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Aims Patients with chronic kidney disease (CKD) display a reduced survival following myocardial infarction (MI). As the 
underlying mechanisms remain unclear, we examined the impact of CKD on cardiac remodeling and function post- 
MI using a mouse model of adenine-induced CKD.

Methods 
and results

After MI, CKD mice showed a stronger cardiac dysfunction compared to non-CKD controls. While immunohistochem
ical and immunofluorescence analyses did not reveal changes in cardiomyocyte apoptosis, infarction size, or myofi
broblast content, CKD mice exhibited an increased number of circulating myeloid cells post-infarction and more  
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neutrophil infiltration in the heart. Combining RNAseq, untargeted kinome profiling, western blotting, and mass spec
trometry revealed that post-MI, CKD enhanced cardiac oxidative stress and the acute stress complex S100A8/A9 in 
circulation and the heart, and enforced cardiac MAP-kinase p38 activation and NR4A1 phosphorylation as pathways 
underlying cardiomyocyte dysfunction. S100A8/A9 also exerted an acute detrimental impact on calcium flux and 
sarcomere shortening in cardiomyocytes ex vivo. Increased myeloid cell-derived S100A8/A9 expression was con
firmed in the infarcted human heart by single-nucleus RNAseq, and CKD patients had higher post-infarction 
S100A8/A9 levels compared to patients without kidney dysfunction. Furthermore, integrating metabolomics, 
RNAseq, and mitochondrial analysis uncovered a disturbed cardiac metabolism with impaired glycolysis, a reduced 
glycerol-3-phosphate-shuttle, and a reduced Coenzyme A-bioavailability in CKD vs. non-CKD mice post-MI. These 
alterations were associated with poorer cardiac performance post-MI, without intrinsic defects in mitochondrial func
tion observed.

Conclusion Our study reveals innate immune activation, inflammation, oxidative stress, and metabolic alterations indicative of re
duced glycolytic entry and CoA bioavailability along with aggravated cardiac dysfunction post-MI in CKD compared to 
non-CKD conditions, independent of infarct size, and with poorer cardiac performance in CKD associated with the 
cardiac metabolic alterations. Combined, this could contribute to the worsened outcome of CKD patients post-MI 
and reveals cardiac metabolism in CKD as an interesting translational research target.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Graphical Abstract

Keywords Chronic kidney disease • Cardiovascular disease • Myocardial infarction • Cardiomyocytes • Metabolism • 
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1. Introduction
With a global prevalence of ∼13.4%,1 chronic kidney disease (CKD) 
imposes a high socio-economic burden.2 Beyond kidney damage 
and a reduced kidney filtration function, CKD patients suffer 
from a highly increased cardiovascular risk. Cardiovascular disease 
(CVD) accounts for ∼40% of all deaths in patients with advanced 

CKD,3–5 with ischemic heart disease the most common cause of 
cardiovascular death in CKD.3 CKD patients show more progressed 
atherosclerosis as the main underlying cause of myocardial infarc
tion (MI),6 but also a reduced survival post-MI with a higher risk 
of mortality and non-fatal cardiac events with declining 
kidney function.7,8 Yet, the underlying mechanisms remain largely 
unclear.
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MI triggers an inflammatory response in the heart with recruit
ment of myeloid cells including neutrophils and monocytes and 
the production of pro-inflammatory mediators, ultimately contrib
uting to a detrimental remodeling of the heart post-MI.9 Also, the 
heart undergoes metabolic alterations post-MI, which contribute 
to the development of heart failure.10 The healthy heart mainly de
pends on fatty acid metabolism for cardiac energy requirements, 
but ischemic conditions reduce the heart’s ability to oxidize fatty 
acids via the citric acid cycle and oxidative phosphorylation, and in
stead shift its dependence to glycolysis.10,11

Mouse models of CKD have intensively been used to analyze the 
impact of CKD on the heart, as summarized in detail in our system
atic review and meta-analysis.12,13 Most of these studies focused 
on uremic cardiomyopathy, i.e. cardiac remodeling in advanced 
CKD in the absence of infarction. This revealed CKD to trigger car
diac inflammation and oxidative stress, fibrosis, and cardiac func
tional alterations,12–18 however, with high variability in observed 
changes between studies due to a combination of differences in 
the CKD model, mouse strain dependency, CKD duration as well 
as the presence of additional cardiovascular risk factors.12,13 Our 
own comparison of cardiac remodeling of the non-infarcted heart 
in eight different CKD mouse models revealed pro-oxidative prim
ing in the myocardium in CKD, however, without other signs of car
diac remodeling or cardiac functional changes in these CKD mouse 
models.19,20

Therefore, we next investigated in this study the effects of CKD 
on cardiac remodeling and function post-MI and provide insights 
into the underlying pathophysiological mechanisms using a com
bination of RNAseq, kinome activity profiling, mass spectrometry, 
and metabolomics.

2. Methods
A detailed description is available in Supplementary material online, 
Supplemental Methods.

2.1 Animals and organ isolation
Studies were performed with 8–10-week-old male C57BL/6J 
Apolipoprotein E-deficient (ApoE−/−) mice. All procedures were ap
proved by LAVE Nordrhein Westfalen (81-02.04.2017.A504; 
81-02.04.2023.A163) and comply with local and national guide
lines and those from Directive 2010/63/EU of the European 
Parliament on the protection of animals used for scientific pur
poses. To investigate the impact of CKD on the heart after myocar
dial infarction (MI) in a context of high cardiometabolic risk, CKD 
was induced in hyperlipidemic ApoE−/− mice after an initial 4 weeks 
of western-type diet (WD) by feeding an adenine-rich 
western-type diet (WD) supplemented with 0.3% adenine for 10 
days (CKD induction phase), followed by a WD supplemented 
with 0.15% adenine (CKD maintenance phase) thereafter, as we 
previously characterized in detail.19 Non-CKD controls received 
the same diet without adenine. Myocardial infarction was induced 
by permanent ligation of the proximal left anterior descending ar
tery, 4 or 7 days after start of the CKD maintenance phase (or at 
the corresponding time point for the non-CKD control group). 
Thirty minutes before surgery, the mice received analgesia with bu
prenorphine (0.1 mg/kg, subcutaneous injection). The mice were 
anesthetized by intraperitoneal injection of ketamine (100 mg/kg) 
and xylazine (10 mg/kg). During surgical procedures, anesthesia 
was maintained with 0.5 vol% isoflurane using a rodent respirator. 
The thorax was opened under additional local analgesia with 0.2% 
lidocaine. Analgesia was continued using buprenorphine daily until 
five days after surgery (0.1 mg/kg every 8 h; subcutaneous injec
tion) or the mice received the injections only in the first 12 h after 
surgery every 4 h and then analgesia was continued for three days 
via buprenorphine-supplemented drinking water (0.009 mg/mL). 

Where indicated, an additional blockade of CCL6 or CCL9 was per
formed by intraperitoneal injection of a blocking antibody. In three 
dose-finding experiments, the S100A8/A9 complex was pharma
cologically targeted in vivo by treating mice with Paquinimod 
(ABR-215757) or ABR-238901. Kidney function was analyzed by 
quantification of creatinine and urea in serum. Non-invasive blood 
pressure measurements were performed using the tail-cuff meth
od. Blood sampling was performed through retro-orbital bleeding 
under isoflurane (2–3 vol%) anesthesia. Cardiac function was quan
tified by invasive Millar catheter analysis in baseline and stressed 
condition (5 µg/g body weight via intraperitoneal injection). The 
procedure was performed under anesthesia via an intraperitoneal 
injection of ketamine (100 mg/kg body weight) and xylazine 
(10 mg/kg) and analgesia with buprenorphine (0.1 mg/kg, subcuta
neous injection). At sacrifice, still under anesthesia, death was con
firmed by exsanguination. Alternatively, mice were sacrificed for 
blood and organ isolation by exsanguination by cardiac puncture 
under anesthesia via an intraperitoneal injection of ketamine 
(100 mg/kg body weight) and xylazine (10 mg/kg). Organs were 
isolated and processed for histological analysis or—after separating 
infarct area and left ventricular (LV) remote area—for RNA sequen
cing, protein analysis, or metabolomics to study potential patho
physiological processes.

2.2 Tissue, cell, and protein analysis
Cardiac transversal and kidney longitudinal tissue sections were 
prepared from fixed, paraffin-embedded tissue for histological ana
lyses, including Acid Fuchsin Orange G (renal fibrosis), periodic 
acid-Schiff (renal tubular injury), and Gomori’s 1-step trichrome 
(cardiac infarction size), as well as immunofluorescence analyses 
quantifying tissue content of cells positive for MAC3, myeloperox
idase, CD31, smooth muscle actin (SMA), or Ki67. Apoptotic cells 
were detected by terminal deoxynucleotidyl nick-end labeling 
(TUNEL).

