143]. The most studied protein-bound
uremic toxins in CRS are IS and PCS, which are both also highly
associated with pro-inflammatory properties [144]. IS treatment
induced cardiac hypertrophy in mice and even to a greater ex-
tent in mice heterozygous for Klotho [145], with a role shown
for the p38/ERK pathway in IS-induced cardiomyocyte hyper-
trophy in vitro. Treatment with AST-120—an orally administered
adsorbent of low molecular weight substances from the intesti-
nal lumen, including the IS precursor indole—attenuated CKD-
induced cardiac fibrosis in nephrectomized rats [146]. Also, PCS
was demonstrated to be cardiotoxic, inducing NADPH oxidase
expression and the production of reactive oxygen species in car-
diomyocytes in vitro, and mediating cardiac apoptosis, cardiac
fibrosis and diastolic dysfunction in a mouse model of SNX-
induced CKD for 8 weeks [147].

Other

Activation of the mammalian target of rapamycin (mTOR) com-
plex during CKD has been related to the development of car-
diac hypertrophy and fibrosis [148]. When treating mice with
the mTOR inhibitor rapamycin in a normotensive model of uni-
lateral nephrectomy–induced CKD, the development of cardiac
hypertrophy and fibrosis was reduced when compared with
vehicle-treated CKD animals [149].

ANIMAL MODELS TO STUDY UREMIC
CARDIOMYOPATHY: OVERVIEW AND
CONSIDERATIONS

Mouse models

Unraveling the contribution of pathophysiological mechanisms
to uremic cardiomyopathy requires the availability of appropri-
ate animal models, with mouse models offering the advantage
of genetically modified strains enabling the study of selected
molecular mediators. However, despite the studies discussed
in the previous chapter, development of uremic cardiomyopa-
thy in mice has shown to be very variable. To support future
studies, Table4 summarizes the main cardiac outcomes of CKD
models using C57BL/6 and 129/Sv strains. The table is based
on our previous systematic review and meta-analysis by Sop-
pert et al. [12], in which we provided a detailed description and
comparison of cardiac pathological changes in different mouse
models of uremic cardiomyopathy. Compared with Soppert et al.
[12], Table 4 is updated with novel literature published until
September 2022 and identified according to the same search
strategy and eligibility criteria applied before; resulting in the
inclusion of nine further studies [150–158].

“Single hit” approaches

For surgical CKD models, the inclusion of these recent stud-
ies hardly affects the incidence and conclusion of cardiac out-
comes as previously summarized [12]. SNX induced cardiac hy-
pertrophy, cardiac fibrosis and diastolic dysfunction in C57BL/6
(41 studies included) and 129/Sv mice (14 studies included)
in ≥70% of the studies that assessed those parameters, while
129/Sv mice seemed to be more prone to these effects (≥90%
of studies vs 70%–82%). Effects on systolic function were more
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Table 4: Summary of cardiac effects reported in different mouse models of CKD.

Single hit
SNX or similar surgical 

proceduresa

Other surgery-induced, 
bilateral kidney 

damageb
Diet or treatmentc Alport syndrome

C57BL/6 129/Sv C57BL/6 129/Sv C57BL/6 129/Sv C57BL/6 129/Sv
No. of studies included 41 14 3 1 9 3 5 4

Blood pressure 10(23) 11 (12) 3 (5) 1 (1) 2 (3) 2 (2)
Hypertrophy 21 (30) 11 (11) 2(2) 1(1) 3 (6) 0 (2) 4 (5) 0 (2)

Fibrosis 19 (23) 9 (10) 2(2) 1(1) 4 (7) 1 (2) 1 (2) 1 (2)
Inflammation/Ox 

Stress 12 (14) 1 (2) 3 (5) 2 (2)

Systolic functiond 16 (28) 3 (8) 0 (2) 1 (1) 2 (6) 0 (1) 2 (3) 4 (4)
Diastolic functione 14 (20) 8 (8) 0(1) 1 (2) 1 (1)

Multifactorial hit CKD + hypertension f CKD + mineral bone disorderg CKD + hyperlipidemiah

C57BL/6 129/Sv C57BL/6 129/Sv C57BL/6 129/Sv
No. of studies included 17 5 3 3 9

Blood pressure 13 (13) 5 (5) 0 (2) 1 (1) 0 (7)
Hypertrophy 9 (13) 3 (3) 1 (1) 3 (3) 4 (8)

Fibrosis 12 (15) 1 (1) 3 (3) 2 (5)
Inflammation/Ox Stress 5 (6) 2 (2) 3 (4)

Systolic functiond 6 (11) 1 (1) 3 (6)
Diastolic functione 3 (4) 3 (6)

