Redox Biology 56 (2022) 102459

Contents lists available at ScienceDirect

Redox Biology

o %

ELSEVIER journal homepage: www.elsevier.com/locate/redox

Check for

Pro-oxidative priming but maintained cardiac function in a broad spectrum  [%&s
of murine models of chronic kidney disease

Julia Wollenhaupt ', Janina Frisch ™', Eva Harlacher“, Dickson W.L. Wong ¢, Han Jin “-¢,
Corinna Schulte *, Sonja Vondenhoff®, Julia Moellmann ! Barbara Mara Klinkhammer ¢,

Li Zhang ¢, Adelina Baleanu-Curaj?, Elisa A. Liehn ®", Thimoteus Speer’, Andrey Kazakov',
Christian Werner’, Emiel P.C. van der Vorst>*"*"™ Simina-Ramona Selejan’, Mathias Hohl’,

Michael Bohm', Rafael Kramann ™ %P, Erik A.L. Biessen “, Michael Lehrke, Nikolaus Marx f
Joachim Jankowski ®¢, Christoph Maack 9, Peter Boor °, Leticia Prates Roma ™% ",

Heidi Noels " 2

& Institute for Molecular Cardiovascular Research (IMCAR), University Hospital RWTH Aachen, Aachen, Germany

Y Department of Biophysics, Center for Integrative Physiology and Molecular Medicine, Medical Faculty, Saarland University, Center for Human and Molecular Biology,
Homburg/Saar, Germany

¢ Institute of Pathology, University Hospital RWTH Aachen, Aachen, Germany

9 Department of Pathology, Cardiovascular Research Institute Maastricht (CARIM), Maastricht University, Maastricht, the Netherlands

€ Science for Life Laboratory (ScilifeLab), KTH Royal Institute of Technology, Stockholm, Sweden

f Department of Internal Medicine I, Cardiology, University Hospital RWTH Aachen, Aachen, Germany

8 Institute for Molecular Medicine, University of South Denmark, Odense, Denmark

b National Institute for Pathology “Victor Babes”, Bucharest, Romania

! Translational Cardio-Renal Medicine, Saarland University, Homburg/Saar, Germany

J Department of Cardiology, Angiology and Intensive Care Medicine, Saarland University Medical Centre, Homburg/Saar, Germany

X Interdisciplinary Centre for Clinical Research (IZKF), RWTH Aachen University, Aachen, Germany

! Institute for Cardiovascular Prevention (IPEK), Ludwig-Maximilians-University Munich, Munich, Germany

™ German Centre for Cardiovascular Research (DZHK), Partner Site Munich Heart Alliance, Munich, Germany

" Institute of Experimental Medicine and Systems Biology, University Hospital RWTH Aachen, Aachen, Germany

© Department of Nephrology and Clinical Immunology, University Hospital RWTH Aachen, Aachen, Germany

P Department of Internal Medicine, Nephrology and Transplantation, Erasmus Medical Center, Rotterdam, the Netherlands

9 Department of Translational Research, Comprehensive Heart Failure Center (CHFC), University Hospital Wiirzburg, Germany

' Department of Biochemistry, Cardiovascular Research Institute Maastricht (CARIM), Maastricht University, Maastricht, the Netherlands

ARTICLE INFO ABSTRACT
Keywords: Aims: Patients with chronic kidney disease (CKD) have an increased risk of cardiovascular events and exhibit
Cardiomyopathy myocardial changes including left ventricular (LV) hypertrophy and fibrosis, overall referred to as ‘uremic car-

Chronic kidney disease
Animal model
Oxidative stress
Cardiac remodeling

diomyopathy’. Although different CKD animal models have been studied for cardiac effects, lack of consistent
reporting on cardiac function and pathology complicates clear comparison of these models. Therefore, this study
aimed at a systematic and comprehensive comparison of cardiac function and cardiac pathophysiological
characteristics in eight different CKD models and mouse strains, with a main focus on adenine-induced CKD.

Methods and results: CKD of different severity and duration was induced by subtotal nephrectomy or adenine-rich
diet in various strains (C57BL/6J, C57BL/6 N, hyperlipidemic C57BL/6J ApoE~’~, 129/Sv), followed by the
analysis of kidney function and morphology, blood pressure, cardiac function, cardiac hypertrophy, fibrosis,
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myocardial calcification and inflammation using functional, histological and molecular techniques, including
cardiac gene expression profiling supplemented by oxidative stress analysis. Intriguingly, despite uremia of
variable degree, neither cardiac dysfunction, hypertrophy nor interstitial fibrosis were observed. However,
already moderate CKD altered cardiac oxidative stress responses and enhanced oxidative stress markers in each
mouse strain, with cardiac RNA sequencing revealing activation of oxidative stress signaling as well as anti-
inflammatory feedback responses.

Conclusion: This study considerably expands the knowledge on strain- and protocol-specific differences in the
field of cardiorenal research and reveals that several weeks of at least moderate experimental CKD increase
oxidative stress responses in the heart in a broad spectrum of mouse models. However, this was insufficient to
induce relevant systolic or diastolic dysfunction, suggesting that additional “hits” are required to induce uremic
cardiomyopathy.

Translational perspective: Patients with chronic kidney disease (CKD) have an increased risk of cardiovascular
adverse events and exhibit myocardial changes, overall referred to as ‘uremic cardiomyopathy’. We revealed that
CKD increases cardiac oxidative stress responses in the heart. Nonetheless, several weeks of at least moderate
experimental CKD do not necessarily trigger cardiac dysfunction and remodeling, suggesting that additional
“hits” are required to induce uremic cardiomyopathy in the clinical setting. Whether the altered cardiac oxidative
stress balance in CKD may increase the risk and extent of cardiovascular damage upon additional cardiovascular
risk factors and/or events will be addressed in future studies.