Monocyte and neutrophil counts in blood were determined using 
a Hematology Analyzer with additional differential blood analysis 
to distinguish leucocyte subsets through Wright’s stain. Flow cyto
metry was used to quantify surface marker expression on blood 
neutrophils as well as profiling of hematopoietic cells in 
heart tissue, the latter with gating for leucocytes (CD45+), 
neutrophils (CD45+ CD11b + CD115− Gr1+), monocytes (CD45+ 
CD11b + CD115+), and tissue macrophages (CD45+ CD11b + F4/ 
80+) with subsets M1 (CD206−) or M2 (CD206+).

Proteins were isolated from tissue using a non-denaturing cell ly
sis buffer supplemented with a protease and phosphatase inhibitor 
cocktail. Protein content was quantified by ELISA (CCL6, CCL9, and 
S100A8/A9 heterodimer) or by western blot analysis (P-p38). Lipid 
peroxidation status (as combined levels of malondialdehyde and 
4-hydroxyalkenals) was quantified using the Lipid Peroxidation 
Assay (G-Biosciences) and normalized to the protein content in 
the analyzed tissue.

A multiplex kinome activity profiling of serine-threonine kinases 
(STK) in cardiac LV tissue extracts was performed using the 
PamChip® microarray platform and BioNavigator software to identify 
phosphorylated substrates and upstream kinases. Phosphorylation 
of NR4A1 was validated in cardiac LV tissue extracts using 
matrix-assisted-laser-desorption/ionization-time-of-flight-mass 
spectrometry (MALDI-TOF/TOF) by quantifying the phosphory
lated ‘LPSKPK’ peptide of NR4A1 (at Serine 354) relative to internal 
standard.

2.3 RNA sequencing and metabolomics analysis 
of mouse tissue
For bulk RNA sequencing, RNA was isolated from cardiac LV tissue 
using a tissue lyzer and a combination of Trizol and an RNeasy 
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Micro Kit (Qiagen) with on column-DNase treatment. Paired-end 
RNA sequencing was performed at Genewiz (GENEWIZ GmbH, 
Germany) using Illumina NovaSeq 6000 with included quality con
trols and adapter trimming. Gene level read counts were quantified 
and assembled using the R package Rsubread, and differential ex
pression analysis was performed using the R package DESeq2 to re
veal differentially expressed genes (DEGs) in ‘CKD + MI’ mice 
compared to the ‘Control + MI’ group. P-values were adjusted by 
the Benjamini–Hochberg procedure (Padjusted). Data were visualized 
in a volcano plot. Pathway analysis was performed using the gene 
ontology (GO) database and the R package clusterProfiler, and 
DEGs of interest were selected based on criteria of the expression 
level, adjusted P-value, and biological function. The RNAseq data 
have been deposited in the Gene Expression Omnibus (GEO) data
base (GSE283464).

Untargeted metabolomics on cardiac LV tissue was performed 
with direct-injection electrospray ionization Fourier transform ion 
cyclotron resonance mass spectrometry (ESI FT-ICR-MS). Mass 
spectra were internally calibrated against a set of endogenous 
metabolites using Data Analysis software (Bruker Daltonics). The 
data were normalized against the total ion count, and zero imput
ation by randomly chosen minimums was applied. The software 
Metaboanalyst (https://www.metaboanalyst.ca) was used for cal
culation of fold change and statistical analysis, pathway analysis, 
and data visualization, including heat map generation.

Targeted metabolomics was performed with a Dionex UltiMate 
3000 LC System coupled to a Q Exactive Orbitrap mass spectrom
eter. Data collection was performed using the Xcalibur software 
(Thermo Scientific), and data analyses were performed by integrat
ing the peak areas (El-Maven). After subtraction of intensity of the 
blanks, data were normalized to tissue weight before statistical 
analysis.

2.4 Ex vivo cardiomyocyte function analysis
Studies were performed with 14-week-old male C57BL/6J mice. 
All procedures were approved by RUF Würzburg (RUF 55.2.2- 
2532-2-1755) and comply with local and national guidelines and 
those from Directive 2010/63/EU of the European Parliament on 
the protection of animals used for scientific purposes. For isolation 
of cardiomyocytes, the mice were put under analgesia by buprenor
phine (0.1 mg/kg, subcutaneous injection) and anesthesia with iso
flurane (3–5 vol%). Mice were heparinized (500 IU/kg heparin, s.c.) 
before organ harvesting. Cardiomyocytes were then isolated from 
the hearts in a Langendorff perfusion system, and Ca2+-flux and 
sarcomere shortening were analyzed using a customized auto
mated IonOptix setup (DZHI, Würzburg) and evaluated using 
IonWizard Software (IonOptix) as described previously.21–23

Before cardiomyocyte analysis, cells were stimulated at 37°C 
with 1 µg/mL of the S100A8/A9 heterodimer (in PBS) in Normal 
Tyrode’s solution for 15 and 30 min, or with PBS as unstimulated 
controls.

2.5 Patient cohorts and human single-nucleus 
(sn)-RNAseq
Levels of the S100A8/A9 protein complex were analyzed by ELISA 
in patient cohorts. A first cohort included 103 patients with stable 
coronary artery disease and estimated glomerular filtration rate 
(eGFR) ≥ 30 [thus excluding patients with severe loss of kidney 
function (CKD stage 4) or end-stage renal dysfunction (CKD stage 
5)]. Patients were recruited while admitted to the Department of 
Internal Medicine 1 at the University Hospital Aachen, with 
comparison of patients with kidney dysfunction (CKD3, 30 ≤ 
eGFR<60) vs. those without (eGFR≥60). Also, we analyzed 
S100A8/A9 serum levels in a cohort of CKD patients in stage 4– 
5 (eGFR<30, recruited at the Saarland University Hospital) 

compared to healthy controls as well as in 1390 patients with acute 
myocardial infarction (recruited at the University Hospital 
Heidelberg) comparing patients with kidney dysfunction 
(eGFR<60) vs. those without (eGFR≥60). All studies comply with 
the Declaration of Helsinki, and the local ethics committee ap
proved the research protocol. All patients provided written in
formed consent.

Expression of selected genes was also analyzed in human in
farcted hearts using snRNA-seq data of in total 31 samples from 
23 individuals, including four non-transplanted donor hearts as 
controls, as previously described.24 Raw counts were log- 
normalized using normalize_total and log1p functions in Scanpy 
(version = 1.10.3). The cell scores for the individual genes were cal
culated by using score_genes in Scanpy. The expression values vi
sualized in UMAPs are cell_scores, scaled to be between the 
minimum and maximum expression value of that gene for visualiza
tion. Dot plots were generated using dot plot function in Scanpy.

2.6 Statistics
Data are presented as means ± standard deviation (SD). All stat
istical data analyses and graph preparation were performed using 
GraphPad Prism (Version 10.4.-10.6). Statistics included one- 
way ANOVA with Dunnett’s multiple comparisons test; the non- 
parametric Kruskal–Wallis test with Dunn’s multiple compari
sons test; two-way ANOVA with Sidak’s post-test for multiple 
comparison without or with matching values; Student’s t-test 
(unpaired, one- or two-tailed, without or with Welch correction) 
for two-group comparisons with normal distribution and without 
timing variables; and Mann–Whitney test for two-group compar
isons without normal distribution, as appropriate. Outlier exclu
sion was performed based on the Grubbs test in GraphPad, as 
indicated in the figure legends. Correlation analysis was per
formed by determining the Pearson correlation coefficients for 
normally divided datasets. P-values are added in the figures. 
Detailed information on statistical analysis is provided in the fig
ure legends.

3. Results
3.1 CKD aggravates cardiac dysfunction after 
myocardial infarction
To investigate the impact of CKD on the heart after myocardial in
farction (MI) in the context of high cardiometabolic risk, CKD was 
induced in hyperlipidemic ApoE−/− mice by feeding an adenine-rich 
western-type diet (WD), after which MI was induced by ligation of 
the left anterior descending artery. Non-CKD controls received the 
same WD without adenine and were also subjected to MI 
(Figure 1A). Whereas the CKD induction protocol did not induce 
mortality, mortality after MI-induction was on average 5% for 
non-CKD and 20% for CKD mice.

Induction of CKD in the adenine-fed mice was confirmed by sig
nificantly increased levels of creatinine and urea in blood (see 
Supplementary material online, Table S1). Additionally, kidneys of 
adenine-fed mice showed strong fibrosis as well as severe tubular 
injury and infiltration of immune cells (see Supplementary 
material online, Figure S1A–C).