Effect of CKD—without or with additional cardiovascular risk factors in CKD—on blood pressure, pathophysiological cardiac changes and LV function in C57BL/6 versus
129/Sv strains, summarized from the systematic review by Soppert et al. (2022) [12] and updated with additional literature until September 2022 using an identical
search strategy. Studies from all time points of CKD analysis are summarized; parameters are expressed as numbers of studies with significant effects vs number of

total studies that addressed this parameter (in brackets). Color code represents the percentage of studies with significant effects (white = 0 to <30%, light grey = 30 to
<70%, dark grey = 70%–100%, dashed = parameter not assessed). Different studies from one paper using identical methods but different time points were summarized
and counted as “1,” while studies from one paper using different methods were counted separately.
aSNX or UNX + pole ligation of remnant kidney.
bBilateral IRI or UNX + IRI of remnant kidney.
cAdenine/oxalate/cisplatin.
dOther than LV volume; parameters considered: ejection fraction; fractional shortening; cardiac output; stroke volume; maximal rate of LV pressure change (dP/dt
max).
eOther than LV volume; parameters considered: Tei or myocardial performance index; isovolumetric relaxation time; isovolumic relaxation time constant (Tau, τ ); E/A
ratio; E/e′ ratio.
fCKD via UNX/SNX/Adenine in combination with DOCA/salt/Ang II/aldosterone/high protein/renal artery clipping.
gCKD (various) in combination with high phosphate.
hCKD via UNX/SNX/adenine in combination with ApoE− /−/high fat diet.
As described in detail by Soppert et al. [12], in case of studies reporting multiple readouts for blood pressure or pathophysiological cardiac changes, outcomes were
summarized according to mean effects (averaging all readouts with P > .05 = 0, P < .05 = 1, P < .01 = 2, P < .001 = 3) with means ≥0.5 being considered as a statis-

tically significant change. Increased fibrosis and oxidative stress identified through immunohistochemical staining always resulted in “increase” in the heat maps,
independent of the outcome of potential gene expression/western blot analyses. Also, increased oxidative stress readouts always resulted in “increase” in the “inflam-
mation/oxidative stress” outcome in the heat maps, independent of the outcome of potential other inflammatory readouts.
IRI, ischemia/reperfusion injury; Nx, nephrectomy; Ox stress, oxidative stress; UNX, unilateral nephrectomy.

variable and only detected in roughly 60% of studies examin-
ing these strains, while hypertension was again more stably in-
duced in studies performing SNX in 129/Sv mice (92% of studies
vs 43% in C57BL/6). Studies inducing bilateral kidney damage via
other surgical procedures (four studies included in total) simi-
larly caused cardiac hypertrophy and fibrosis in both strains.

When CKD was induced via adenine diet or oxalate treat-
ment in C57BL/6 mice (nine studies in total), cardiac pathophys-
iological effects were more variable than after SNX, showing
significant changes only in 30%–70% of the studies for the
cardiac parameters summarized in this review. Although our
previous systematic review reported a consistent increase of
cardiac effects among diet- and treatment-induced CKDmodels
in C57BL/6 mice [12], these variable results following inclusion
of recent literature are mainly caused by our latest findings
with primarily neutral effects of different adenine diet–induced
CKD models on cardiac morphology and function [158]. Variable
observations of the effect of adenine diet on the heart might,
amongst other factors, be due to high protocol variability,
including, e.g. adenine concentration, duration of feeding and
substrain differences. 129/Sv were only rarely analysed for

cardiac effects upon CKD induction via adenine diet or cisplatin
treatment (three studies in total). Blood pressure and cardiac
inflammation/oxidative stress were increased in the studies
that assessed this parameter. In contrast, no effects on hyper-
trophy or cardiac function were detected, and only one out of
two studies documented cardiac fibrotic changes.

Alport syndrome induced cardiac pathophysiological effects
againmore consistently in 129/Svmice in terms of hypertension,
systolic or diastolic dysfunction (in >70% of the studies, four
studies included) compared with C57BL/6 (30%–70%, five stud-
ies included), while cardiac fibrosis was observed in one of two
studies for each strain and only cardiac hypertrophy was more
apparent in C57BL/6, with four out of five studies reporting sig-
nificant effects.

Clearer cardiac pathophysiological effects of CKD in studies
using 129/Svmice could be attributed to their higher susceptibil-
ity for proteinuria/kidney inflammation in response to albumin
overload [159] and stronger efficacy of SNX in terms of histolog-
ical damage of the remnant kidney [160], although no statistical
differences were detected in serum or plasma creatinine/urea
among these strains upon SNX [12]. Furthermore, 129/Sv mice
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express two instead of one renin genes [161], which through al-
tered RAAS signaling could favor renal and cardiac pathophysi-
ological effects. A detailed discussion can be found in Soppert
et al. [12]. In summary, the highest number of studies apply-
ing “single hit” approaches to study the effect of CKD on the
heart used surgical procedures (∼75%/68% of all single hit ap-
proaches in C57BL/6 and 129/Sv mice, respectively), with a rel-
atively high reliability to detect effects on cardiac morphology
and function.

“Multifactorial hit” approaches

Combining CKD with hypertensive strategies led to the induc-
tion of cardiac fibrosis, cardiac inflammation/oxidative stress
and diastolic dysfunction in C57BL/6mice in >70% of the studies
that assessed these parameters (17 studies included). Changes
in heart size and systolic function were more variable (30%–
70% of studies). 129/Sv mice seemed again to be superior to
C57BL/6 mice, showing 100% efficacy in detecting cardiac hyper-
trophy, fibrosis and inflammation/oxidative stress (though with
only five studies reported). CKD in combination with hyperlipi-
demia led to more variable cardiac effects in C57BL/6 mice (nine
studies included), detecting significant changes in only 30%–
70% of studies with cardiac inflammation/oxidative stress be-
ing the only parameter increased in >70% of studies (129/Sv not
available).

