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Abstract 
Ischemia-induced metabolic remodeling plays a critical role in the pathogenesis of adverse cardiac remodeling and heart 
failure however, the underlying molecular mechanism is largely unknown. Here, we assess the potential roles of nicotina-
mide riboside kinase-2 (NRK-2), a muscle-specific protein, in ischemia-induced metabolic switch and heart failure through 
employing transcriptomic and metabolomic approaches in ischemic NRK-2 knockout mice. The investigations revealed 
NRK-2 as a novel regulator of several metabolic processes in the ischemic heart. Cardiac metabolism and mitochondrial 
function and fibrosis were identified as top dysregulated cellular processes in the KO hearts post-MI. Several genes linked 
to mitochondrial function, metabolism, and cardiomyocyte structural proteins were severely downregulated in the ischemic 
NRK-2 KO hearts. Analysis revealed significantly upregulated ECM-related pathways which was accompanied by the 
upregulation of several key cell signaling pathways including SMAD, MAPK, cGMP, integrin, and Akt in the KO heart 
post-MI. Metabolomic studies identified profound upregulation of metabolites mevalonic acid, 3,4-dihydroxyphenylglycol, 
2-penylbutyric acid, and uridine. However, other metabolites stearic acid, 8,11,14-eicosatrienoic acid, and 2-pyrrolidinone 
were significantly downregulated in the ischemic KO hearts. Taken together, these findings suggest that NRK-2 promotes 
metabolic adaptation in the ischemic heart. The aberrant metabolism in the ischemic NRK-2 KO heart is largely driven by 
dysregulated cGMP and Akt and mitochondrial pathways.

Key messages 
•	 Post-myocardial infarction metabolic switch critically regulates the pathogenesis of adverse cardiac remodeling and heart 

failure. Here, we report NRK-2 as a novel regulator of several cellular processes including metabolism and mitochondrial 
function post-MI. NRK-2 deficiency leads to downregulation of genes important for mitochondrial pathway, metabolism, 
and cardiomyocyte structural proteins in the ischemic heart. It was accompanied by upregulation of several key cell sign-
aling pathways including SMAD, MAPK, cGMP, integrin, and Akt and dysregulation of numerous metabolites essential 
for cardiac bioenergetics. Taken together, these findings suggest that NRK-2 is critical for metabolic adaptation of the 
ischemic heart.
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Introduction

Cardiac diseases including myocardial infarction (MI)-
induced heart failure account for a number of deaths larger 
than any other disease in humans [1]. The lifestyle and 

genetic makeup of an individual are among the largest risk 
factors of MI. The systemic hypoxia and metabolic altera-
tions in MI switch the energy production towards anaerobic 
glycolysis at the expanse of oxidative metabolism [2]. Con-
sequently, a metabolic switch between glycolysis and fatty 
acid usage occurs depending on the oxygen levels that deter-
mine mitochondrial bioenergetics. Ischemia-induced cardiac 
injury is primarily associated with the severity of cardio-
myopathy, fibrosis, and metabolic conditions of the heart [3, 
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4]. During ischemia, oxygen depletion to the myocardium 
affects mitochondrial and metabolic functions. Overall, the 
metabolic response is important for cardiac homeostasis and 
successful adaptation to MI.

In accordance with the energy demand and oxygen sup-
ply of the heart for efficient pumping, oxidation of fatty 
acid occurs within myocardial cells based on the allosteric 
control of fatty acid uptake, esterification, and mitochon-
drial transport [5, 6]. Alterations in fatty acid metabolism, 
particularly abnormal fatty acid β-oxidation during and after 
ischemia, may contribute to heart failure [7]. Different fatty 
acids and their final metabolites have different effects on 
cardiomyocytes. Even though a reduced fatty acid metabo-
lism eventually leads to increased glucose utilization [8, 9], 
it is unclear how well these metabolic pathways are regu-
lated in the myocardium.