Abbreviations

Abbreviation Meaning

5/6 Nx 5/6 nephrectomy

8-OHdG 8-hydroxy-2'-deoxyguanosine
Acp5 Acid phosphatase 5

AFOG  Acid Fuchsin Orange G

Ager Advanced glycosylation end product-specific receptor
ALAS2  Aminolevulinic acid synthase 2
Angll Angiotensin II

Anp atrial natriuretic peptide

Apln Apelin

ApoE Apolipoprotein E

Bnp Brain natriuretic peptide
CAT Catalase
Ccl CC-chemokine ligand

cDNA  Complementary deoxyribonucleic acid

Cebpb CCAAT/enhancer binding protein (C/EBP), beta
CKD Chronic kidney disease

CoL Collagen

CVD Cardiovascular disease

Ddit4 DNA-damage-inducible transcript 4

DEG Differentially expressed genes

Deppl DEPP1 autophagy regulator

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
Gpnmb  Glycoprotein (transmembrane) nmb

GusB Glucuronidase beta
Hba-a Hemoglobin alpha, adult chain
HE Hematoxylin-Eosin

HFD Western-type high-fat diet

HO-1 Heme oxygenase 1

Hprt1 Hypoxanthine phosphoribosyltransferase 1

Icami Intercellular adhesion molecule 1

Kcnel Potassium voltage-gated channel, Isk-related subfamily,
member 1

LV Left ventricular

Mmp Matrix metallopeptidase

Myoc Myocilin

NNT Nicotinamide nucleotide transhydrogenase
NOX NADP oxidase

PAS Periodic acid-Schiff

PCR Polymerase chain reaction

PRX Peroxiredoxin

Rgcc Regulator of cell cycle
RNA Ribonucleic acid

ROS Reactive oxygen species

SMA Smooth muscle actin

Smoc2  SPARC related modular calcium binding 2
Snca Synuclein, alpha

SOD Superoxide dismutase

Sphk1 Sphingosine kinase 1
Spon2 Spondin 2

TAC Transversal aortic constriction
Tgfbl Transforming growth factor beta
Tnf Tumor necrosis factor alpha

TUB Tubulin
WGA Wheat germ agglutinin

1. Introduction

Chronic kidney disease (CKD) is a worldwide health problem with an
estimated prevalence of ~13% globally [1]. Even in early CKD stages,
the risk of cardiovascular disease (CVD) is significantly enhanced [2],
and this further increases in advanced stages (stage 4-5) with ~40-50%
of CKD patients dying from cardiovascular complications [3]. In recent
years, CKD has been identified as an independent risk factor for CVD,
beyond classical cardiovascular risk factors such as age, smoking, dia-
betes or hypertension [4-7]. Myocardial changes in response to CKD
have been summarized as ‘uremic cardiomyopathy’ and include in-
flammatory and oxidative stress responses, cardiac fibrosis and left

ventricular (LV) hypertrophy [3,8].

Mouse models offer the advantage to study potential disease regu-
lators by using genetically modified strains. Thus, a detailed charac-
terization of available mouse models to examine CKD-associated CVD is
essential for future studies aiming to unravel the molecular mechanisms
underlying pathophysiological kidney-heart crosstalk. A frequently used
model to induce CKD in animals is sub-total nephrectomy (5/6 Nx),
which combines unilateral nephrectomy with pole resection of the other
kidney and thus removes over 80% of the total kidney tissue with sub-
sequent development of CKD. Alternatively, an adenine-supplemented
diet triggers CKD through inducing tubulointerstitial nephropathy [9,
10]. Both models have been employed in mice to induce CKD and to
study CKD-associated CVD, however, revealed quite variable effects on
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the heart [11]. This may result from differences in experimental con-
ditions, mouse strains as well as reported parameters of cardiac function
and/or remodeling. 129/Sv mice are often used to study CKD, while the
C57BL/6 strain is commonly used in genetically modified models. Of
note, C57BL/6J mice carry a loss-of-function mutation in the gene
encoding the mitochondrial transhydrogenase (Nnt), a key regulator of
oxidative stress through connecting the NADH with the NADPH pool in
mitochondria, and might therefore display differential outcomes in
terms of organ pathophysiology compared to C57BL/6 N mice [12].
Furthermore, apolipoprotein E-deficient (ApoE ™) mice on a high-fat
diet are frequently studied to mirror the human situation with a high
prevalence of hyperlipidemia as risk factor for both CKD [6] and CVD
[13].

In addition to the potential impact of the mouse strain and experi-
mental conditions on cardiac effects in CKD, the lack of consistent
reporting of parameters of cardiac function and remodeling complicates
a clear comparison of different studies and CKD models. CKD may affect
heart function and may trigger pathophysiological responses including
cardiac hypertrophy, fibrosis, calcification and inflammation. However,
former studies mostly did not report on all of these parameters and often
focused on selected pathophysiological processes in the heart. Further-
more, even within one study, different readouts of a pathophysiological
process or cardiac function may be differentially affected, as revealed in
our recent systematic review and meta-analysis [11].

Overall, studies comparing differential CKD-inducing procedures
and mouse strains with a detailed systematic comparison of kidney as
well as cardiac function and morphological parameters are lacking, yet
are important to identify potential common pathophysiological mech-
anisms of CKD-associated CVD. Therefore, we aimed to perform a

A. CKD MODELS

Redox Biology 56 (2022) 102459

comparative study directly facing eight different experimental models
and protocols to induce CKD in C57BL/6 (N and J), 129/Sv and
hyperlipidemic ApoE~/~ mice (Fig. 1) to expand the knowledge on
strain- and protocol-specific differences in the field of cardiorenal
research and to identify potential common pathways in the development
of uremic cardiomyopathy.

Surprisingly, and in contrast to several previous studies, we found
that despite the induction of relevant uremia in several of the employed
models, neither systolic nor diastolic dysfunction or substantial struc-
tural remodeling occurred, casting doubts upon a simple mono-causal
concept of uremic cardiomyopathy. However, CKD induced a pro-
oxidative shift that may prime the hearts towards second hits.
Whether this priming is protective or increases the susceptibility to-
wards additional stressors needs to be clarified by future studies.