Since Table 4 was greatly simplified compared with the de-
tailed reporting in our systematic review previously [12] and
neither accounts for CKD duration or for effect sizes, it is not
suitable for the comparison of uremic cardiomyopathy models
applying single vs multifactorial hit approaches. Hence, we re-
fer to our meta-analysis in Soppert et al. [12]. for such detailed
comparison. There, we reported that multifactorial hit models,
especially the combination of CKD and hypertension-inducing
strategies, more consistently induced cardiac hypertrophy in
C57BL/6 mice at intermittent time points compared with sin-
gle hit surgical approaches [12]. Taken together, compared with
single hit approaches in C57BL/6, genetics and additional car-
diovascular risk factors can increase the susceptibility to organ
damage and favor the development of clinically relevant patho-
physiological effects of CKD on the heart.

Summary and considerations

In summary, dependent on the study aim, the particular mouse
strain,CKD inductionmethod,duration aswell as additional car-
diovascular risk factors should be carefully chosen. As update
of the meta-analysis by Soppert et al. [12], we here reported that
surgical induction of CKD in C57BL/6mice induced cardiac fibro-
sis in many studies but did have more variable effects in terms
of systolic dysfunction. Also, our recent meta-analysis showed
that especially at intermittent study durations (5–13 weeks of
CKD), surgical interventions triggered only mild and inconsis-
tent hypertrophic responses in the heart [12]. For these time-
frames, additional application of hypertensive-inducing strate-
gies in C57BL/6 mice could make it a more suitable model to
study all pathophysiological features of uremic cardiomyopathy,
displaying more reproducible signs of cardiac hypertrophy and
fibrosis [12]. In comparison, 129/Sv mice were more prone to de-
velop SNX-induced cardiac hypertrophy, cardiac fibrosis and hy-
pertension than C57BL/6 even in single hit approaches (Table 4).
Furthermore, 129/Sv mice consistently developed diastolic dys-
functionwith primarily preserved systolic function (Table 4) [12].
Thus, surgical CKD induction (alone) in 129/Sv mice could be a
suitablemodel to study CKD-induced cardiac fibrosis and hyper-

trophy, already at early time points (up to 4 weeks, see detailed
overview per timeframe in Soppert et al. [12]).

Overall, it is important to consider that cardiac outcomes in
CKDmouse models can be highly variable and experimental de-
signs need to be carefully considered. This includes a specific
emphasis on strain and substrain genetic differences (129/Sv vs
C57BL/6, C57BL/6 N vs C57BL/6 J) thatmay play an important role
in the cardiac pathophysiological outcome during CKD, as well
as on the CKD model and the presence of potential additional
cardiovascular risk factors. (Sub)strain differences in cardiac
outcomes could, amongst others, be due to an altered suscep-
tibility to fibrosis, inflammation or oxidative stress responses.
This is for example observed when comparing C57BL/6 N vs
C57BL/6 J mice: the latter strain presents with the absence of a
functional mitochondrial nicotinamide nucleotide transhydro-
genase (NNT), which has been associated with protection from
reactive oxygen stress upon pressure overload [162]. Other fac-
tors that may contribute to the observed study variability of
CKD effects on the heart include CKD methodology, housing,
mouse gender and age, as well as the choice of outcome param-
eters/readouts to detect cardiac impairment. Also, a risk of pub-
lication bias with reduced reporting of “no impact” observations
cannot be excluded.

Rat models

Using the exact same search strategy as we recently applied
for cardiorenal mouse studies [12], a PubMed-based literature
search for studies examining cardiac effects of CKD in rats was
performed, revealing (total, non-selected) 911 hits (thus exceed-
ing the 642 hits retrieved by Soppert et al. for mice). This number
highlights the high interest of researchers in the rat model to
study CKD-induced cardiac effects. Although a systematic dis-
cussion of these studies is out of scope for this review, we here
provide a brief summary of the main models of CKD-induced
effects on the heart in rats.

“Single hit” approaches

Similar to mouse models, SNX is the most common surgical
method of CKD induction in rats [163]. In 2015, Hewitson et al.
[163] reviewed that cardiac hypertrophy was reported to be a
consistent cardiac outcome parameter upon SNX in rats, accom-
panied by early occurring diastolic dysfunction and cardiac fi-
brosis. These findings were further supported in several studies
published more recently (e.g. [120, 146, 164–166]). In addition, in-
creased myocardial artery wall thickness and capillary density
were observed in nephrectomized rats [146, 167].

Diwan et al. [168] summarized in 2018 experimental models
using rats with adenine diet–induced CKD and reported cardiac
hypertrophy and fibrosis, as well as left ventricular stiffness and
aortic medial calcification, in adenine-fed rats, again supported
by several more recent publications [169–172].