In ischemic conditions, aberrant metabolic response 
in the heart largely depends on mitochondrial function. 
Mitochondria generate ~ 90% of the ATPs for myocardial 
contraction, and mitochondrial oxidative phosphorylation 
(OXPHOS) is the primary source of energy in the heart 
[10]. Moreover, mitochondria maintain a homeostatic state 
by regulating the metabolic pathways responsible for balanc-
ing fatty acid and glucose oxidative phosphorylation [4]. 
In pathological conditions, this homeostatic state gets dis-
turbed, which often causes mitochondrial dysfunction and, 
ultimately, cell death [11]. Dead myocardium is replaced 
by fibrotic tissues, characterized by the transformation of 
cardiac fibroblasts to myofibroblasts [3, 12]. Integrin signal-
ings, such as the focal adhesion kinase (FAK), Rho-associ-
ated protein kinase (ROCK), and mitogen-activated protein 
kinase (MAPK), are well-established signaling pathways to 
regulate cardiac fibrosis under cardiac stress conditions [13]. 
Therefore, mitochondrial health and metabolic derangement 
play important roles in the pathogenesis of heart failure post-
ischemia. Though many studies reported the role of mito-
chondrial dysfunction and metabolic switch in MI-induced 
cardiac remodeling, the underlying molecular mechanisms 
remain elusive.

Studies from our lab and other groups have character-
ized the role of a muscle integrin-binding protein nicoti-
namide riboside kinase-2 (NRK-2) in heart failure models 
including ischemia and pressure overload [14–16]. NRK-2 
is highly expressed in skeletal muscle, and a trace amount 
is reported in healthy cardiac muscles [15]. We previously 
identified that NRK-2 specifically represses the P38α activ-
ity in mouse ischemic heart [15], and JNK in angiotensin II-
treated human cardiomyocytes to limit apoptotic cardiac cell 
death, dilatative cardiac remodeling, and excessive fibrosis 
[16]. Despite these critical roles and being a top upregu-
lated protein in dilated cardiomyopathy model [17, 18], the 
downstream targets of NRK-2 in cardiac pathogenesis are 
largely unknown.

Here, we performed transcriptomic and metabolomic stud-
ies in the ischemic NRK-2 KO hearts to identify the novel 
dysregulated genes/pathways and metabolites. We report, for 
the first time, that the loss of NRK-2 profoundly upregulates 
genes related to cardiac fibrosis and downregulates genes 
related to metabolic pathways and mitochondrial function. 
Moreover, metabolic studies suggest the dysregulation of 
important cardiac metabolites, including mevalonic acid, 
3,4-dihydroxyphenylglycol (DHPG), 2-penylbutyric acid, 
stearic acid, 2-pyrrolidinone, and 8,14,11-eicosatrienoic acid. 
Hence, our findings strongly suggest that NRK-2 interplays 
roles between mitochondrial function and metabolic remod-
eling in the ischemic heart.

Method

NRK‑2 knockout mice generation and myocardial 
infarction induction

NRK-2 knockout mouse was generated by the Jackson 
Laboratory (stock #018,683) using embryonic stem cells 
as described previously [15]. The experimental NRK-2 
knockout (KO) mice were generated by crossing het-
erozygous males with heterozygous females under con-
trolled conditions. The mouse strain was maintained on the 
C57BL/6 background. Eight- to ten-week old NRK-2 KO 
and littermate control male mice (n = 7–8) were anesthetized 
through an IP injection of ketamine (50 mg/kg) and xylazine 
(2.5 mg/kg) and subjected to permanent ligation of proximal 
left anterior descending (LAD) coronary artery (myocardial 
infarction), as described previously [19]. Since NRK-2 KO 
mice presented a severe phenotype two weeks following MI 
[15], we selected a time point of 1-week post-MI for our 
studies. The mice were euthanized by CO2 overdosing in 
a closed chamber, and cardiac tissue was harvested imme-
diately for the studies. All animal procedures were carried 
out as per current NIH guidelines. The Institutional Animal 
Care and Use Committee (IACUC) of Vanderbilt University 
Medical Center approved all animal procedures and treat-
ments, and animal-related experiments were performed at 
the Vanderbilt University Medical Center.

RNA extraction and cDNA library preparation

RNA isolation was performed as described previously 
[20]. Briefly, total RNA was isolated from remote LV tis-
sues (after careful exclusion of the fibrotic scar and bor-
der area) (n = 5–4) using RNeasy kit (Qiagen) according to 
the manufacturer’s protocol. The quality of total RNA was 
assessed by the ratios OD260/OD280 and OD260/OD230 
using Nano-drop 2000. Complimentary DNA (cDNA) was 
synthesized from 1 µg total RNA through SuperScript II 
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reverse-transcriptase (Life Technologies). Prior to the next-
generation sequencing (n = 3 each group), adapters were 
ligated onto both ends of the cDNA fragments. After ampli-
fying fragments using PCR, fragments with insert sizes 
between 200 and 400 bp were selected for further process-
ing. The libraries were pooled and sequenced on NovaSeq 
(paired-end sequencing).