2. Materials and methods

Detailed description in Supplemental Methods

2.1. Animal experiments and organ isolation

The studies were performed with male mice, approved by local
regulatory authorities (81-02.04.2017.A504; 29/2018) and performed
according to local, national and European Union ethical guidelines. CKD
was induced in C57BL/6J, hyperlipidemic C57BL/6J ApoE /=, C57BL/6
N or 129/Sv, by one-step or two-step 5/6 nephrectomy, or by feeding an
adenine-supplemented diet (experimental details in Fig. 1 and Suppl.
Table 1). Kidney function was assessed by measuring creatinine and urea
in serum or plasma. Blood pressure measurements were performed via a

16 2s) i 3 4+ 5 6" 7 8
5/6 Nx 5/6 Nx 5/6 Nx Adenine Adenine : Adenine Adenine Adenine
(low: 0,2% —0.05%) | (high: 0,3% — 0.2/0.15%) | (high: 0,3% — 0.2/0.15%) (low: 0,15%) (low: 0,15%)
C57BL/6) C57BL/6) ApoE7~ | C57BL/6N C57BL/6) C57BL/6) ApoE” C57BL/6N C57BL/6N 129/Sv
+HFD +HFD
10 weeks 10 weeks 16 weeks 6 weeks 6 weeks 11 weeks 16 weeks 13 weeks
mild CKD mild CKD i prolonged mild CKD very mild CKD moderate CKD severe CKD : prolonged moderate-severe CKD
[ [ | ¥ [ | L

* Hyperlipidemia  * Potentially stronger effects due to  * Hyperlipidemia aggravating

* Potentially stronger effects due

* Less harsh CKD * Protocol validation in 129/Sv as

as risk factor of functional Nnt gene in C57BL/6N kidney damage and as risk to functional Nnt gene in * Extended study time frequently used strain in CKD
CKD and CVD * Extended study time to examine factor of CKD and CVD C57BL/6N studies
potential later-stage effects *Increased adenine conc. « Extended study time to examine
required to induce kidney potential later-stage effects
Justification of model adaptation damage in ApoE7-on HFD
B. RESULTS SUMMARY
Model Blood pressure Heart parameters Oxidative stress markers Anti-oxidative Other Figure
Creatinine| Urea | Fibrosis markers COL1/SMA | Systolic | Diastolic (hypertrophy, fibrosis, function) response
Model 1(S) |5/6Nx in C57BL/6) (10 weeks) Nz |2 17401d = - =3 erymild in (dP/dt) max (by 14%) under stress s1
Model 2(5) |5/6Nx in C57BL/6) ApoE ™ on HFD (10 weeks) Nz |2 14fold =3 “ . 3 52
Model 3 5/6Nx in CS7BL/6N (16 weeks) & |7 19fold = |7 (by 13%) |7 (by 23%) i in €O (by 35%), but = EF 2,53
Model 5 Adenine (high) in C57BL/6) ApoE” on HFD (6 weeks) |7 18-fold | Z 2.9-old COL/SMA /' >5-fold © < o 7! 80HdG 3,55
d z /! cardiacdeposits
Model 7 Adenine (low) in C57BL/6N (16 weeks) /' 5.5-fold [/ 4.8-fold |COLL 7 9-fold; SMA /' 3-fold]| o /'HO-1; /' 8-OHdG (P=0.0729) 7 /' ICAML 4,57
Model 8 Adenine (low) in 129/5v (13 weeks) |7 7.1-fold | /' 5.7-fold CoL1/10-fold; SMA & <> (except /! heart rate) HO-1 (P=0.057); /8-OHdG (P=0.0786)|| ambivalent cardiac deposits 5,58
increase
. : decrease
HFD = high-fat diet o unmodified

* Model 4: Insufficient kidney damage
**Model 6: Severe kidney damage with health impairment
(S) Results and figures in supplement

Fig. 1. Schematic overview of studied mouse models and results summary. CKD was induced in C57BL/6J, hyperlipidemic C57BL/6J ApoE’~, C57BL/6 N or 129/
Sv, by 5/6 nephrectomy (5/6 Nx) or by feeding an adenine-supplemented diet (diet details in Suppl. Table 1). Although overall, no cardiac dysfunction, hypertrophy
or interstitial fibrosis could be observed, several weeks of at least moderate CKD did alter oxidative stress responses in the heart and enhanced cardiac oxidative stress
markers in each mouse strain. 129/Sv mice with moderate to severe CKD as well as C57BL/6 N with severe CKD also developed myocardial calcified deposits
surrounded by localized fibrotic tissue. COL1 = collagen 1; CO = cardiac output; (dP/dT)max: maximum rate of left ventricular pressure rise over time (mmHg/s); EF =
ejection fraction; HFD = high-fat diet; HO = heme oxygenase; ICAM = intercellular adhesion molecule; 8-OHdG = 8-hydroxy-2-deoxyguanosine; SMA = smooth muscle actin.
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non-invasive tail-cuff method. Cardiac functional measurements were
performed using echocardiography and/or invasive Millar catheter
analysis. At sacrifice, isolated organs were processed for histological
stainings, Western blot analyses or quantitative PCR/RNA sequencing to
analyze potential pathophysiological processes.

2.2. Western blot analyses, tissue stainings and redox analysis via
roGFP2-Orpl

Tissue homogenates from explanted heart apex and kidney were
analyzed by SDS-PAGE for protein expression of important regulators of
oxidative stress responses (superoxide dismutase (SOD) 1, SOD2, cata-
lase (CAT), peroxiredoxin (PRX) 2, PRX3, NADPH oxidase (NOX) 2).
Also, heme oxygenase 1 (HO-1) as oxidative stress biomarker as well as
collagen (COL) 1 and alpha smooth muscle actin (aSMA) as markers of
organ fibrosis were quantified, using yTubulin (yYTUB) or glyceraldehyde
3 phosphate dehydrogenase (GAPDH) as internal loading controls.

Cardiac transversal and kidney longitudinal tissue slices were pre-
pared from fixed, paraffin-embedded or fresh-frozen tissue for histo-
logical and immunohistochemical analyses, including Hematoxylin-
Eosin (HE), Alizarin red (cardiac calcification), Von Kossa (cardiac
calcification), Picro Sirius red (cardiac fibrosis), Acid Fuchsin Orange G
(AFOG, renal fibrosis), periodic acid-Schiff (PAS, renal tubular injury),
8-hydroxy-2'-deoxyguanosine (8-OHdG, cardiac DNA oxidation) and
wheat germ agglutinin (WGA, cardiac membranes for hypertrophy
analysis).

In vivo oxidative stress was mapped using a transgenic mouse model
expressing the HyO5 sensor roGFP2-Orpl (Model 7), with the mito-
chondrial redox state in fixed frozen cardiac tissue sections analyzed
through fluorescence analysis.

2.3. Quantitative PCR analysis and RNA sequencing

Apical sections of the hearts were processed for RNA isolation, cDNA
synthesis and quantitative real-time PCR according to standard pro-
tocols, analyzing markers for hypertrophy (atrial natriuretic peptide
(Anp), brain natriuretic peptide (Bnp)), fibrosis (collagen 3al (Col3al),
collagen 1al (Collal), transforming growth factor beta (Tgfb1)) and
inflammation (CC-chemokine ligand 2 (Ccl2), tumor necrosis factor
alpha (Tnf), intercellular adhesion molecule 1 (Icam1)). Hypoxanthine
phosphoribosyltransferase 1 (Hprtl) and glucuronidase beta (GusB) or
glyceraldehyde 3 phosphate dehydrogenase (Gapdh) were used as in-
ternal controls.