Further, Chang et al. recently performed unilateral ureteral
obstruction in rats by single ureter ligation and reported cardiac
fibrosis and hypertrophy with persistent cardiac dysfunction
6 months after performing the surgery [173]. Bilateral kidney
ischemia reperfusion, initially being a model for acute kidney
injury, was characterized in rats at several months following
ischemia-reperfusion to resemble CKD by Amador-Martínez et
al. in 2019 [174]. After 4 months, they reported cardiovascular
injury shown by cardiac hypertrophy and fibrosis.
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“Multifactorial hit” approaches

As models of hypertensive CKD, spontaneously hypertensive
rats are used. In the age of 5–6 weeks these rats develop hy-
pertension, resulting in mainly cardiac hypertrophy and fibro-
sis after several weeks, as supported by multiple studies [175–
178]. Similar models reflect the use of Dahl salt-sensitive rats
fed a high salt diet as well as the administration of the aldos-
terone precursor deoxycorticosterone acetate (DOCA) combined
with unilateral nephrectomy and a high salt diet. Several studies
reported cardiac remodeling in form of hypertrophy and fibrosis
along with hypertension in both models [179–183].

Summary and considerations

One of the advantages of rat models is the size of the rat com-
pared with the mouse. Surgical procedures such as ureteral ob-
struction or SNX are performed more easily in larger animals
such as rats. Additionally, rats provide more material for ex vivo
experiments and analyses of tissue or blood. As a disadvantage,
the availability of genetic modifications and knockouts is much
more restricted in rats compared with mice, thus offering fewer
opportunities in analyzing underlyingmolecularmechanisms of
diseases. Also, whereas most of the common mouse strains are
inbred mouse strains, the rats mostly used are outbred strains
(e.g. Wistar or Sprague Dawley), imposing a higher genetic vari-
ability and in general a potential reduction in reproducibility of
experimental outcomes [184, 185].

Nonetheless, based on current literature, effects of CKD on
the heart seem to be more reproducible in rats compared with
current mouse models (although a systematic analysis of stud-
ies examining CKD-induced cardiac effects in rats was out of
scope for this review). The underlying causes remain currently
unclear and remain topic of further investigation in future
studies.

CONCLUSIONS, CLINICAL IMPLICATIONS AND
FUTURE DIRECTIONS

With CKD patients at increased cardiovascular risk, this re-
view aimed to summarize the clinical features, biomarkers
and pathophysiological mechanisms of uremic cardiomyopathy.
Also, it discussed animal experimental models that have been
studied, with a comparison according to mouse strains and CKD
model, as well as summarizing rat models of CKD-induced car-
diac remodeling. In this way, this review aims to support future
research in the field of CKD-induced cardiomyopathy.

On the clinical level, deeper insights into increased cardio-
vascular risk in CKD patients could promote a higher degree of
clinical suspicion and diagnosis and an increased focus on the
importance of a multidisciplinary, cardiorenal approach in fol-
lowing up and treating CKD patients. Identification and clinical
translation of biomarkers for an early identification of CKD,CKD-
associated CVD and underlying pathophysiological processes
(as potential targets of therapy) are highly important on this
level and could support improved targeted therapeutic strate-
gies in earlier stage.

An inherent difficulty concerning the CRS is the fact that kid-
ney and cardiac diseases share pathophysiological pathways as
well as other comorbidities, which complicates the identifica-
tion of the true main drivers of pathophysiological “crosstalk of
the kidney to the heart.” Thus, additional research is also re-
quired to provide further insights into the pathophysiological
processes underlying CKD-induced CVD to support the devel-

opment of improved diagnostic and therapeutic strategies in re-
lation to CVD in CKD patients.
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120. Kovács ZZA, Szűcs G, Freiwan M et al. Comparison of the
antiremodeling effects of losartan and mirabegron in a rat
model of uremic cardiomyopathy. Sci Rep 2021;11:17495.
https://doi.org/10.1038/s41598-021-96815-5.

121. Li Y, Takemura G, Okada H et al.Molecular signaling medi-
ated by angiotensin II type 1A receptor blockade leading to
attenuation of renal dysfunction-associated heart failure.
J Card Fail 2007;13:155–62. https://doi.org/10.1016/j.cardfail.
2006.11.005.

122. Suematsu Y, Jing W, Nunes A et al. LCZ696 (sacubitril/
valsartan), an angiotensin-receptor neprilysin inhibitor,
attenuates cardiac hypertrophy, fibrosis, and vasculopa-
thy in a rat model of chronic kidney disease. J Card
Fail 2018;24:266–75. https://doi.org/10.1016/j.cardfail.2017.
12.010.

123. Ham O, Jin W, Lei L et al. Pathological cardiac remodeling
occurs early in CKD mice from unilateral urinary obstruc-
tion, and is attenuated by Enalapril. Sci Rep 2018;8:16087.
https://doi.org/10.1038/s41598-018-34216-x.

124. Taal MW, Nenov VD, Wong W et al. Vasopepti-
dase inhibition affords greater renoprotection than
angiotensin-converting enzyme inhibition alone. J Am
Soc Nephrol 2001;12:2051–9. https://doi.org/10.1681/ASN.
V12102051.