When analyzing cardiac function with Millar catheter analysis, 
no differences were observed between CKD and non-CKD condi
tions in the absence of MI induction (see Supplementary material 
online, Figure S2A), as previously reported by us.19 Instead, LV 
contractility—indicated by maximal dP/dT—was significantly re
duced in CKD compared to non-CKD mice from one-week 
post-MI onward in resting conditions and from one day post-MI on
ward under dobutamine stress (Figure 1B). Also, the systolic con
tractile reserve showed a minor but significant reduction in CKD 
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conditions 4–7 days post-MI (Figure 1C). Deterioration of relax
ation ability—indicated by minimal dP/dT—started four days 
post-MI in stressed conditions (Figure 1C). In addition, maximal 
LV pressure was decreased over four weeks post-MI in CKD com
pared to non-CKD mice, both in resting conditions as well as upon 

dobutamine-induced stress (Figure 1D). Blood pressure remained 
unchanged (see Supplementary material online, Figure S2B).

In summary, post-MI, CKD significantly aggravated systolic and 
diastolic dysfunction at rest and stress conditions compared to 
non-CKD mice.

Figure 1 Murine CKD increases cardiac dysfunction after myocardial infarction. CKD was induced in male hyperlipidemic C57BL/6J ApoE−/− 

mice, followed by myocardial infarction (MI). Hyperlipidemic ApoE−/− mice without CKD as controls were similarly subjected to MI. (A) 
Experimental timeline. MI = myocardial infarction, WD = western-type diet, CKD = chronic kidney disease, EP = endpoint (for four separate ex
perimental groups). (B–D) Invasive heart function analysis at day 1 (n = 3–7), 4 (n = 9–13), 7 (n = 13–16), or 28 (n = 9) post-MI by Millar catheter: 
(B) Maximal contractility ((dP/dT)max) and relaxation capacity ((dP/dT)min); (C ) Cardiac reserve as delta (dP/dt) between dobutamine and base
line conditions; (D) Maximal left ventricular pressure. Shown are dot plots with means. Two-way ANOVA with Sidak’s post-test for comparing 
CKD + MI mice to control + MI. For max. pressure 7 days post-MI (in D), one CKD mouse was excluded based on the Grubbs outlier test.
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3.2 CKD increases circulating myeloid cell 
numbers post-MI
Cardiac infarction size remained unaffected between the groups 
despite increased cardiac dysfunction post-MI in CKD compared 
to non-CKD mice (see Supplementary material online, 
Figure S3A–B). Also, in the infarcted area, no differences were ob
served in the amount of apoptotic or proliferating cells nor in myo
fibroblast content, whereas the number of CD31+ cells was 
increased in CKD mice (see Supplementary material online, 
Figure S3C–F). Post-MI blood profiling revealed in CKD mice an 

increased number of circulating monocytes and neutrophils com
pared to non-CKD mice, as well as an augmented percentage of 
neutrophils expressing CD54, which mediates pro-inflammatory 
neutrophil effector functions25 (Figure 2A and B, Supplementary 
material online, Figure S4A–B). A slight increase was also observed 
in CCR1 expression on neutrophils in CKD vs. non-CKD mice 
post-MI (see Supplementary material online, Figure S4A–C), with 
CCR1 mediating neutrophil recruitment and detrimental inflamma
tory remodeling post-MI.26

We previously demonstrated that the chemokines CCL6 and 
CCL9 as important regulators of CCR1-mediated neutrophil and 

Figure 2 Murine CKD increases circulating monocyte and neutrophil numbers post-infarction, and up-regulates S100A8/A9, neutrophils, and 
lipid peroxidation stress in the infarcted heart. Hyperlipidemic ApoE−/− mice without vs. with CKD were subjected to MI. Time of analysis: one 
week post-MI, unless differently indicated. (A–B) Number of monocytes and neutrophils (CD45+ CD11b+ CD115− Gr1+) in blood before and 
at different time points after MI. Means ± SD. n = 6–7 (−3 days), n = 12–13 (1 day), n = 8–15 (4 days), n = 12–16 (7 days), and n = 8–11 (28 days). 
Outlier exclusion based on the Grubbs outlier test (A: one non-CKD mouse 7 days post-MI; B: one CKD mouse 7 days post-MI, one CKD and one 
non-CKD mouse 28 days post-MI). (C ) RNAseq analysis of remote left ventricular (LV) tissue of the infarcted heart, as displayed. The 
Volcano plot depicts log2(Fold change) and −log10(Padjusted) of gene expression comparing the CKD to non-CKD mice. Differentially expressed 
genes (DEGs) with Padjusted < 0.05 and log2(Fold change) > 1 or <−1 are displayed on the right (up-regulated) or on the left side (down-regulated) 
of the plot. S100A8 and S100A9 are highlighted. (D) Representation of enriched gene ontology (GO) terms based on the significant DEGs, dis
playing down-regulated and up-regulated processes. Selected significant DEGs associated with these GO terms are indicated. (E) Gene expres
sion of Keratin 8 (Krt8), Keratin 18 (Krt18), and argininosuccinate synthetase 1 (Ass1) in remote LV tissue of the infarcted heart, comparing CKD 
to non-CKD mice. Derived from RNAseq (n = 6–8). (F ) S100A8 and S100A9 expression in remote LV tissue of the infarcted heart, comparing 
CKD to non-CKD mice. Left panel: On gene level as derived from RNAseq (n = 6–8). Right panel: S100A8/A9 protein complex as determined by 
ELISA (n = 6/group; Mean ± SD). (G) S100A8/A9 protein complex in serum one day post-MI as determined by ELISA (Mean ± SD; n = 7–11). (H ) 
Myeloperoxidase (MPO)+ cells in the remote LV tissue of the infarcted heart four days post-MI (Mean ± SD; n = 8–10). (I ) Lipid peroxidation 
level in remote cardiac LV tissue, normalized to protein content and displayed relative to ‘Control + MI’. (Mean ± SD; n = 5/group). Tissue from 
CKD vs. non-CKD mice 7 days post-MI (both with isotype antibody treatment as in Supplementary material online, Figure S5C). (A–B, F–I) Two-way 
ANOVA with Sidak’s post-test (A,B), one-tailed Student t-test with (F ) or without (H ) Welch correction, or two-tailed Student t-test with (I ) or 
without (G) Welch correction for comparing CKD + MI to control + MI mice.
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monocyte recruitment are up-regulated in early experimental 
CKD.27 Consistent with these findings, the present study shows 
that circulating levels of both chemokines were elevated in CKD 
mice compared with controls, both in the absence and presence 
of MI (see Supplementary material online, Figure S5A–B). 
However, blocking of either CCL6 or CCL9 failed to reverse the 
CKD-associated impairment in cardiac function following MI (see 
Supplementary material online, Figure S5C–D, Table S2).

3.3 CKD increases neutrophils, alarmins 
S100A8/A9, and lipid peroxidation stress in the 
infarcted heart
Next, we performed a multi-omics screening on infarcted and re
mote cardiac LV tissues of both groups to identify potential me
chanisms underlying the increased cardiac dysfunction observed 
in post-MI CKD mice. Screening was conducted on 7 days 
post-MI samples representing an intermediate state between acute 
inflammation and chronic remodeling post-infarction. RNAseq re
vealed increased expression of genes involved in processes of heart 
contraction, oxidative stress, and mitochondrial function, and a 
simultaneous downregulation of genes coding for processes of 
extracellular matrix organization and wound healing in the infarcted 
cardiac tissue of CKD compared to non-CKD mice (see 
Supplementary material online, Figure S6A). Alterations were also 
observed in genes involved in calcium signaling, cardiac electrical 
function, and cardiac energy processes (see Supplementary 
material online, Figure S6B–C). A downregulation of genes involved 
in processes of extracellular matrix organization and wound healing 
in CKD conditions was also observed in cardiac LV tissue remote 
from the infarcted region (Figure 2C and D). For example, CKD sig
nificantly down-regulated gene expression of Keratin 8 and 18 
(Figure 2E), which were both previously reported to increase in 
the infarcted heart to provide cardioprotection and support cardiac 
contractile function of the infarcted heart.28

Furthermore, this remote cardiac LV tissue—but not the infarcted 
region itself—displayed a significant upregulation of the alarmins 
S100A8 and S100A9 in CKD conditions (Figure 2F-left, 
Supplementary material online, Figure S7). The latter could be fur
ther confirmed for the S100A8/A9 heterodimer on the protein le
vel (Figure 2F, right). In addition, levels of the S100A8/A9 complex 
were also increased in blood of CKD compared to control mice 
post-MI (Figure 2G). Complementary to S100A8/A9, its receptors 
Toll-like receptor-4 (TLR-4) and RAGE were also expressed in 
the remote LV region of the infarcted heart, without differences 
between CKD vs. non-CKD conditions [TLR4: log2(FC) = −0.16; 
Padj = 0.77; RAGE: log2(FC) = −0.41; Padj = 0.68].