Paired-end RNA sequencing was performed at Genewiz (GENEWIZ
GmbH, Germany) using Illumina NovaSeq 6000 with included quality
controls. Sequences were aligned to the reference mouse genome
GRCm38.p6. Gene-level read counts were quantified and assembled
using the R package Rsubread followed by differential expression
analysis carried out using the R package DESeq2. This revealed differ-
entially expressed genes (DEGs) between Sham and Adenine groups,
with P-values further adjusted (pagjusted) by the Benjamini-Hochberg
procedure. Data were visualized in a volcano plot and using two inde-
pendent approaches, significant DEGs (loga(fold change) > 1 or < —1,
Padjusted < 0.05) were stratified based on their involvement in enriched
and pathology-relevant gene ontology terms, revealing a top 10 DEG list
for up- and downregulated genes (for details see Supplemental
Methods). RNAseq data in this study have been deposited into Gene
Expression Omnibus (GEO) and can be accessed under the accession
number GSE191122.

2.4. Statistics

Data are presented as means + SD. All statistical data analyses and
graph preparation were performed using GraphPad Prism (Version 9).
Statistics included mixed-effects analysis with Sidak’s post-test for
multiple comparison of matching values; two-way ANOVA with Sidak’s
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post-test for multiple comparison without matching values; student’s t-
test (unpaired, two-tailed) for two-group comparisons with normal
distribution and without timing variables, with additional Welsh’s
correction in case of non-equal standard deviation; and Mann-Whitney
test for two-group comparisons without normal distribution. Outlier
exclusion was performed based on the Grubbs’ test in GraphPad. P
values are defined as follows: *P < 0.05, **P < 0.01, ***P < 0.001.

3. Results

3.1. Sub-total nephrectomy (5/6 Nx) in mouse strains C57BL/6J,
C57BL/6J ApoE’/’ and C57BL/6 N (Models 1-3)

Model 1-2: We first examined 5/6 Nx-induced kidney disease and
resultant cardiac effects in wild-type C57BL/6J mice as the most
commonly used C57BL/6 genetic background. Overall, 10 weeks 5/6 Nx
only induced a mild CKD with a minor effect on cardiac contractility
under dobutamine-stress, though without clear characteristic molecular
effects in the heart (Fig. 1A: Model 1; Fig. S1). Given that hyperlipidemia
is a risk factor of both CKD [6] and CVD [13], we next investigated
C57BL/6J ApoE-deficient (ApoE~/~) mice on Western-type high-fat diet
(HFD) for CKD-associated CVD (Fig. 1A: Model 2; Fig. S2). Also here, 10
weeks 5/6 Nx only induced a mild kidney function impairment, though
without functional or molecular cardiac alterations. Results of both
models are described in detail in Suppl. Results.

Model 3: C57BL/6J mice carry a loss-of-function mutation in the Nnt
gene, which protects from pressure overload-induced oxidative stress
and maladaptive cardiac remodeling [12]. Therefore, in a third model,
5/6 Nx was investigated using C57BL/6 N mice, which express an intact
Nnt gene [12]. CKD was extended up to 16 weeks after surgery to
examine potential later-stage effects, with no mortality observed after
surgery (Fig. 1A/2A: Model 3). Despite an early drop in body weight of
both sham- and 5/6 Nx groups, all animals started to gain weight from
post-operative day 7 on (Fig. 2B). Although plasma creatinine was not
significantly different at the endpoint, 5/6 Nx significantly increased
plasma urea values ~1.9-fold compared to controls (Fig. 2C). Histo-
logical analysis of remnant kidneys revealed no glomerular damage, but
focal fibrosis with immune cell infiltration in all C57BL/6 N mice with
CKD (AFOG and PAS staining: Fig. 2D), however, without significant
effect on overall protein levels of COL1 or aSMA in the kidney (Fig. S3A).
Although ejection fraction was unchanged at the endpoint, cardiac
output was reduced by ~35%, accompanied by slightly decreased
(though insignificant) changes in LV end-diastolic volume (Fig. 2E;
Suppl. Table 2). All further cardiac functional parameters did not show
significant changes (Suppl. Table 2). Despite reduced cardiac output,
diastolic and systolic blood pressure were mildly increased (by 23%,
respectively, 13%) in 5/6 Nx mice at the endpoint (Fig. 2F, Fig. S3B),
indicating an increase in systemic vascular resistance. Analyses of car-
diac hypertrophy markers revealed neither changes in Anp or Bnp mRNA
expression nor in heart weight per tibia length, while cardiomyocyte
diameter was even slightly reduced in CKD vs. control animals (Fig. 2G;
Figs. S3C-D). Alizarin Red staining for calcification could not reveal any
calcification deposits in either group (Fig. S3E). An increase in cardiac
fibrosis by 5/6 Nx as detected by Sirius Red staining resulted rather from
a pericardial fibrous layer instead of revealing changes in interstitial or
perivascular fibrosis (Fig. 2H). In line, cardiac mRNA expression of
pro-fibrotic genes (Tgfb1, Collal and Col3al: Fig. 2I) as well as western
blot analyses of fibrosis-related protein expression (COL1, aSMA: data
not shown) did not reveal changes upon 5/6 Nx. Furthermore, no in-
duction of cardiac inflammatory processes was detected in 5/6 Nx
compared to sham-operated mice (Tnf, Ccl2, Icam1: Fig. 2I).

In summary, prolonged mild kidney damage by 5/6 Nx in C57BL/6 N
mice induced a blood pressure increase accompanied by mild cardiac
dysfunction, while no cardiac hypertrophy, calcification, inflammation
or cardiac interstitial fibrosis were observed.
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3.2. Adenine diet using mouse strains C57BL/6J, C57BL/6J ApoE /",
C57BL/6 N and 129/Sv (Models 4-8)

Model 4: CKD can also be induced by adenine-feeding, triggering
tubulointerstitial nephropathy [9,10], with the advantage that adapting
the adenine concentration enables the induction of different degrees of
CKD. Feeding C57BL/6J mice a low concentrated adenine diet for 6
weeks (2 weeks 0.2% + 4 weeks 0.05%) led only to a very mild kidney
damage (Fig. 1A: Model 4; Fig. S4). Although echocardiography
revealed a mild reduction in cardiac ejection fraction at the endpoint,
the absence of a sufficient chronic kidney dysfunction disqualified this
model for studying the kidney-heart crosstalk.