125. Badve SV, Roberts MA, Hawley CM et al. Effects of beta-
adrenergic antagonists in patients with chronic kidney dis-
ease. J Am Coll Cardiol 2011;58:1152–61. https://doi.org/10.
1016/j.jacc.2011.04.041.

126. Mohamed RMSM, Elshazly SM, Nafea OE et al. Compara-
tive cardioprotective effects of carvedilol versus atenolol
in a rat model of cardiorenal syndrome type 4. Naunyn
Schmiedebergs Arch Pharmacol 2021;394:2117–28. https://doi.
org/10.1007/s00210-021-02130-1.

127. Schena G, Caplan MJ. Everything you always wanted to
know about β3-AR * (* but were afraid to ask). Cells
2019;8:357. https://doi.org/10.3390/cells8040357.

128. Le Menuet D, Isnard R, Bichara M et al. Alteration of
cardiac and renal functions in transgenic mice over-
expressing human mineralocorticoid receptor. J Biol
Chem 2001;276:38911–20. https://doi.org/10.1074/jbc.
M103984200.

129. Kolkhof P, Lawatscheck R, Filippatos G et al. Nonsteroidal
mineralocorticoid receptor antagonism by finerenone-
translational aspects and clinical perspectives across mul-
tiple organ systems. Int J Mol Sci 2022;23:9243. https://doi.
org/10.3390/ijms23169243.

130. Tatsumoto N, Yamada S, Tokumoto M et al. Spironolactone
ameliorates arterial medial calcification in uremic rats: the
role ofmineralocorticoid receptor signaling in vascular cal-
cification.Am J Physiol Renal Physiol 2015;309:F967–79. https:
//doi.org/10.1152/ajprenal.00669.2014.

131. Himmelsbach A, Ciliox C, Goettsch C. Cardiovascu-
lar calcification in chronic kidney disease-therapeutic
opportunities. Toxins 2020;12:181. https://doi.org/10.3390/
toxins12030181.

132. Bonnard B, Pieronne-Deperrois M, Djerada Z et al. Miner-
alocorticoid receptor antagonism improves diastolic dys-
function in chronic kidney disease in mice. J Mol Cell Car-
diol 2018;121:124–33. https://doi.org/10.1016/j.yjmcc.2018.
06.008.

133. Rapa SF, Di Iorio BR, Campiglia P et al. Inflammation
and oxidative stress in chronic kidney disease-potential
therapeutic role of minerals, vitamins and plant-derived
metabolites. Int J Mol Sci 2019;21:263. https://doi.org/10.
3390/ijms21010263.

134. Tanaka H, Sun T, Kinashi H et al. Interleukin-6 block-
ade reduces salt-induced cardiac inflammation and fibro-
sis in subtotal nephrectomized mice. Am J Physiol Renal
Physiol 2022;323:F654–65. https://doi.org/10.1152/ajprenal.
00396.2021.

135. Zhang Y, Peng W, Ao X et al. TAK-242, a Toll-like recep-
tor 4 antagonist, protects against aldosterone-induced car-
diac and renal injury. PLoS One 2015;10:e0142456. https:
//doi.org/10.1371/journal.pone.0142456.

https://doi.org/10.1159/000351758
https://doi.org/10.2215/CJN.07971109
https://doi.org/10.1016/j.jfma.2019.03.005
https://doi.org/10.1038/ki.2008.31
https://doi.org/10.1016/j.arcmed.2012.08.002
https://doi.org/10.1093/ndt/gfab004
https://doi.org/10.1093/ckj/sfac175
https://doi.org/10.1155/2012/319432
https://doi.org/10.1053/j.ajkd.2018.12.044
https://doi.org/10.1093/ajh/hpac124
https://doi.org/10.1172/JCI112528
https://doi.org/10.1159/000313363
https://doi.org/10.1038/s41598-021-96815-5
https://doi.org/10.1016/j.cardfail.2006.11.005
https://doi.org/10.1016/j.cardfail.2017.12.010
https://doi.org/10.1038/s41598-018-34216-x
https://doi.org/10.1681/ASN.V12102051
https://doi.org/10.1016/j.jacc.2011.04.041
https://doi.org/10.1007/s00210-021-02130-1
https://doi.org/10.3390/cells8040357
https://doi.org/10.1074/jbc.M103984200
https://doi.org/10.3390/ijms23169243
https://doi.org/10.1152/ajprenal.00669.2014
https://doi.org/10.3390/toxins12030181
https://doi.org/10.1016/j.yjmcc.2018.06.008
https://doi.org/10.3390/ijms21010263
https://doi.org/10.1152/ajprenal.00396.2021
https://doi.org/10.1371/journal.pone.0142456


1802 C. V. C. Junho et al.

136. Gil-Fernández M, Navarro-García JA, Val-Blasco A et al. Ge-
netic deletion of NOD1 prevents cardiac Ca2+ mishandling
induced by experimental chronic kidney disease. Int J Mol
Sci 2020;21:8868. https://doi.org/10.3390/ijms21228868.

137. Grabner A, Amaral AP, Schramm K et al. Activation of car-
diac fibroblast growth factor receptor 4 causes left ventric-
ular hypertrophy. Cell Metab 2015;22:1020–32. https://doi.
org/10.1016/j.cmet.2015.09.002.