Data within the Human Protein Atlas revealed these alarmins to be 
expressed mainly by myeloid cells (neutrophils but also macrophages) 
in the heart29,30 (see Supplementary material online, Figure S8). In our 
mouse model, the total number of monocytes, macrophages, and 
neutrophils in the infarcted region or the overall heart tissue was 
not altered (see Supplementary material online, Figure S3G–J). 
However, neutrophils were detected in the remote LV region of 
the infarcted heart, where they were enriched in CKD compared to 
non-CKD conditions (Figure 2H). Also, lipid peroxidation levels as a 
readout of oxidative stress were significantly increased in the remote 
LV region of the infarcted heart in CKD vs. non-CKD animals 
(Figure 2I), without differences observed in lipid peroxidation amount 
in the absence of infarction (see Supplementary material online, 
Figure S9). CKD mice also displayed a reduced expression of arginino
succinate synthetase 1 (Ass1) in the remote LV tissue of the infarcted 
heart (Figure 2E), an enzyme that was recently shown to counteract 
lipid peroxidation in cancer cells.31

In summary, CKD increases neutrophils, the alarmins S100A8/ 
A9, and lipid peroxidation stress in the infarcted heart.

3.4 CKD increases NR4A1 phosphorylation 
and MAP kinase activation in the infarcted 
heart
Complementary to our RNAseq analysis, unbiased multiplex ki
nome activity profiling of cardiac protein extracts derived from re
mote LV tissue 7 days post-MI revealed increased kinase activity 
in CKD mice. Specifically, downstream phosphorylation of the 
peptide GRRGRLPSKPKQP was significantly higher in CKD com
pared with non-CKD animals (Figure 3A). Protein blast exposed 
that this peptide uniquely belonged to the transcription factor or
phan nuclear receptor 4A1 (NR4A1; AA 347-359), with S354 being 
a main NR4A1 serine phosphorylation site in mouse.32 In line, add
itional mass spectrometry analysis confirmed the presence of sig
nificantly higher levels of NR4A1 phosphorylation at S354 (peptide 
LPS*KPK; with S* phosphorylated) in protein lysate from remote 
LV tissue in infarcted CKD compared to infarcted non-CKD 
mice (Figure 3B). Beyond NR4A1, only the NR4A1 family members 
NR4A2 and NR4A3 also contain the amino acid sequence LPSKPK 
as confirmed by protein blast. However, both NR4A2 and NR4A3 
were overall very low expressed in LV remote tissue of the in
farcted heart based on their RNAseq transcript levels and on aver
age around 10–20 times lower than NR4A1 (Figure 3C), 
underlining NR4A1 as the main phosphorylated target quantified 
by mass spectrometry.

NR4A1 is a transcription factor activated downstream of 
S100A9.33 Reanalyzing previously published single-nucleus 
RNAseq data of human healthy and infarcted hearts,24 we validated 
cardiac NR4A1 expression, with cardiomyocytes as the main cell 
type expressing NR4A1 (Figure 3D). In our mouse model, CKD 
conditions did not alter NR4A1 on a transcript level in remote 
LV tissue (Figure 3C). Nonetheless, NR4A1 has previously been 
linked to stress-induced cardiomyocyte dysfunction through 
phosphorylation-dependent translocation from the nucleus to the 
mitochondria,34,35 making it an attractive pathophysiological 
target.

Among 82 kinases identified as having an increased activity in 
cardiac tissue from CKD vs. non-CKD mice (see Supplementary 
material online, Table S3), 27 were predicted kinases for NR4A1. 
Ranking these kinases by their average RNAseq-derived expres
sion in the remote cardiac LV tissue revealed PKA, AKT, and 
p38 in the top 7 of highest expressed kinases (Figure 3E). 
Notably, p38 kinase (MAPK14) is known to induce NR4A1 phos
phorylation36 and promotes its cytoplasmic localization,37 while 
PKA, PKC, AKT, and RSK1/2 are known to directly interact with 
and phosphorylate S354 of NR4A1.35,38 Increased abundance of 
phosphorylated (active) p38 in remote LV tissue of CKD compared 
to non-CKD mice was confirmed by western blot analysis 
(Figure 3F).

In summary, CKD increases p38 kinase activation and the phos
phorylation of the NR4A1 as a detrimental event in cardiomyocyte 
function.

3.5 Elevated S100A8/S100A9 in CKD patients 
post-infarction as well as in the injured human 
heart
Analyzing circulating levels of the protein complex S100A8/A9 in 
patients revealed a slight increase in patients with early CKD 
[CKD3, 30 ≤ estimated glomerular filtration rate (eGFR) < 60] and 
a significant upregulation in more advanced stages of kidney dys
function (CKD4/5, eGFR<30) (Figure 4A and B). Overall, circulating 
levels of S100A8/A9 increased after acute MI, with significantly 
higher post-infarction levels of S100A8/A9 in patients with kidney 
dysfunction (eGFR<60) compared to those without (eGFR≥60) 
(Figure 4C). Also, analyzing S100A8 and S100A9 expression 
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patterns in the human heart using available single-nucleus RNAseq 
data24 showed myeloid cells as predominant cell type expressing 
S100A8 and S100A9 (Figure 4D–F). The overall myeloid-derived 
S100A8 and S100A9 expression was higher in the cardiac region 
remote from the infarcted area compared to control hearts 
(Figure 4G, Supplementary material online, Figure S8C–D), the latter 
being in line with the findings in our mouse model.

In summary, in human, post-MI levels of S100A8 and S100A9 are 
increased in blood of CKD compared to non-CKD patients and in 
the infarcted heart mainly myeloid cell-derived (Figure 4H).

3.6 Impairment of cardiomyocyte calcium 
handling and contraction capacity upon acute 
exposure to S100A8/A9 ex vivo, but no in vivo 
pharmacological targeting of S100A8/A9 
detected that supports cardiac function 
post-infarction
S100A8/A9 treatment has previously been linked to reduced car
diac performance in the post-ischemic heart in mice and also 