Model 5: Following the same strategy as previously for 5/6 Nx, we
next examined adenine-induced CKD in C57BL/6J ApoE ™/~ mice fed a
HFD. Surprisingly, initial experiments revealed that - in contrast to wild-
type C57BL/6J on two-weeks standard diet supplemented with 0.2%
adenine (Model 4) - a HFD supplemented with 0.2% adenine did not
impact the kidney in ApoE~/~ mice after a two-week induction phase, as
revealed by a lack of creatinine or urea increase in serum as well as by a
very low degree of kidney damage and inflammation in histological
analyses (data not shown). Thus, for Model 5, the adenine concentration
was increased to 0.3% in a 10 days-induction phase and to 0.15% in the
maintenance phase for 4.5 weeks (Fig. 1A/3A: Model 5; diet details in
Suppl. Table 1). Although this triggered weight reduction towards the
end of the induction phase, switching to 0.15% adenine stabilized
weight and even allowed weight gain towards the end of the experiment,
though weight remained significantly lower compared to the control
group, though without mortality observed in either group (Fig. 3B).
Adenine-fed ApoE~/~ mice presented a 1.8-fold, respectively, 2.9-fold
increase in serum creatinine and urea levels at the endpoint, a high
degree of kidney fibrosis, severe tubular injury and inflammatory cell
infiltration, as well as >5-fold increased protein expression of COL1 and
aSMA in the kidney, confirming nephropathy (Fig. 3C-E; Fig. S5B).
Nonetheless, Millar catheter analysis as well as echocardiography could
not reveal effects on heart function at 6 weeks (Fig. 3F and G, Suppl.
Table 2-3), nor at two or four weeks after the start of adenine feeding
(by Millar catheter analysis; data not shown). Also, no effects were
observed on end-point systolic or diastolic blood pressure (Fig. S5A).
Heart weight normalized to tibia length (data not shown) and cardiac
gene expression profiling of hypertrophy markers (Anp, Bnp) were un-
changed, while cardiomyocyte diameter showed a small decrease (3.8%
vs. control) (Figs. S5C-D). Sirius Red staining with quantification of
interstitial fibrosis in the heart revealed no alterations in CKD, in line
with an unaltered expression of genes involved in fibrosis (Collal,
Col3al, Tgfbl; Fig. SS5C/E). No cardiac calcification could be detected in
CKD by Alizarin Red staining (data not shown). Furthermore, gene
expression profiling could not reveal an increased inflammatory
response in the hearts of CKD mice (Fig. S5C). In our hands, this being
the first CKD model that revealed a stable, >2.5-fold increase in serum
urea levels, a steady increase in serum creatinine as well as moderate
kidney damage, we additionally analyzed in this model oxidative stress
responses in the heart. Although antioxidative enzymes and oxidative
stress markers NOX2 and HO-1 were unaltered in CKD mice (Fig. 3H;
Fig. S5F), staining for 8-OHdAG showed significantly increased DNA
oxidation as marker of oxidative stress in the adenine-fed group (Fig. 3I,
Fig. S5G).

Altogether, this adenine model induced a stable moderate CKD in
ApoE-deficient animals, and although no effects on cardiac function
could be observed, increased oxidative stress was revealed in the heart.

Model 6: Next, similarly as previously for 5/6 Nx, we also examined
high adenine-induced CKD in C57BL/6 N mice (Fig. 1A/S6A: Model 6;
diet details in Suppl. Table 1). However, serious body-weight loss of the
adenine mice immediately after starting the feeding with further pro-
gression of weight loss over time necessitated termination of the
experiment after 11 weeks. Kidney and cardiac analysis revealed a
strong degree of kidney dysfunction and clear macroscopic cardiac
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modifications visible as white myocardial deposits, yet without func-
tional cardiac impairment, cardiac hypertrophy or interstitial fibrosis
(Fig. S6). Since the extensive body and heart-weight loss were expected
to impact on the results, this model was concluded as unsuitable for
further investigation.

Model 7: Aiming at a less harsh but prolonged adenine-induced CKD
exposure, C57BL/6N-roGFP2-Orp1 mice, which express the H,O5 sensor
roGFP-Orpl, were fed with a constant low-dose adenine (0.15%) [14]
(Fig. 1A/4A: Model 7; diet details in Suppl. Table 1) for 16 weeks.
Adenine-fed mice revealed comparable weight gains as control mice
until week 8, followed by slow but continuous weight loss, but no
mortality, until 16 weeks of adenine-feeding (Fig. 4B). CKD onset and
progression were confirmed by enhanced creatinine plasma values from
week 9 after diet start, which further increased over time (to ~5.5-fold
increase at the endpoint; Fig. 4C). Plasma urea levels were similarly
increased (to ~4.8-fold increase at the endpoint; Fig. 4C). Broad kidney
damage was confirmed by significantly increased renal COL1 and aSMA
protein expression in adenine-fed mice, accompanied by histological
detection of extensive kidney fibrosis with widespread immune cell
infiltration, although with only low to moderate tubular injury (Fig. 4D;
Fig. S7B). Echocardiography did not reveal impaired cardiac function
after 16 weeks of adenine-feeding (Fig. 4E, Suppl. Table 2) and BNP
plasma concentration was not altered (Fig. S7A). Anp or Bnp cardiac
mRNA expression, cardiomyocyte diameter and heart weight remained
unchanged, suggesting no hypertrophic response in this model (Fig. 4F;
Figs. S7C-D). Furthermore, CKD did not induce cardiac fibrosis (Tgfb1,
Collal, Col3al; Sirius Red staining) nor calcification (Alizarin Red
staining) (Fig. 4G; Figs. S7E-F).

However, analysis of pro-inflammatory cardiac gene expression
revealed significantly increased Icaml in CKD animals vs. controls,
though without effects on Tnf or Ccl2 (Fig. 4G). Although quantification
of mitochondrial roGFP2-Orp1 signal could not detect a clear increase in
free HyO3 sensed by the reporter (Fig. 4H and I), adenine-induced CKD
did alter oxidative stress responses in the heart, with a significant in-
crease in cytosolic SOD1 and mitochondrial SOD2 expression as well as
increased levels of HO-1 protein and DNA oxidation as oxidative stress
markers (Fig. 4J and K; Figs. S7G-H).