138. Verkaik M, Oranje M, Abdurrachim D et al. High fibrob-
last growth factor 23 concentrations in experimental re-
nal failure impair calcium handling in cardiomyocytes.
Physiol Rep 2018;6:e13591. https://doi.org/10.14814/phy2.
13591.

139. Navarro-García JA, Delgado C, Fernández-Velasco M et al.
Fibroblast growth factor-23 promotes rhythm alterations
and contractile dysfunction in adult ventricular cardiomy-
ocytes. Nephrol Dial Transplant 2019;34:1864–75. https://doi.
org/10.1093/ndt/gfy392.

140. Hu MC, Kuro-o M, Moe OW. Klotho and chronic kidney dis-
ease. Contrib Nephrol 2013;180:47–63.

141. Hu MC, Shi M, Cho HJ et al. Klotho and phosphate are
modulators of pathologic uremic cardiac remodeling. J Am
Soc Nephrol 2015;26:1290–302. https://doi.org/10.1681/ASN.
2014050465.

142. Xie J, Yoon J, An S-W et al. Soluble Klotho protects
against uremic cardiomyopathy independently of fibrob-
last growth factor 23 and phosphate. J Am Soc Nephrol
2015;26:1150–60. https://doi.org/10.1681/ASN.2014040325.

143. Falconi CA, Junho CV, da C et al.Uremic toxins: an alarming
danger concerning the cardiovascular system. Front Physiol
2021;12:686249. https://doi.org/10.3389/fphys.2021.686249.

144. Harlacher E, Wollenhaupt J, Baaten CCFMJ et al. Impact of
uremic toxins on endothelial dysfunction in chronic kid-
ney disease: a systematic review. Int J Mol Sci 2022;23:531.
https://doi.org/10.3390/ijms23010531.

145. Yang K,Wang C, Nie L et al.Klotho protects against indoxyl
sulphate-inducedmyocardial hypertrophy. J Am Soc Nephrol
2015;26:2434–46. https://doi.org/10.1681/ASN.2014060543.

146. Lekawanvijit S, Kompa AR, Manabe M et al. Chronic kid-
ney disease-induced cardiac fibrosis is ameliorated by re-
ducing circulating levels of a non-dialysable uremic toxin,
indoxyl sulfate. PLoS One 2012;7:e41281. https://doi.org/10.
1371/journal.pone.0041281.

147. Han H, Zhu J, Zhu Z et al. p-Cresyl sulfate aggravates car-
diac dysfunction associatedwith chronic kidney disease by
enhancing apoptosis of cardiomyocytes. J Am Heart Assoc
2015;4:e001852. https://doi.org/10.1161/JAHA.115.001852.

148. Ras Proud CG., PI3-kinase and mTOR signaling in cardiac
hypertrophy. Cardiovasc Res 2004;63:403–13.

149. Siedlecki AM, Jin X, Muslin AJ. Uremic cardiac hypertro-
phy is reversed by rapamycin but not by lowering of blood
pressure. Kidney Int 2009;75:800–8. https://doi.org/10.1038/
ki.2008.690.

150. Hamzaoui M, Roche C, Coquerel D et al. Soluble epoxide hy-
drolase inhibition prevents experimental type 4 cardiore-
nal syndrome. Front Mol Biosci 2020;7:604042. https://doi.
org/10.3389/fmolb.2020.604042.

151. Amador-Martínez I, García-Ballhaus J, Buelna-Chontal M
et al. Early inflammatory changes and CC chemokine
ligand-8 upregulation in the heart contribute to uremic car-
diomyopathy. FASEB J 2021;35:e21761.

152. Chen C, Xie C, Wu H et al. Uraemic cardiomyopathy in dif-
ferent mouse models. Front Med 2021;8:690517. https://doi.
org/10.3389/fmed.2021.690517.

153. Chen C,Xie C, Xiong Y et al.Damage of uremicmyocardium
by p-cresyl sulfate and the ameliorative effect of Klotho by
regulating SIRT6 ubiquitination. Toxicol Lett 2022;367:19–31.
https://doi.org/10.1016/j.toxlet.2022.06.006.

154. Courbon G, Francis C, Gerber C et al. Lipocalin 2 stimu-
lates bone fibroblast growth factor 23 production in chronic
kidney disease. Bone Res 2021;9:35. https://doi.org/10.1038/
s41413-021-00154-0.

155. Yoon S, Kim M, Lee H et al. S-Nitrosylation of histone
deacetylase 2 by neuronal nitric oxide synthase as amech-
anism of diastolic dysfunction. Circulation 2021;143:1912–
25. https://doi.org/10.1161/CIRCULATIONAHA.119.043578.

156. Liu T, Lu X, Gao W et al. Cardioprotection effect of Yiqi–
Huoxue–Jiangzhuo formula in a chronic kidney disease
mouse model associated with gut microbiota modulation
and NLRP3 inflammasome inhibition. Biomed Pharmacother
2022;152:113159.

157. Thomas SS, Wu J, Davogustto G et al. SIRPα mediates IGF1
receptor in cardiomyopathy induced by chronic kidney
disease. Circ Res 2022;131:207–21. https://doi.org/10.1161/
CIRCRESAHA.121.320546.