Figure 3 Murine CKD increases cardiac p38 kinase activation and NR4A1 phosphorylation post-infarction, and S100A8/A9 can directly trigger 
cardiomyocyte dysfunction. (A–C, F–G) Hyperlipidemic ApoE−/− mice without vs. with CKD were subjected to MI. Time of analysis: one week 
post-MI. (A) Increased phosphorylation of NR4A1 peptide by cardiac protein extracts of remote left ventricular (LV) tissue, comparing infarcted 
CKD to infarcted non-CKD mice in a kinase activity array. n = 7–8. With heat map. (B) Increased phosphorylation of NR4A1 (peptide LPS*KPK; 
with S* phosphorylated) quantified by mass spectrometry in protein lysates of remote cardiac LV tissue, comparing infarcted CKD to infarcted 
non-CKD mice, with quantification relative to internal standard (Mean ± SD; n = 6; Two-tailed Mann–Whitney test) and representative MS 
and MS/MS spectrum in CKD + MI mice. (C ) Heatmap of average expression (‘BaseMean’) of NR4A1, NR4A2, and NR4A3 transcripts in remote 
LV tissue of the infarcted heart via RNAseq data, with inclusion of Fold Change (FC) and adjusted P-value comparing CKD vs. non-CKD mice (n =  
6–8). (D) Expression of NR4A1 in the human heart, as derived from single-nucleus RNA-Seq data of human infarcted heart and healthy controls24: 
Shown is cardiac expression of NR4A1 on the tissue level over the different cell types and conditions including infarcted and control hearts re
flecting both cell-intrinsic expression and the abundance of cells expressing those genes in the given cell types. (E) Selection strategy of activated 
kinases in the remote LV cardiac tissue post-MI in relation to NR4A1 S351 phosphorylation: Starting from kinases predicted to be increasingly 
activated in CKD conditions and able to phosphorylate NR4A1 by the kinase activity array (27, with 2 not displayed due to too low expression 
via RNAseq), 10 kinases had a high average expression in remote cardiac tissue (‘BaseMean’ > 1000) via RNAseq, of which 5 (in the highlighted 
box) have been validated in the literature to trigger the phosphorylation of NR4A1. (F ) Western blot for phosphorylated p38 MAPK (P-p38) in 
remote cardiac LV tissue normalized to α-Tubulin as control, and displayed relative to the ‘Control + MI’ group (Means ± SD; n = 7; two-tailed 
Student t-test). Representative western blot shown. One high value in each group excluded based on Grubb’s test. (G) Primary cardiomyocytes 
from C57BL/6J mice were stimulated ex vivo with S100A8/A9 (1 µg/mL) for 15 or 30 min, as indicated. Cardiomyocytes displayed a reduced 
calcium transient amplitude and a reduced fractional sarcomere shortening upon stimulation with S100A8/A9; N = 167–225 cells (from 3 
mice); Means ± SEM. Kruskal–Wallis test with Dunn’s multiple comparisons test for comparison of stimulated cells to control cells.
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Figure 4 Elevated S100A8/S100A9 in CKD patients post-infarction as well as in the remote zone of the infarcted human heart. (A–B) 
Circulating levels of the S100A8/A9 protein complex in patients with CKD compared to healthy controls or patients without kidney dysfunc
tion (eGFR≥60), as indicated. Measured by ELISA. (A) Cohort: Patients from the HF-PROTECT study (serum). Correlation between eGFR and 
circulating S100A8/9 levels. Pearson correlation coefficient (two-tailed): r = −0.2682, P = 0.0062, and N = 103. (B) Cohort: Healthy controls 
(N = 21) vs. patients with kidney dysfunction in stage CKD4 or CKD5 (eGFR<30; N = 49) (serum). Two-tailed Mann–Whitney test. 
(C ) Circulating S100A8/A9 levels in patients with acute myocardial infarction, comparing patients with eGFR<60 (kidney dysfunction) vs. those 
with eGFR≥60. N = 1390 (serum). Shown are means + 95% CI; median indicated by ‘x’. For eGFR≥60: N = 1043; For eGFR<60: N = 347. 
Unpaired two-tailed t-test; P = 0.000092. (D–G) Expression of S100A8 and S100A9 in the human heart, as derived from single-nucleus 
RNA-Seq data of human infarcted heart and healthy controls.24 (D) UMAP visualization of snRNA-Seq data, with cell cluster identification 
as previously described.24 (E) Cardiac expression of S100A8 and S100A9 (over the different conditions of infarcted and control hearts). 
(F ) Cardiac expression of S100A8 and S100A9 on tissue level over the different cell types and conditions including infarcted and control hearts 
reflecting both cell-intrinsic expression and the abundance of cells expressing those genes in the given cell types. (G) Comparison of myeloid 
cell expression of S100A8 and S100A9 in control hearts (control) or the infarcted heart with either the necrotic area (ischemic zone, IZ) or the 
unaffected left ventricular myocardium (remote zone, RZ). The fibrotic zone (FZ) is derived from human heart specimens at later stages 
(>30 days) post-myocardial infarction. (H ) Summary scheme of human perspective: Compared to non-CKD patients, CKD patients display in
creased circulating levels of S100A8/A9 post-infarction. Also, expression of S100A8 and S100A9 is increased in the infarcted human heart 
compared to a healthy heart, with both alarmins mainly originating from myeloid cells in the border zone remote from the infarcted area. 
eGFR, estimated glomerular filtration rate.
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activated in this context the p38 kinase,39 which itself was shown 
to be able to impact on cardiomyocyte Ca2+ handling.40

Therefore, we next investigated a potential direct impact of the 
S100A8/A9 protein complex on cardiomyocyte function (using 
1 µg/mL, in the range of values in blood of CKD mice, Figure 2F). 
Primary cardiomyocytes isolated from C57BL/6J mice were paced 
with a frequency from 1 to 4 Hz and analyzed for intracellular Ca2+ 

concentrations and sarcomere length. This revealed a disturbance 
in Ca2+ levels in both diastole and systole and a reduced calcium 
transient amplitude upon prior stimulation with S100A8/A9, along 
with reduced fractional sarcomere shortening (Figure 3G, 
Supplementary material online, Figure S10). The mitochondrial re
dox state and the dynamic range of the mitochondrial membrane 
potential in primary cardiomyocytes were not affected by short- 
term S100A8/A9 stimulation ex vivo (see Supplementary material 
online, Figure S11). Also, the intrinsic respiration capacity of mito
chondria in the heart post-infarction was not affected by CKD: 
when comparing CKD to non-CKD mice; no significant overall dif
ference was observed in the oxygen consumption rate of mito
chondria isolated from the border zone of the infarcted area 7 
days post-MI, nor from a non-infarcted heart under similar CKD 
vs. non-CKD conditions, in contrast to a reduced mitochondrial res
piration rate in kidney upon CKD induction (see Supplementary 
material online, Figure S12).

We next investigated whether the detrimental effect of acute 
S100A8/A9 exposure triggering cardiomyocyte dysfunction as ob
served ex vivo could be translated into an overall cardioprotective 
effect in vivo by treating hyperlipidemic ApoE−/− mice with an 
S100A8/A9 inhibitor along with MI induction. Complementary to 
cardiac functional analysis, we also analyzed potential effects on 
circulating neutrophil counts, based on a previous study showing 
an improved cardiac function post-MI in an S100A9-knockout 
mouse model that was mechanistically linked to reduced 
MI-induced granulopoiesis and reduced blood neutrophils counts 
post-MI.41 However, in contrast to S100A9-deficiency,41 short- 
term in vivo pharmacological intervention using Paquinimod or 
ABR-238901 did not reduce peripheral blood neutrophil counts 
nor improve cardiac function post-MI (see Supplementary 
material online, Figure S13).

In summary, systemic S100A8/A9 levels are elevated in CKD pa
tients, and acute exposure of cardiomyocytes to S100A8/A9 ex 
vivo disrupts calcium handling and cardiomyocyte contractile func
tion without eliciting intrinsic mitochondrial stress. However, since 
no short-term in vivo pharmacological intervention targeting the 
S100A8/A9 complex has been identified that improves cardiac 
function post-MI, our findings provide a rationale for further inves
tigation into downstream cardiac alterations that may contribute to 
the aggravated cardiac dysfunction post-MI in CKD.

3.7 CKD disturbs cellular metabolism in the 
infarcted heart, with metabolic alterations 
associated with poorer cardiac performance 
post-MI
Since metabolic changes significantly impact cardiac function 
post-MI,10,11 we next performed untargeted metabolomics 
analysis with pathway analysis on cardiac LV tissue 7 days 
post-MI in CKD vs. non-CKD conditions. This revealed alterations 
in the metabolism of glycerophospholipids in the infarcted area 
(see Supplementary material online, Figure S14A). Also, the 
remote LV region presented altered glycerophospholipid metabol
ism in addition to changes in galactose metabolism (Figure 5A, 
Supplementary material online, Figure S14B). Focusing on molecu
lar alterations in the remote region, 165 of a total of 1917 identified 
metabolite peaks were found to be significantly changed when 
comparing CKD to non-CKD mice after infarction, with the top 

25 metabolites ranked by significance displayed in a heatmap 
(Figure 5B). This revealed that pantothenic acid—a precursor of 
the important energy metabolite Coenzyme A (CoA)—was signifi
cantly up-regulated in CKD mice and presented in the top 5 of al
tered metabolites (see Supplementary material online, Table S4). 
Similarly, pantothenic acid appeared in the top 5 of overall 46 sig
nificantly altered metabolites in the infarcted area (see 
Supplementary material online, Table S4). An independent targeted 
metabolomics analysis of the remote LV region with focus on cellu
lar energy metabolism pathways confirmed the upregulation of 
pantothenic acid in CKD context (Figure 5C). In parallel, a decrease 
in the levels of CoA and CoA-conjugated fatty acids (acetyl-CoA, 
propionyl-CoA) was detected (Figure 5C), suggesting a disturbed 
conversion of pantothenic acid to CoA and a subsequently de
creased availability of CoA-conjugated fatty acids.

The conversion of pantothenic acid to CoA involves the enzymes 
PANK1-4, PPCS, PPCDC, and COASY (see Supplementary material 
online, Figure S15A), with the first step catalyzed by PANK enzymes 
as the rate-limiting step. Among the PANK enzymes with the clas
sical pantothenate kinase activity (PANK1-3), Pank1 was the high
est expressed in the infarcted heart in our mouse model (see 
Supplementary material online, Figure S15B). This was also ob
served in the human infarcted heart, with cardiomyocytes being 
the main cellular source of cardiac PANK1 expression based on a re
analysis of available single-nucleus RNAseq data24 (see 
Supplementary material online, Figure S15C). However, none of 
the PANK enzymes was altered on the RNA level in the remote 
LV region of the infarcted heart when comparing CKD to 
non-CKD mice, as obvious from our RNAseq data [log2(FC) (Padj) 
for Pank1: 0.08 (0.92); Pank2 (0.97): 0.01; Pank3: 0.05 (0.88); and 
Pank4: 0.13 (0.79)] (see Supplementary material online, 
Figure S15B). Also, Ppcs, Ppcdc, and Coasy gene expression was 
not altered (see Supplementary material online, Figure S15B). 
PANK1 expression in the remote LV region of the infarcted heart 
was not altered by CKD on the protein level either (see 
Supplementary material online, Figure S15D–G).