Read processing and QC alignment

Library quality control was performed to analyze the qual-
ity of the overall raw reads and total bases, as well as the 
percentage of the GC content. The library was checked with 
Qubit and real-time PCR for quantification and size detec-
tion. The total number of bases, reads, GC (%), Q20 (%), 
and Q30 (%) were calculated for each sample. The quality 
of produced data is determined by the phred quality score 
(Q20) at each cycle referring to 99% accuracy and reads 
over the score of 20 are accepted as good quality. Phred 
quality score 20 Box plot containing the average quality at 
each cycle is created with FastQC wherein the x-axis shows 
the number of cycles and y-axis shows phred quality score.

Prior to sequencing, artifacts such as low-quality reads, 
adaptor sequence, contaminant genomic DNA, or PCR 
duplicates are removed. Trimmomatic program was used to 
remove adapter sequences and bases with base quality lower 
than three from the ends. Reads with a length shorter than 
36 bp were removed during data trimming. Trimmed reads 
were then mapped to the reference genome using HISAT2, 
through Bowtie2 splice-aware aligner. UCSC mm10 was 
used as a reference genome.

Expression profiling analysis

Transcripts were assembled by StringTie with aligned reads 
(n = 3 each group) as described previously. StringTie is a 
highly efficient assembler of RNA-Seq alignments into 
potential transcripts. It uses a network flow algorithm as 
well as de novo assembly step to assemble and quantitate 
full-length transcripts representing multiple splice variants 
for each gene locus. Expression profiles are represented as 
read count and normalization value which are based on tran-
script length and depth of coverage. The FPKM (fragments 
per kilobase of transcript per million mapped reads) value 
is used as a normalization value. Differentially expressed 
genes were determined using a volcano plot and genes with 
log2 fold change of 2 or higher were taken.

Enrichment analysis

Gene Ontology (GO terms for biological process and 
molecular function) and KEGG pathways enrichment 
analysis were performed (n = 3 each group) to identify 

the differentially expressed genes as described previously 
[21]. R documentation and GO enrichment analysis for 
differentially expressed genes were carried out by cluster-
Profiler R as described before [22], and any GO term with 
corrected p < 0.05 was considered an enriched term. The 
clusterProfiler was also used to test the statistical enrich-
ment of differential gene expression in KEGG pathways, 
and any term with an adjusted p < 0.05 was considered 
statistically significant.

Quantitative real‑time PCR (qRT‑PCR)

To validate the NGS data, a set of six top dysregulated genes 
were chosen for qRT-PCR (n = 5–4) to validate the transcript 
data. qRT-PCR was performed using the same procedure as 
described previously [23]. Briefly, total RNA was extracted 
using the RNeasy kit (Qiagen), and cDNA was synthesized 
using SuperScript II reverse-transcriptase (Life Technolo-
gies). qRT-PCR is performed using the SYBR Green PCR 
master mix using the primers provided in Suppl. Table 1. 
The calculations were performed using delta-delta-Ct 
method, and the results were normalized with 18 s rRNA.

LV lysate preparation

LV Lysates were prepared as described previously [24]. 
Briefly, heart tissues were harvested from anesthetized mice 
post 1 week of MI. Then, the atrium and right ventricle were 
excised carefully. The remote LV tissue (n = 3 each group) 
was homogenized in 1 × lysis buffer (Cell Signaling #9803) 
containing protease and phosphatase inhibitor cocktail. After 
homogenization, tissue lysates were spun down at 15,000 g 
for 15 min at 4 °C. The supernatant was collected in fresh 
sterile tubes, and protein concentration was quantified using 
bicinchoninic acid (BCA) protein assay (Pierce# 23,225). A 
total of 100 µg of the lysate were taken for further metabo-
lomics study.

Tandem mass high‑performance liquid 
chromatography mass spectrometry (HPLC–MS/MS)

For the separation of metabolites, the TimsTOF mass spec-
trometer and Elute UHPLC and autosampler (Bruker, Bill-
erica, MA, USA) were employed as described previously 
[25]. Each metabolite was analyzed using electrospray ioni-
zation (ESI) with MS/MS-positive scan mode within the 
range of 20–1300 m/z. A Hamilton Intensity Solo 2 C18 
column (100 mm × 2.1 mm, 1.8 µm beads) was maintained 
at 35 ℃ for metabolomics analyses. Ten microliters of the 
samples reconstituted with acetonitrile was injected twice 
consecutively and eluted using a gradient elution mode. 
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Sodium formate was injected as an external calibrant in the 
first 0.3 min of each LC–MS/MS run.