158. Wollenhaupt J, Frisch J, Harlacher E et al. Pro-oxidative
priming but maintained cardiac function in a broad
spectrum of murine models of chronic kidney disease.
Redox Biol 2022;56:102459. https://doi.org/10.1016/j.redox.
2022.102459.

159. Ishola DA, van der Giezen DM, Hahnel B et al. In mice,
proteinuria and renal inflammatory responses to albu-
min overload are strain-dependent. Nephrol Dial Transplant
2006;21:591–7. https://doi.org/10.1093/ndt/gfi303.

160. Hamzaoui M, Djerada Z, Brunel V et al. 5/6 nephrectomy
induces different renal, cardiac and vascular consequences
in 129/Sv and C57BL/6JRj mice. Sci Rep 2020;10:1524. https:
//doi.org/10.1038/s41598-020-58393-w.

161. Ma L-J, Fogo AB. Model of robust induction of glomeru-
losclerosis inmice: importance of genetic background.Kid-
ney Int 2003;64:350–5. https://doi.org/10.1046/j.1523-1755.
2003.00058.x.

162. Garcia-Menendez L, Karamanlidis G, Kolwicz S et al. Sub-
strain specific response to cardiac pressure overload in
C57BL/6 mice.Am J Physiol Heart Circ Physiol 2013;305:H397–
402. https://doi.org/10.1152/ajpheart.00088.2013.

163. Hewitson TD, Holt SG, Smith ER. Animal models to study
links between cardiovascular disease and renal failure
and their relevance to human pathology. Front Immunol
2015;6:465. https://doi.org/10.3389/fimmu.2015.00465.

164. Omizo H, Tamura Y, Morimoto C et al. Cardio-renal pro-
tective effect of the xanthine oxidase inhibitor febuxostat
in the 5/6 nephrectomy model with hyperuricemia. Sci Rep
2020;10:9326. https://doi.org/10.1038/s41598-020-65706-6.

165. Ma D, Mandour AS, Elfadadny A et al. Changes in cardiac
function during the development of uremic cardiomyopa-
thy and the effect of salvianolic acid B administration in
a rat model. Front Vet Sci 2022;9:905759. https://doi.org/10.
3389/fvets.2022.905759.

166. Koch V, Weber C, Riffel JH et al. Impact of homoargi-
nine on myocardial function and remodeling in a rat
model of chronic renal failure. J Cardiovasc Pharma-
col Ther 2022;27:107424842110546. https://doi.org/10.1177/
10742484211054620.

167. Amann K, Wiest G, Zimmer G et al. Reduced capillary den-
sity in the myocardium of uremic rats—a stereological
study. Kidney Int 1992;42:1079–85. https://doi.org/10.1038/
ki.1992.390.

https://doi.org/10.3390/ijms21228868
https://doi.org/10.1016/j.cmet.2015.09.002
https://doi.org/10.14814/phy2.13591
https://doi.org/10.1093/ndt/gfy392
https://doi.org/10.1681/ASN.2014050465
https://doi.org/10.1681/ASN.2014040325
https://doi.org/10.3389/fphys.2021.686249
https://doi.org/10.3390/ijms23010531
https://doi.org/10.1681/ASN.2014060543
https://doi.org/10.1371/journal.pone.0041281
https://doi.org/10.1161/JAHA.115.001852
https://doi.org/10.1038/ki.2008.690
https://doi.org/10.3389/fmolb.2020.604042
https://doi.org/10.3389/fmed.2021.690517
https://doi.org/10.1016/j.toxlet.2022.06.006
https://doi.org/10.1038/s41413-021-00154-0
https://doi.org/10.1161/CIRCULATIONAHA.119.043578
https://doi.org/10.1161/CIRCRESAHA.121.320546
https://doi.org/10.1016/j.redox.2022.102459
https://doi.org/10.1093/ndt/gfi303
https://doi.org/10.1038/s41598-020-58393-w
https://doi.org/10.1046/j.1523-1755.2003.00058.x
https://doi.org/10.1152/ajpheart.00088.2013
https://doi.org/10.3389/fimmu.2015.00465
https://doi.org/10.1038/s41598-020-65706-6
https://doi.org/10.3389/fvets.2022.905759
https://doi.org/10.1177/10742484211054620
https://doi.org/10.1038/ki.1992.390


Cardiomyopathy in chronic kidney disease 1803

168. Diwan V, Brown L, Gobe GC. Adenine-induced chronic kid-
ney disease in rats.Nephrology 2018;23:5–11.https://doi.org/
10.1111/nep.13180.

169. Feng H, Wang J-Y, Yu B et al. Peroxisome proliferator-
activated receptor-γ coactivator-1α inhibits vascular
calcification through sirtuin 3-mediated reduction of
mitochondrial oxidative stress. Antioxid Redox Signaling
2019;31:75–91.

170. De Schutter TM, Neven E, Persy VP et al. Vascular calcifi-
cation is associated with cortical bone loss in chronic re-
nal failure rats with and without ovariectomy: the calci-
fication paradox. Am J Nephrol 2011;34:356–66. https://doi.
org/10.1159/000331056.