In addition to altered pantothenic acid-CoA metabolism, CKD mice 
showed increased levels of hexose/inositol (which includes mainly 
glucose) in the remote area of the infarcted heart (Figure 5D), despite 
reduced glucose levels in the blood, especially in conditions of infarc
tion (see Supplementary material online, Figure S14C). Cardiac levels 
of glycerol-3-phosphate (Gro3P) were reduced in CKD mice, which is 
indicative for a disturbed Gro3P shuttle downstream of glycolysis 
(Figure 5D). While expression of the glucose receptors GLUT1 
(Slc2a1) and GLUT4 (Slc2a4) was not altered as evident from the 
RNAseq analysis, CKD mice displayed a reduced cardiac expression 
of glucokinase (Gck) (Figure 5E). GCK encodes hexokinase-IV, an en
zyme which can trigger the first step of glycolysis.

Given these important metabolic alterations in the heart 
(Figure 5F), we next investigated a potential correlation with cardiac 
function parameters. Of note, a strong positive linear correlation was 
detected between CoA levels and cardiac performance (cardiac con
traction, relaxation capacity, and maximal pressure), whereas sub
strate precursors pantothenic acid and hexose/inositol both 
showed an inverse correlation with cardiac performance (Table 1, 
Figure 5G, Supplementary material online, Figure S16). Increased pan
tothenic acid and reduced CoA were also detected in the heart upon 
the mere induction of CKD without additional MI, however, for CoA 
less pronounced compared to post-MI conditions and without sig
nificant reductions in acetyl-CoA (see Supplementary material 
online, Figure S14D), a key substrate for the citric acid cycle toward 
ATP production. Furthermore, CKD alone did not significantly affect 
cardiac levels of hexose/inositol or glycerol-3-phosphate (see 
Supplementary material online, Figure S14D).

Combined, these findings indicate that CKD disturbs cardiac cel
lular metabolism post-MI: CKD triggers a signature of impaired gly
colysis, reduced levels of CoA and acetyl-CoA as well as a disturbed 
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Gro3P shuttle downstream of glycolysis (summarized in Figure 5F), 
with these alterations associated with poorer cardiac performance 
post-MI.

4. Discussion
Triggered by the increased hospitalization rate and mortality of CKD 
patients following MI,8,42 this study investigated the impact of CKD 
on the infarcted heart. Our data indicate that CKD increases 

systemic inflammation post-infarction with a higher number of circu
lating myeloid cells (monocytes and neutrophils). Furthermore, in 
CKD, the infarcted heart displayed a signature of increased inflam
mation and oxidative stress, disturbances in contraction and calcium 
signaling pathways as well as in cellular energy metabolism. The lat
ter was associated with poorer cardiac performance post-MI in CKD 
compared to non-CKD conditions (Figure 6).

No cardiac dysfunction was detected in the absence of MI in our 
CKD mouse model, as we previously reported for this mouse 
model.19 However, in this study, CKD did aggravate cardiac 

Figure 5 CKD alters the cellular metabolism in the murine heart post-infarction. Hyperlipidemic ApoE−/− mice without vs. with CKD were sub
jected to MI, with molecular analysis performed 7 days post-MI. Analysis was performed on the remote LV tissue of the infarcted heart. (A–B) 
Untargeted metabolomics, with (A) pathway analysis and (B) heatmap of the top 25 metabolites (when ranked by significance). (C–D) Targeted 
metabolomics, with intensity normalized to tissue weight (arbitrary units). Shown is mean ± SD. n = 5–8. Outlier exclusion based on Grubbs 
outlier test. Two-tailed Student t-test with or without Welch correction for comparing CKD + MI to control + MI mice. (E) Gck expression 
on gene level, derived from RNAseq (n = 6–8). FC, fold change. (F ) Summary of metabolic changes in relation to glycolysis, fatty acid oxidation 
(FAO), and the citric acid cycle (TCA cycle) post-infarction in CKD vs. non-CKD mice. DHAP, dihydroxyacetonephosphate. (G) Correlation ana
lysis of metabolites in the cardiac tissue with cardiac performance parameters (dP/dT)max. r, Pearson correlation coefficient; with linear re
gression fit and 95% confidence interval. N = 6/group with both Millar and metabolomics data available; one outlier was excluded in CKD 
group for CoA and Gro3P based on the Grubbs outlier test.
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dysfunction of the infarcted heart in both resting conditions as well 
as upon cardiac stress, with also a minor but significant decrease in 
the cardiac contractile reserve. This was not due to a difference in 
the infarction size, which we demonstrated to be equal in CKD vs. 
non-CKD conditions, as could also be expected in a MI model with 
permanent ligation. Furthermore, cardiac myofibroblast content in 
the infarcted area was unaltered, suggesting an impact of CKD on 
alternative processes, such as inflammation and cardiomyocyte 
functionality. MI-induced rises in circulating monocyte and neutro
phil numbers were enhanced in CKD conditions in mice, which 
in patients with acute MI is a strong, independent predictor of 
left ventricular dysfunction, hospitalization, and death.43,44

Furthermore, in the CKD model, circulating neutrophils showed 
an increased surface expression of CD54 and also accumulated 
to a higher extent in cardiac LV tissue remotely of the infarcted re
gion. Inflammation-induced expression of CD54—also known as 
ICAM1—on neutrophils is linked to an increased pro-inflammatory 
phenotype with enhanced ROS production.25

In parallel to an increased number of myeloid cells in the circula
tion and an enhanced neutrophil accumulation in cardiac LV tissue 
remotely of the infarcted region, the remote LV region showed in
creased levels of lipid peroxidation stress as well as of the alarmin 
complex S100A8/A9, enhanced p38 MAP kinase activation, and in
creased phosphorylation of NR4A1 shortly after infarction 
(Figure 6), all of which have been linked to cardiomyocyte damage 
and cardiac dysfunction after ischemia.35,40,41,45–50 MAP kinase 
p38 signaling has previously been linked to cardiac inflammation, 
injury, and dysfunction.47,48 P38 also has a direct anti-inotropic ef
fect on the heart by altering the phosphorylation status of contract
ile proteins as well as by impacting on cardiomyocyte Ca2+ handling 
by regulating—for example—the expression and/or activity of the 
sarcoplasmic/endoplasmic reticulum Ca2+-ATPase 2 (SERCA2).40

Furthermore, S100A9 is able to increase NR4A1 expression and ac
tivity,33 and an increased NR4A1 expression as well as a transloca
tion from nuclear to cytosolic and mitochondrial localization have 
previously been observed in cardiomyocytes in the border zone 
of ischemic myocardium as well as in stressed cardiomyocytes, 
through which NR4A1 prompted pro-apoptotic responses.35,49

Also, NR4A1 is up-regulated in the heart following transverse aortic 
constriction and dysregulates calcium flux homeostasis in cardio
myocytes.50 Although our RNAseq analysis did not reveal an al
tered expression of NR4A1 in CKD compared to non-CKD mice, 
we did detect increased Ser354 phosphorylation of NR4A1 in the 

remote LV area of the infarcted heart in CKD, with also NR4A1 
Ser354 phosphorylation previously implicated in stress-induced car
diomyocyte dysfunction.35 In parallel, analysis of the post-infarcted 
heart of CKD compared to non-CKD mice revealed increased ki
nase activity of p38, PKA, and AKT, all of which can phosphorylate 
NR4A1.35 PKA-induced phosphorylation of NR4A1 at Ser351 (the 
human phosphorylation site equivalent to Ser354 in mice) was 
shown to trigger its translocation from the nucleus to the mito
chondria and thereby induce cardiomyocyte apoptosis.34,35

Combined, along with aggravated cardiac dysfunction post- 
infarction in CKD compared to non-CKD conditions, our study 
identified increased neutrophil numbers, oxidative stress, and in
flammation as well as altered molecular signaling in the infarcted 
heart in CKD, all previously linked to cardiomyocyte dysfunction.