In summary, prolonged moderate to severe kidney impairment in
this model did not impact directly on cardiac function or morphology,
but increased oxidative stress in the heart

Model 8: In order to exclude mouse strain-specific effects, the last
adenine protocol from Model 7 was also applied to 129/Sv mice, a
mouse strain frequently used in CKD research (Fig. 1A/5A: Model 8; diet
details in Suppl. Table 1). The body-weight of the adenine group was
stable until week 6, but the experiment was terminated at 13 weeks due
to health condition and threshold-crossing body-weight loss (Fig. 5B).
CKD onset and progression upon adenine diet were confirmed by
increasing plasma creatinine and urea levels over time (Fig. 5C; to ~6-7-
fold increase at endpoint) as well as strong kidney fibrosis as detected by
increased COL1 protein expression (Fig. S8A), renal Sirius Red staining
(data not shown) and AFOG staining (Fig. 5D). Furthermore, tubular
injury was detected in all adenine-fed mice in PAS-stained histological
slides (Fig. 5D). Cardiac functional analyses via echocardiography did
not show significant changes for any evaluated parameter except for
increased heart rate (Fig. 5E, Suppl. Table 2). BNP plasma levels tended
to increase at the endpoint (Fig. S8B), but no statistically significant
differences could be detected for cardiac hypertrophy-related readouts,
as Bnp/Anp cardiac mRNA, cardiomyocyte diameter nor heart weight
(Fig. 5F; Figs. S8C-D). Of note, similar to model 6 of severe CKD in
C57BL/6 N, mainly apical myocardial deposits were visible in all
adenine-fed but not in control mice (Fig. 5G). These deposits were
present as localized spots of strong calcification and fibrosis, with var-
iable size among CKD animals (representative histological images,
Fig. 5G (large deposits), Fig. SSE (small deposits)). Furthermore, inter-
stitial cardiac fibrosis was detected in both control and adenine-fed
mice, though without significant differences detected by Sirius Red
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quantification (Fig. S8F). In contrast to these local deposits, overall Cardiac expression of antioxidant enzymes was ambivalent, showing
COL1 or aSMA protein expression were not changed when analyzing cytosolic SOD1 and CAT to be significantly decreased, while PRX2 was
cardiac tissue globally (data not shown), and neither were cardiac increased (Fig. 5I, Fig. S8G). Mitochondrial antioxidant enzyme

expression profiles of inflammatory and pro-fibrotic genes (Fig. 5H). expression profiles (SOD2, PRX3) were unmodified (Fig. 5I, Fig. S8G).
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Nonetheless, hearts of 129/Sv mice with adenine-induced CKD showed a
trend towards increased levels of HO-1 protein and DNA oxidation by 8-
OHAG staining as markers of enhanced oxidative stress (Fig. 5J-K,
Figs. S8G-H).

All combined, this CKD model in 129/Sv mice induced a chronic,
moderate to severe kidney dysfunction, accompanied by myocardial
deposits that are associated with very local calcification and fibrosis,
though without an overall increase in interstitial cardiac fibrosis.
Furthermore, although cardiac function was not impaired, CKD mice
displayed increased levels of oxidative stress readouts in the heart,
resembling previous observations in adenine-fed G57BL/6J ApoE '~
(Model 5) and C57BL/6 N mice (Model 7).

To provide further insights into CKD-induced cardiac changes on a
molecular level, RNA-sequencing was performed on cardiac tissue of
adenine-fed 129/Sv mice compared to controls (Model 8). This revealed
113 significantly up-regulated and 83 down-regulated genes (loga(fold
change) > 1 or < —1; adjusted p-value (Pagdjusted) < 0.05; Fig. 6A). From
each group, differentially expressed genes (DEGs) with Pagjusted < 0.05
were stratified based on their involvement in enriched and pathology-
relevant gene ontology (GO) terms (see detailed description in Suppl.
Methods), revealing the top 10 DEG hits annotated in Fig. 6A. Upregu-
lated DEGs were associated with GO terms related to ROS (Depp1, Ddit4,
Ager, Acp5), inflammatory response (Ager, Rgcc, Mmp12, Gpnmb, Cebpb),
extracellular matrix (Mmp12, Col8al) and collagen/fibrosis (Rgcc,
Gpnmb, Sphkl, Ager, Col8al) (Fig. 6B, upregulated). Similarly, down-
regulated DEGs were associated with GO terms as ROS (Snca, Hba-al,
Hba-a2), inflammatory response (Ccl24, Spon2, Snca), mitochondria
(Myoc, Snca), extracellular matrix (Smoc2, Spon2, Myoc, Snca, Mmp15),
collagen/fibrosis (Apln, Smoc2) and heart (Kcnel, Myoc, Apln) (Fig. 6B,
downregulated).

Based on the identified functions of the dysregulated genes, the CKD
hearts displayed an increased cardiac oxidative stress response charac-
terized by an increase in ROS-inducing mediators (e.g. increased Deppl
[15], Ddit4 [16], Ager [17,18], Sphk1 [19]). Although also protective
anti-inflammatory feedback responses were detected (e.g. increased
Acp5 [20], Mmp12 [21]), increased cardiac levels of the oxidative stress
markers HO-1 and 8-OHdG pointed to an overall shift towards a

Cardiac analysis in moderate-severe CKD

1 pro-inflammatory 1 protective

response \ \/ feedback response

ROS

|

T oxidative stress markers
HO-1, 8-OHdG

Maladaptive predisposition or protective preconditioning of the heart ?

Fig. 7. Molecular adaptation of the heart in CKD. 129/Sv mice on adenine-
induced CKD revealed an increased cardiac oxidative stress response charac-
terized by an increase in ROS-inducing mediators and a decrease in car-
dioprotective mediators, as identified by RNA-sequencing. On the other hand,
also protective anti-inflammatory feedback responses were detected. Overall,
cardiac levels of the oxidative stress markers HO-1 and 8-OHdG were increased.
Since oxidative stress signaling can both offer protective as well as detrimental
effects, future studies should address whether this oxidative signature provides
a certain degree of cardioprotection or in fact increases the risk of enhanced
cardiovascular damage upon additional cardiovascular risk factors and/
or events.
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pro-oxidative milieu in the heart (Fig. 7). Furthermore, an increase in
pro-fibrotic mediators (Rgcc [22], Ager [23], Col8a2 [24], Mmp12 [25])
as well as a decrease in such mediators (Smoc2 [26,27]) was identified
by RNA-sequencing, though with the overall imbalance being insuffi-
cient to induce global cardiac interstitial fibrosis in the CKD hearts of
these mice.