171. Diwan V, Gobe G, Brown L. Glibenclamide improves
kidney and heart structure and function in the adenine-
diet model of chronic kidney disease. Pharmacol Res
2014;79:104–10. https://doi.org/10.1016/j.phrs.2013.
11.007.

172. Yamada S, Taniguchi M, Tokumoto M et al. The antioxidant
tempol ameliorates arterial medial calcification in uremic
rats: important role of oxidative stress in the pathogenesis
of vascular calcification in chronic kidney disease. J Bone
Miner Res 2012;27:474–85. https://doi.org/10.1002/jbmr.539.

173. Chang Y, Ben Y, Li H et al. Eplerenone prevents car-
diac fibrosis by inhibiting angiogenesis in unilateral uri-
nary obstruction rats. J Renin Angiotensin Aldosterone Syst
2022;2022:1283729.

174. Amador-Martínez I, Pérez-Villalva R, Uribe N et al. Reduced
endothelial nitric oxide synthase activation contributes to
cardiovascular injury during chronic kidney disease pro-
gression. Am J Physiol Renal Physiol 2019;317:F275–85. https:
//doi.org/10.1152/ajprenal.00020.2019.

175. Dickhout JG, Lee RM. Structural and functional analysis
of small arteries from young spontaneously hypertensive
rats.Hypertension 1997;29:781–9. https://doi.org/10.1161/01.
HYP.29.3.781.

176. Conrad CH, Brooks WW, Hayes JA et al. Myocardial fibro-
sis and stiffness with hypertrophy and heart failure in the
spontaneously hypertensive rat.Circulation 1995;91:161–70.
https://doi.org/10.1161/01.CIR.91.1.161.

177. Feld LG, Van Liew JB, Brentjens JR et al. Renal lesions
and proteinuria in the spontaneously hypertensive rat
made normotensive by treatment. Kidney Int 1981;20:606–
14. https://doi.org/10.1038/ki.1981.183.

178. Ofstad J, Iversen BM. Glomerular and tubular damage in
normotensive and hypertensive rats. Am J Physiol Renal
Physiol 2005;288:F665–72. https://doi.org/10.1152/ajprenal.
00226.2004.

179. Dobrzynski E, Wang C, Chao J et al. Adrenomedullin gene
delivery attenuates hypertension, cardiac remodeling, and
renal injury in deoxycorticosterone acetate-salt hyperten-
sive rats. Hypertension 2000;36:995–1001. https://doi.org/10.
1161/01.HYP.36.6.995.

180. Karatas A, Hegner B, de Windt LJ et al.Deoxycorticosterone
acetate-salt mice exhibit blood pressure-independent sex-
ual dimorphism. Hypertension 2008;51:1177–83. https://doi.
org/10.1161/HYPERTENSIONAHA.107.107938.

181. Dube P, Khalaf FK, DeRiso A et al. Cardioprotective
role for paraoxonase-1 in chronic kidney disease.
Biomedicines 2022;10:2301. https://doi.org/10.3390/
biomedicines10092301.

182. Yu M, Moreno C, Hoagland KM et al. Antihypertensive
effect of glucagon-like peptide 1 in Dahl salt-sensitive
rats. J Hypertens 2003;21:1125–35. https://doi.org/10.1097/
00004872-200306000-00012.

183. Hayakawa H, Coffee K, Raij L. Endothelial dysfunction
and cardiorenal injury in experimental salt-sensitive hy-
pertension: effects of antihypertensive therapy. Circulation
1997;96:2407–13. https://doi.org/10.1161/01.CIR.96.7.2407.

184. Festing MFW. Inbred strains should replace outbred
stocks in toxicology, safety testing, and drug develop-
ment. Toxicol Pathol 2010;38:681–90. https://doi.org/10.1177/
0192623310373776.

185. Hosszu A, Kaucsar T, Seeliger E et al. Animal models
of renal pathophysiology and disease. Methods Mol Biol
2021;2216:27–44.

186. Kumar V, Yadav AK, Lal A et al. A randomized trial of vi-
tamin D supplementation on vascular function in CKD.
J Am Soc Nephrol 2017;28:3100–8. https://doi.org/10.1681/
ASN.2017010003.

https://doi.org/10.1111/nep.13180
https://doi.org/10.1159/000331056
https://doi.org/10.1016/j.phrs.2013.11.007
https://doi.org/10.1002/jbmr.539
https://doi.org/10.1152/ajprenal.00020.2019
https://doi.org/10.1161/01.HYP.29.3.781
https://doi.org/10.1161/01.CIR.91.1.161
https://doi.org/10.1038/ki.1981.183
https://doi.org/10.1152/ajprenal.00226.2004
https://doi.org/10.1161/01.HYP.36.6.995
https://doi.org/10.1161/HYPERTENSIONAHA.107.107938
https://doi.org/10.3390/biomedicines10092301
https://doi.org/10.1097/00004872-200306000-00012
https://doi.org/10.1161/01.CIR.96.7.2407
https://doi.org/10.1177/0192623310373776
https://doi.org/10.1681/ASN.2017010003