The pro-inflammatory proteins S100A8 and S100A9 are mainly 
secreted from myeloid cells, including in the heart,29,30 and pre
dominantly form S100A8/A9 heterodimers.51 Our further investi
gations into cardiac S100A8 and S100A9 expression showed an 
increased myeloid cell-derived S100A8 and S100A9 expression in 
the remote zone of human cardiac tissue post-MI compared to 
healthy heart. Furthermore, our data revealed higher circulating 
S100A8/A9 levels in CKD patients compared to controls, and 
even after acute MI, these S100A8/A9 levels were maintained at 
increased levels in patients with kidney dysfunction, similarly as ob
served in our CKD mouse model. In animal models, short-term 
pharmacological intervention of S100A8/A9 signaling with 
ABR-238901 post-MI has been shown to induce protein expres
sion changes potentially indicative of improved cardiac contractil
ity52 and to stimulate cardiac neovascularization53 and reduce 
oxidative stress.54 In our study, we identified a direct detrimental 
effect of the S100A8/A9 heterodimer toward disturbances in con
tractile responses and calcium flux in primary cardiomyocytes ex 
vivo, with the underlying mechanisms currently still unclear. 
However, in three dose-finding experiments in vivo, we could not 
identify a short-term treatment regime with Paquinimod or 
ABR-238901 that provided a beneficial effect on cardiac contract
ile or relaxation function post-MI. Paquinimod (ABR-215757) and 
ABR-238901 both belong to the quinoline-3-carboxamide class 
and function as an inhibitor of the S100A8/A9 heterodimer (and 
of S100A9) by blocking the interaction of S100A9 with both 
RAGE and TLR4.46,55 Potentially, unaffected S100A8-governed 
signaling or S100A8/A9 signaling over alternative binding 
routes, with, e.g. binding to heparan sulfate proteoglycans and 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Correlation analysis between cardiac metabolites and cardiac performance

Cardiac metabolites  
vs. function

dP/dt max 
_Baseline

dP/dt max 
_Dobutamine

dP/dT min 
_Baseline

dP/dT min 
_Dobutamine

Pmax 
_Baseline

Pmax 
_Dobutamine

(mm Hg/s) (mm Hg/s) (mm Hg/s) (mm Hg/s) (mm Hg) (mm Hg)

Pantothenic acid r = −0.8119 r = −0.5282 r = 0.7033 r = 0.74 r = −0.751 r = −0.8391
(Intensity, AU) P = 0.0024 P = 0.0949 P = 0.0158 P = 0.0092 P = 0.0077 P = 0.0012
CoA r = 0.7424 r = 0.4097 r = −0.6736 r = −0.438 r = 0.6739 r = 0.7003
(Intensity, AU) P = 0.0139 P = 0.2397 P = 0.0327 P = 0.2054 P = 0.0326 P = 0.0241
Hexose r = −0.6734 r = −0.4599 r = 0.7886 r = 0.3422 r = −0.7357 r = −0.5109
(Intensity, AU) P = 0.0231 P = 0.1547 P = 0.0039 P = 0.303 P = 0.0099 P = 0.1083
Glycerol-3-phosphate r = 0.5967 r = 0.2071 r = −0.6914 r = −0.1121 r = 0.6647 r = 0.3414
(Intensity, AU) P = 0.0686 P = 0.566 P = 0.0268 P = 0.7578 P = 0.036 P = 0.3343

Mouse model as in Figure 1A, comparing non-CKD vs. CKD mice 7 days post-myocardial infarction. Cardiac parameters analyzed in baseline or upon dobutamine stress. 
Metabolites analyzed in the remote left ventricular tissue of the infarcted heart. Shown are correlation analyses between cardiac metabolites and cardiac performance, 
with r, Pearson correlation coefficient, and associated P-value. Significant correlations are highlighted (0.7 ≤ r (very strong positive correlation); 0.5 ≤ r < 0.7 (strong positive 
correlation); r ≤ −0.7 (very strong negative correlation); −0.7 < r ≤ −0.5 (strong negative correlation)). N = 6/group with both Millar and metabolomics data available; one 
outlier excluded in CKD group for CoA and Gro3P based on Grubbs outlier test. For visualization, see Figure 5G and Supplementary material online, Figure S16. AU, arbitrary units.
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carboxylated glycans on endothelial cells shown,51 may underlay 
the absence of in vivo effects of Paquinimod or ABR-238901. 
Alternatively, other danger-associated molecules or their receptors 
may compensate for the loss of S100A8/A9 signaling upon acute 
pharmacological blockade in vivo. Also in previous studies, the in 
vivo impact of pharmacologically targeting S100A8/A9 signaling 
on cardiac function post-MI suffered from experimental variability: 
both an improved46 as well as a neutral54 effect on cardiac function 
post-MI were reported among studies using a similar short-term 
S100A8/A9 targeting strategy involving ABR-238901 (3 
days-treatment of C57BL/6 mice, each 30 mg/kg/day i.p. starting 
on the day of MI induction, analyzed 3 days54 or 7–21 days46

post-MI). Two other studies investigating an identical treatment 
with ABR-238901 reported only on effects on cardiac remodeling 

post-MI but not cardiac function.52,53 Of note, prolonged S100A9 
blockade is contraindicated: detrimental effects of daily 
ABR-238901 treatment were observed already 7 days post-MI, 
triggering a progressive deterioration of cardiac function post-MI 
due to a dual function of S100A9 in inflammation and repair.33 In 
summary, although the S100A8/A9 heterodimer exerts direct 
negative effects on calcium handling and contraction in cardiomyo
cytes ex vivo as shown in our study, systemic in vivo targeting in our 
mouse model does not seem to offer a straightforward strategy to 
reproducibly improve cardiac function post-MI. Nonetheless, in pa
tients, high S100A8/A9 levels post-infarction have been shown to 
be associated with an increased risk of major adverse cardiovascu
lar events including rehospitalization for heart failure and 
death.46,56 Thus, our findings of increased post-MI plasma levels 

Figure 6 CKD increases cardiac oxidative stress and inflammation including S100A8/A9 release, triggers harmful alterations in cardiac energy 
metabolism, and aggravates cardiac dysfunction post-infarction. (I ) Compared to non-CKD mice, CKD demonstrated an increased systemic and 
cardiac inflammation and oxidative stress post-MI: CKD increased the number of circulating myeloid cells (neutrophils and monocytes) into the 
blood post-MI as well as the accumulation of neutrophils in the cardiac LV tissue remote from the infarcted region (i). In parallel, CKD increased 
lipid peroxidation stress in the infarcted heart (ii) and triggered a stronger accumulation of the myeloid-derived acute stress proteins S100A8 
and S100A9 in circulation as well as in the remote zone of the infarcted heart (iii). Also, CKD enhanced p38-phosphorylation (iv) and 
Ser354-phosphorylation of NR4A1 (v) in the remote cardiac LV tissue, with both p3835 and S100A933 known to trigger NR4A1 phosphorylation 
and/or activation. NR4A1 and NR4A1 Ser354-phosphorylation have previously been implicated in stress-induced cardiomyocyte dysfunc
tion.35,49,50 Of note, single-nucleus RNAseq data revealed also increased expression of S100A8 and S100A9 in the infarcted human heart com
pared to healthy controls, with both alarmins mainly originating from myeloid cells in the border zone remote from the infarcted area (vi). In 
addition, increased circulating levels of S100A8/A9 shortly after an acute MI could be detected in patients with kidney dysfunction (eGFR<60) 
compared to those without (eGFR≥60) (vi). Furthermore, the S100A8/A9 complex exerted an acute detrimental impact on calcium flux (vii) and 
contractile responses (viii) in primary cardiomyocytes, as shown ex vivo, although without a benefit of a short-term pharmacological interven
tion on cardiac function post-MI identified in vivo. (II) In parallel, CKD triggered harmful alterations in cellular energy metabolism in the heart 
post-MI with a restricted glycolytic entry, a reduced glycerol-3-phosphate (Gro3P) shuttle, and a shortage of the cellular energy metabolite 
Coenzyme A in CKD vs. non-CKD mice post-MI (ix), with these alterations associated with poorer cardiac performance post-MI (x). (III) 
Combined, these changes in inflammation, oxidative stress and cardiac metabolic changes were associated with aggravated cardiac dysfunction 
post-MI in CKD compared to non-CKD mice (xi). CKD, chronic kidney disease; CoA, coenzyme A; Gck, glucokinase; Gro3P, glycerol-3-phosphate; 
and MI, myocardial infarction. Created with BioRender.com.
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of S100A8/A9 in CKD compared to non-CKD patients could still in
dicate a potential poorer outcome for this patient group post- 
infarction, warranting a follow-up validation study.