4. Discussion

Given the high clinical relevance of CVD in CKD [3], this study
systematically and comprehensively studied cardiac function and
pathophysiological characteristics of uremic cardiomyopathy in
different mouse models of CKD. Intriguingly, despite the development of
mild to moderate-severe CKD, neither cardiac dysfunction, hypertrophy
nor interstitial fibrosis were observed. However, already moderate CKD
induced a pro-oxidative shift in the heart, together with alterations in
expression of various regulators of ROS formation, elimination and
signal transduction. Future studies should address whether this in fact
increases the risk of enhanced cardiovascular damage upon additional
cardiovascular risk factors and/or events.

Over the past decade, multiple studies examined cardiac changes in
CKD, especially using 5/6 Nx to induce CKD, however, the results are
highly variable [11]. In fact, several studies reported that the mere in-
duction of CKD induced the development of cardiac hypertrophy and
even failure [14,28], while others observed more mild alterations to
even no clear cardiac effects [29,30]. This may be related to the use of
different mouse strains and methods of CKD induction, but also to dif-
ferences in reported parameters. Clinically, uremic cardiomyopathy is
characterized by myocardial changes as LV hypertrophy, fibrosis and
cardiac dysfunction [3,31]. For example, LV hypertrophy, as occurring
in 30% of CKD stage 24 patients and 70-80% of patients with end-stage
kidney disease (CKD stage 5D), is mainly driven by increased cardiac
pre- and/or afterload as well as pathophysiological changes in intra-
cellular mediators and plays a characteristic role in cardiac remodeling
and dysfunction [3]. Furthermore, CKD is associated with systemically
enhanced levels of oxidative stress and inflammation [31]. However,
studies mostly do not report on all these parameters and mainly focus on
selected pathophysiological processes. Also, our recent systematic re-
view and meta-analysis revealed that different readouts of a patho-
physiological process or cardiac function may be differentially affected
within one study, so that lack of consistent parameter reporting com-
plicates clear comparison of different studies and CKD models [11]. This
is also the case for development of uremic cardiomyopathy in C57BL/6
mice [11], the mouse strain mostly used for genetic modifications and
thus mechanistic studies. Our comparative study exactly aimed to
compare cardiac function and morphology in different experimental
CKD models and protocols in a more systematic approach, with a main
focus on adenine-induced nephropathy.

First, our study reveals that the protocol of adenine-induced CKD
needs to be adapted based on the mouse strain and diet used. Whereas
supplementing a standard diet with 0.2% adenine could trigger initial
kidney damage in C57BL/6J wild-type mice after two weeks, C57BL/6J
ApoE~'~ mice fed a high-fat diet supplemented with 0.2% adenine did
not demonstrate signs of kidney dysfunction in this time frame. Instead,
a 0.3% (10 days induction)/0.15% (maintenance) adenine concentra-
tion was required in ApoE~/~ mice on high-fat diet to induce sufficient
kidney damage (Model 5).

Secondly, excluding models with insufficient kidney damage (Model
4; C57BL/6J mice 6 weeks on 0.2%,/0.05% adenine diet) or those that
had be ended prematurely due to extensive body-weight loss (Model 6;
C57BL/6 N mice 11 weeks on 0.3%/0.2% adenine diet), three models
developed an at least moderate chronic kidney dysfunction with >1.5-
fold rise in serum creatinine, >2.5-fold rise in serum urea and kidney
fibrosis (Models 5, 7, 8; Fig. 1). Of note, CKD enhanced oxidative stress
markers in the heart in each of these models, with increased cardiac
levels of heme oxygenase-1 (HO-1) and/or 8-hydroxy-2'-
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deoxyguanosine (8-OHdG) (Fig. 1B). Increased numbers of 8-OHdG™
nuclei in the heart were previously also reported in a mouse model of
transversal aortic constriction (TAC) [12] and diabetic cardiomyopathy
[32]. HO-1, a cytoprotective enzyme that degrades pro-oxidant heme
[33], is induced upon cellular oxidative stress and therefore frequently
used as biomarker thereof. For example, increased HO-1 in heart tissue
was observed in a mouse model of TAC [34] as well as in rats subjected
to 5/6 Nx and hyperuricemia [35]. Among underlying mechanisms of
increased oxidative stress responses in CKD, uremic toxin accumulation
may promote inflammation or initiation of endothelial nitric oxide
synthase uncoupling, and therefore superoxide production in animal
models [36].

Our findings of increased oxidative stress responses are in line with
and extend recent observations of increased signs of cardiac inflamma-
tion in adenine-fed mice (C57BL/6 [37]; 129/Sv [38]). However, we did
not observe the clinical phenotype of uremic cardiomyopathy with a
clearly reduced cardiac function and development of cardiac hypertro-
phy as displayed in patients with advanced CKD [3], neither did we
detect clear cardiac interstitial fibrosis. Of note, all investigated models
in this study displayed at most a moderate to moderate-severe CKD for a
maximum of 16 weeks (not taking into account model 6 that had to be
excluded from further analysis due to extensive body-weight loss). Since
patients in advanced CKD stage are exposed to severe kidney dysfunc-
tion for long time periods, mouse models with prolonged severe CKD
might still be able to drive cardiac remodeling. Furthermore, in the
clinical context, additional cardiovascular risk factors might consider-
ably add to the vulnerability of the heart in terms of cardiac fibrosis,
hypertrophy and dysfunction. In the context of experimental models, the
few previous studies examining cardiac effects of adenine-induced CKD
did report on the development of hypertension [37,39], cardiac hyper-
trophy [40] and fibrosis [39] within 4-8 weeks upon CKD induction in
C57BL/6 mice. Hypertension was also reported in 129/Sv mice upon 8
weeks of adenine-treatment [38]. Whether hypertension might have
increased adenine-mediated effects on the heart in the previously re-
ported studies remains to be further examined.