Metabolite processing and integration 
of metabolomics with transcriptomics

MetaboAnalyst V5 workflow software [26] was used for 
metabolite processing and statistical analysis (n = 3 each 
group). Parameters set for peak detection are as follows: a 
minimum intensity threshold of 1000 counts as well as a 
minimum peak duration of 7 spectra, using peak area for fea-
ture quantification. The file masses were recalibrated based 
on the external calibrant injected between 0 and 0.3 min. 
To analyze the distribution of metabolite intensities among 
groups, independent, two-tailed Student’s t-test was per-
formed using MetaboAnalyst V5.

Pathway enrichment and integration of metabolomics 
with transcriptomics were performed using MetaboAna-
lyst 5.0 and ImPala software. Enrichment was carried out 
with selected different metabolites (DM) with significant 
p value (0.0) versus top upregulated or downregulated 
DEG’s. The DMs with p < 0.1, combined with the DEGs 
with p < 0.05, and |log2FoldChange|> 1.5, were selected 
for integrative analysis.

Statistical analysis

The results are presented as mean ± SEM, and the comparisons 
among the groups were performed by the Mann–Whitney test 
unless it is mentioned. Data were analyzed using GraphPad 
Prism 6 (GraphPad Software, La Jolla, CA), and p < 0.05 was 
considered statistically significant.

Results

NRK‑2 deficiency induces differential expression 
of genes post‑MI

We recently reported that NRK-2 deficiency promotes rapid 
LV chamber dilatation, increased fibrosis and scar forma-
tion, LV wall thinning, and heart failure post-MI [15]. How-
ever, precise molecular mechanisms and downstream targets 
of NRK-2 are unknown. To identify the same, transcriptomic 
analysis was performed in remote LV harvested from NRK-2 
KO mice post 1 week of MI. Following total RNA library 
construction, sequencing and transcriptome analysis were 
performed (Fig. 1A). The quality check of the transcript data 
was performed using phred quality score. The phred quality 
score of 20 was considered as 99% accuracy, and the reads 
over the score of 20 were accepted as good quality.

The dispersion scatters and volcano plots based on differ-
entially expressed genes (DEGs) revealed a total of 24,528 

variables between the NRK-2 KO and control groups post-
MI (Fig. 1B). The fibrotic genes such as Col8a1, Col12a1, 
Col5a2, Mfap5, and Fbn1 were among the most upregulated 
genes (Fig. 1C, Table 1). Collectively, these data suggest 
that loss of NRK-2 induces differential expression of several 
genes post-MI.

Uniquely and differentially regulated genes 
and pathways in the NRK‑2 KO heart post‑MI

The R package of clusterProfiler was performed to assess 
the functional insights of DEGs and strongly influenced 
KEGG pathways. The heatmap shows the group of DEGs 
of extremely affected pathways which includes mitochon-
drial function, metabolism, and extracellular matrix (ECM) 
(Fig.  2A). Most of the genes in the top downregulated 
group in the ischemic KO hearts were related to mitochon-
drial function and metabolism. Consequently, most of the 
genes in the top upregulated group were related to compo-
nents of ECM. The Venn diagram showed a total of 4028 
differentially expressed genes shared by both control and 
KO groups, while 39 genes in the KO and 77 genes in the 
control groups were uniquely expressed (Fig. 2B). Based 
on enriched ontology clustering, DEGs were significantly 
enriched in the pathways like nucleoside biphosphate 
metabolic process [Padj =  −log10(3.5)], protein homoo-
ligomerization [Padj =  −log10(3.2)], and drug metabo-
lism [Padj =  −log10(3)] and were enriched among the top 
downregulated pathways (Fig. 2C). However, the fibrotic 
pathways including ECM organization, assembly of col-
lagen fibrils (Padj =  −log10(12.5)), integrin cell surface 
interactions (Padj =  −log10(12)), and cellular responses to 
TGF-β stimulus [Padj =  −log10(12)] were among the top 
upregulated pathways (Fig. 2D). Analysis from the KEGG 
pathways indicated that pathways related to metabolic func-
tions were exceptionally downregulated and tissue fibrosis 
regulatory pathways were among the top upregulated in the 
NRK-2 KO hearts post-MI.