Beyond increased cardiac inflammation and oxidative stress, 
CKD mice also showed metabolic alterations in the cardiac LV 
area remotely to the infarction zone, with a disturbed conversion 
of pantothenic acid to CoA and a downstream decreased availabil
ity of CoA-conjugated fatty acids, in addition to increased hexose 
levels but reduced levels of Gro3P (Figure 6). These characteristics 
may each contribute to cardiac dysfunction: CoA and acetyl-CoA— 
the latter produced both by glycolysis and the oxidation of fatty 
acids (Figure 6)—are key metabolites for cellular energy production, 
and their limited availability as we detected in CKD conditions 
post-MI may compromise cardiac energy supply. The heart highly 
depends for energy on fatty acid oxidation—which requires 
CoA-conjugated fatty acids in the mitochondria with production 
of acetyl-CoA—and compromised fatty acid oxidation is a main 
characteristic of heart failure.57 Also, acetyl-CoA supports cardiac 
function post-MI/RI by mediating histone acetylation and thereby 
reducing cardiomyocyte oxidative stress.58 The mechanisms 
underlying these metabolic alterations in CKD remain currently un
clear. The PANK enzymes (mainly PANK1 in the heart) are the rate- 
limiting enzymes in the conversion of pantothenic acid to CoA, with 
additional key roles for PANK4 as a regulatory unit,59 PPCS, 
PPCDC, and COASY (see Supplementary material online, 
Figure S15A). Our data indicate that CKD does not induce gene 
expression changes for any of these enzymes in the infarcted 
heart and also does not alter PANK1 on a protein level. However, 
it remains to be investigated whether CKD affects cardiac metabo
lites in the infarcted heart by dysregulating the functional activity 
of these enzymes, e.g. triggered by the detected increased 
cardiac peroxidation levels post-infarction in CKD conditions. 
Post-translational modifications have indeed been increasingly ac
knowledged to alter protein function and associated pathophysio
logical processes and cardiovascular risk in CKD.60

In addition to reduced levels of CoA and acetyl-CoA, also the re
duced levels of Gro3P—as observed in the cardiac LV area remotely 
to the infarction zone in CKD compared to non-CKD mice—may 
negatively impact on the heart. Gro3P is known to reduce mito
chondrial stress through the Gro3P shuttle, which regenerates 
cytosolic NAD+ by transferring electrons from cytosolic NADH to 
the electron transfer chain in the mitochondrial matrix.61 Of note, 
Gro3P is a side product of glycolysis and can be produced from 
fructose 1,6-bisphosphate—a main intermediate of glycolysis— 
over dihydroxyacetone phosphate (DHAP).62 Increased glucose 
levels in the absence of increased GLUT1/GLUT4 expression in 
combination with reduced levels of acetyl-CoA and Gro3P point 
to disturbances in glycolysis, whereas the latter was shown to 
be cardioprotective post-infarction.63 Our observation of the 
CKD-associated reduction of the glucokinase GCK in the infarcted 
heart may contribute to dysregulation of glycolysis and associated 
metabolic branch points. GCK belongs to the group of hexokinases, 
which mediate the first step of glycolysis. Although family members 
hexokinase 1 and 2 are higher expressed in the myocardium 
compared to GCK, a loss of cardioprotection was revealed after is
chemia/reperfusion injury and oxygen deprivation stress by down
regulation of GCK, with GCK shown to promote glycolysis and 
thereby support cardiomyocyte survival.64

Overall, the observed cardiac metabolic alterations post-MI in 
CKD vs. non-CKD conditions were associated with poorer cardiac 
performance. Compared to ischemic conditions, less pronounced 
CKD-induced downregulation of CoA in the absence of MI, as 
well as unaltered cardiac levels of acetyl-CoA, hexose, and Gro3P 
in CKD vs. non-CKD mice in the absence of MI may explain the ab
sence of cardiac dysfunction upon CKD induction without MI, in 
contrast to the observed aggravated cardiac dysfunction post-MI 
in CKD vs. non-CKD mice. Furthermore, the overall mitochondrial 

respiration capacity of isolated cardiac mitochondria was not af
fected by CKD in ischemic or non-ischemic conditions. Taken to
gether, our findings indicate that the metabolic changes observed 
in murine remote LV tissue in CKD vs. non-CKD mice post-MI (accu
mulation of pantothenic acid with depletion of CoA and acetyl-CoAs, 
together with increased hexose, reduced GCK expression, and 
decreased Gro3P) do not result from an intrinsic defect in mitochon
drial respiratory capacity, but rather from CKD-associated impair
ment in post-MI metabolic adaptation in the remote LV, 
characterized by restricted glycolytic entry and a functional limita
tion in (acyl-)CoA bioavailability. This reduced metabolic input in 
the ischemic heart in CKD conditions could predispose the heart 
to an aggravated cardiac dysfunction post-MI, potentially in combin
ation with pro-oxidative alterations as we observed in the heart. 
Hence, rather than suppressing innate immune-associated re
sponses such as S100A8/A9 with double-edged functions in cardiac 
remodeling, targeting both cardiomyocyte intrinsic oxidative and 
metabolic stress, such as p38/NR4A1 activation combined with 
CoA-dependent metabolic limitations, may provide support for the 
ischemic heart in CKD conditions.

As limitation, our permanent ligation myocardial infarction model 
reflects the clinical scenario of patients with acute STEMI without 
fast, successful reperfusion, but not the scenario of fast revascular
ization, which is better reflected in the myocardial ischemia– 
reperfusion injury model. Furthermore, the adenine-induced CKD 
model involves crystal deposition in kidney tissue, which rapidly 
impairs kidney function and induces inflammation with pro
nounced tubulointerstitial fibrosis. While this model is extensively 
used to examine the cardiorenal axis, it differs from the more 
gradual loss of kidney function in human CKD. Also, since the 
adenine-induced CKD model shows sex differences in CKD devel
opment,65 we included only male mice in this study to exclude dif
ferential effects on the infarcted heart merely due to different 
degrees in kidney damage between sexes. A follow-up study in fe
male mice remains recommended. Finally, other CKD models than 
those used in this study (using different mouse strains, CKD induc
tion methods, and/or CKD duration) could observe cardiac re
modeling and cardiac functional changes upon solely CKD 
induction.12–18 This is expected to further impact cardiac remod
eling post-infarction, with the extent to be further examined in a 
follow-up study.

In conclusion, our study reveals for the first time that CKD in
creases innate immune activation, inflammation, and oxidative 
stress in the infarcted heart as well as triggers cardiac metabolic al
terations characterized by restricted glycolytic entry and a func
tional limitation in (acetyl-)CoA bioavailability. This is 
accompanied by an aggravated cardiac dysfunction post-infarction 
in CKD compared to non-CKD conditions, independent of infarct 
size, with poorer cardiac performance in CKD associated with the 
cardiac metabolic alterations (Figure 6). Combined, these changes 
may contribute to the poorer outcome of CKD patients post- 
infarction compared to patients with healthy kidney function. 
Future studies should examine whether S100A8/A9 has a value 
as predictive biomarker for poorer cardiovascular outcome post- 
infarction in CKD patients, as recently shown for post-MI heart fail
ure in the general population.66 Also, further studies are required 
into how precisely CKD affects cardiac energy metabolism and 
whether this forms a potential therapeutic target. With CKD 
strongly impacting on cell pathways through post-translational 
modifications of proteins,60 the question arises whether CKD 
may trigger detrimental post-translational modifications of key en
zymes within metabolic pathways, and whether modulation of the 
activity of these enzymes (e.g. PANK) may provide cardioprotec
tion post-MI in CKD conditions. In this context, SGLT2 inhibitors 
emerge as particularly interesting, especially considering preclinical 
evidence suggesting an off-target activation of PANK1 as a likely 
contributor to their cardioprotective effects.67
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Translational perspective
Patients with chronic kidney disease (CKD) exhibit a reduced survival following myocardial infarction. We discovered that CKD triggers 
metabolic alterations in the infarcted heart, leading to reduced levels of energy-providing metabolites. Also, CKD increased inflamma
tory cells, acute phase proteins, and lipid peroxidation in the heart post-infarction, and activated molecular pathways linked to cardi
omyocyte dysfunction. S100A8/A9 had a detrimental impact on cardiomyocytes and was also increased in CKD patients 
post-infarction. By revealing a detrimental axis of both inflammatory and metabolic changes, this study increases the understanding 
of aggravated cardiac dysfunction in CKD post-infarction and reveals novel targets for translational research.

Supplementary material
Supplementary material is available at Cardiovascular Research
online.
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