In contrast to adenine induced-CKD, 5/6 Nx has been more
frequently applied to study CKD effects on the heart. 129/Sv mice
revealed to be more prone to develop hypertension and cardiac hyper-
trophy upon 5/6 Nx compared to C57BL/6 [11] and developed cardiac
fibrosis from 4 weeks after 5/6 Nx [11,38,41-44]. Cardiac fibrosis and
hypertrophy were also detected 12 weeks after 5/6 Nx in 129/Sv but not
in C57BL/6JRj in a direct strain comparison, and although in this study,
both mouse strains displayed hypertension upon 5/6 Nx, the 129/Sv
strain developed more severe kidney damage as well as albuminuria
compared to C57BL/6JRj [45]. Combined, this suggests that the degree
of kidney damage, and potentially hypertension, contribute to the
higher susceptibility of the 129/Sv strain to CKD-induced cardiac ef-
fects. In line, in the C57BL/6 5/6 Nx models we studied, CKD only
induced a moderate effect on heart function for the mouse model with
prolonged mild CKD and a CKD-mediated blood pressure increase
(Model 3), though without induction of cardiac hypertrophy or fibrosis.
Others previously identified cardiac functional impairments before the
onset of cardiac hypertrophy or fibrosis, which suggested cardiac hy-
pertrophy to rather develop as a secondary, potentially initial compen-
satory effect in response to initial cardiac dysfunction, though with risk
of developing in progressive cardiac damage and failure in later stages
[44,46].

To provide further insights into CKD-induced cardiac changes on a
molecular level, RNA-sequencing was performed on cardiac tissue of
adenine-fed 129/Sv mice compared to sham animals (Model 8). This
revealed molecular alterations in inflammatory and oxidative stress re-
sponses (with increases in Deppl, Ddit4, Ager, Sphkl, Rgcc, Gpnmb,
Cebpb, Acp5) as well as processes related to extracellular matrix and
fibrosis (with increased Ager, Rgcc, Col8a2, Mmp12, Gpnmb; decreased
Snca, Spon2, Apln, Smoc2, Mmp15). Upregulated pathophysiological
mediators included mediators of ROS, oxidative stress and/or
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inflammation (e.g. DEPP1 [15], DDIT4 [16], AGER [18], SPHK1 [19],
RGCC [47]) as well as inducers of ECM production and organ fibrosis (e.
g. AGER [23], RGCC [22], COL8A2 [24], MMP12 [25]). Increased
GPNMB levels have previously also been observed in the stressed heart
upon infarction [48], chronic p-adrenergic stimulation or pressure
overload [49]. Also a downregulation of cardioprotective genes may
contribute to a pathophysiological maladaptation of the heart in CKD, as
e.g. for SNCA counteracting organ fibrosis [50], or for SPON2 and APLN
being protective against Angll- and/or pressure overload-induced car-
diac dysfunction and pathological remodeling [51,52]. On the other
hand, molecular profiling also pointed to processes counteracting
fibrosis (e.g. decreased SMOC) [27] and ROS/inflammation (e.g.
increased ACP5 [20]; decreased hemoglobin alpha (HBA-A1l, HBA-A2)
and ALAS2 (data not shown) as rate-limiting enzyme in heme synthesis
[53D).

All combined, 129/Sv mice on adenine-induced CKD revealed an
increased cardiac oxidative stress response characterized by an increase
in ROS-inducing mediators and a decrease in cardioprotective media-
tors, as well as an increased level of the oxidative stress markers HO-1
and 8-OHAG (Fig. 7). Since depending on its source, dose and dura-
tion, oxidative stress can induce either protective signaling events or
detrimental effects with rather maladaptive consequences that can lead
to cardiac dysfunction and failure [54], and since cardiac function was
largely preserved in the investigated models, it is presently unclear
whether the observed molecular responses in the heart predispose to the
development of heart failure or rather offer protection. Furthermore,
also protective anti-inflammatory feedback responses were detected.
Similarly, both pro-as well as anti-fibrotic responses were observed on a
molecular level, which could contribute to the observation that no
general cardiac interstitial fibrosis developed in our CKD models.

We conclude that overall, it is challenging to develop a mouse model
of CKD with a clearly dysfunctional cardiac phenotype. Since several
weeks of at least moderate CKD do not necessarily induce cardiac
dysfunction nor substantial structural remodeling, it needs to be criti-
cally questioned whether additional “hits” are required to induce uremic
cardiomyopathy with cardiac dysfunction and remodeling. This is in line
with our recent systematic review of CKD/CVD animal models, which
concluded that genetic factors as well as additional cardiovascular risk
factors, such as hypertension, can increase the susceptibility of the heart
to CKD-induced damage [11]. Whether by the induction of oxidative
stress and inflammation, the heart is predisposed (i.e., at risk) or rather
preconditioned (i.e., protected) from maladaptive cardiac remodeling
needs to be explored by future studies that add a second stressor to CKD,
such as pressure overload, myocardial infarction or metabolic dysfunc-
tion (i.e., obesity and/or diabetes).

All experimental mouse models in this study were performed with
male mice. It would be of great interest to perform further experiments
including both male and female mice to evaluate potential sex-specific
differences. Furthermore, CKD induction was performed in relatively
young mice. Because of the relation between aging and both CKD and
CVD, a potential impact of aging on the extent of kidney-heart crosstalk
is possible. Additional experiments with aged mice would be a possi-
bility, as well as a further prolongation of the adenine diet beyond the
longest CKD duration in our study (being 16 weeks).

Of note, although our CKD models did not develop cardiac interstitial
fibrosis, mice with prolonged moderate to severe kidney dysfunction
developed myocardial calcified deposits surrounded by fibrotic tissue, as
detected in 129/Sv after 13 weeks of adenine-feeding (Model 8) as well
as in C57BL/6 N mice with severe kidney dysfunction induced by pro-
longed high adenine-diet (Model 6) (Fig. 1B). Myocardial calcifications,
which are expected to contribute to cardiac dysfunction when excessive,
have also been detected in patients with chronic kidney failure [55,56],
in whom they might even be highly underdiagnosed since they could be
detected in 59% of cardiac tissues of dialysis patients during autopsy
[57]. However, the etiology and mechanisms of these calcifications
remain currently unclear.
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In summary, our comprehensive and comparative study of adenine-
induced CKD mouse models reveals that the induction of several weeks
of at least moderate CKD does not necessarily induce cardiomyopathy.
This casts doubts upon a simple mono-causal concept of uremic car-
diomyopathy and suggests that additional “hits” are required to induce
clear cardiac dysfunction and remodeling in CKD. Overall, CKD altered
oxidative stress responses in the heart and enhanced cardiac oxidative
stress markers, in a diverse spectrum of mouse models. Whether this
provides a certain degree of cardioprotection or in fact increases the risk
of enhanced cardiovascular damage upon additional cardiovascular risk
factors and/or events, will be addressed in future studies.
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