NRK‑2 regulates fibrosis and metabolic 
derangement in the ischemic heart

Next, we investigated the top differentially expressed genes 
in the KO hearts. Most of the upregulated genes in the 
NRK-2-deficient heart were related to ECM deposition and 
fibrosis. A total of 29 genes related to ECM components 
were identified to be upregulated in the KO hearts post-MI 
(Fig. 3A). Other than the fibrotic genes, Lox, Thbs1, Nppa, 
Nppb, Aspn, Sfrp1, Myh7, Loxl1, and Fat1 were also among 
the top upregulated genes (Table 1). Interestingly, genes that 
play important roles in mitochondrial and metabolic func-
tions were downregulated. A total of 34 genes related to 
metabolic processes and 40 genes related to mitochondrial 
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function were found to be downregulated in the NRK-2 
hearts post-MI (Suppl. Table 2A, B, C). The genes including 
Atp2a2, Slc25a4, Gbas, Nnt, Sdhb, Sod2, Eno3, Acsl1, Etfdh, 
Hadhb, Idh2, Hadha, Acadm, Acadvl, Acaa2, and Ech1 were 
among the top 50 downregulated genes. Further analysis 
revealed that the other gene categories including Smyd1, 
Fabp3, Pygm, Fyco1, Ldhb, Gsn, Pink1, Myl3, Myl2, Pln, 
Tcap, and Tnni3 were also included among the top down-
regulated genes (Fig. 3B, C). These findings suggest that 
NRK-2 plays important roles in the regulation of fibrosis, 
mitochondrial function, and metabolic remodeling in the 
ischemic heart.

Loss of NRK‑2 modulates MI‑induced expression 
of genes related to cardiac structural and Ca2+ 
handing proteins

Next, we validated a few genes from the top differentially 
expressed group of genes. A total of six from top upregu-
lated and another six from top downregulated gene sets were 
assessed through qRT-PCR using RNA isolated from 1 week 
post-MI KO and control LV tissue. As expected, analyses 

revealed that NRK-2 deficiency significantly downregu-
lated the mRNA transcript levels for the genes Tcap, Tnni3, 
Atp2a22, Acadm, Acaa2, and Hadha (Fig. 4A–F). Moreover, 
consistent with our transcriptomic data, qRT-PCR analysis 
for the genes Ltbp2, Col1a1, Col12a1, Col8a1, Mmp2, and 
Fn1 showed significantly increased mRNA expression in the 
NRK-2 KO hearts post-MI (Fig. 4G–L). The genes which 
were significantly upregulated are related to ECM struc-
tural components like LTBP2 which forms microfibrils and 
involves in cell adhesion. In this group, other genes such as 
Col1a1, Col12a1, and Col8a1 are collagen related, and FN1 
is a fibronection coding gene that plays a role in cell migra-
tion. Many of the validated genes under the downregulated 
category like Acadm, Acaa2, and Hadha are related to mito-
chondrial enzymes, whereas Tcap and Tnni3 encode cardiac 
troponin and related proteins.

NRK‑2 deficiency dysregulates important 
metabolites in the ischemic heart

Our transcriptomic findings strongly suggest that NRK-2 
may play critical roles in the derangement of metabolic 

Fig. 1   A Schematic diagram shows the experimental design. NRK-2 
knockout (KO) and littermate control mice were subjected to left 
anterior descending (LAD) coronary artery ligation (myocardial 
infarction) followed by cardiac tissue harvesting and total RNA isola-
tion. mRNA sequencing followed transcriptomic analysis and metab-
olomic studies were performed using remote LV region to identify 
the differentially expressed genes (DEGs). B MA plot shows log2 

fold-changes in the gene expression versus the mean of normalized 
count between NRK-2 KO and control hearts. C The volcano plot 
shows DEGs from control NRK-2 KO hearts post-MI. The top left 
genes (red) show significantly downregulated genes while the top 
right panel (red) shows significantly upregulated genes. Only a few 
top dysregulated genes are labeled
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Table 1   Table shows top 25 upregulated and top 25 downregulated genes in the NRK-2 KO heart post-MI

S. No Gene Name P Value P Adj log2F/C

1 Ltbp2 (Latent transforming growth factor beta binding protein 2) 19.67987 3.21E-86 3.6693
2 Cilp (cartilage intermediate layer protein) 9.34713 9.01E-21 3.3559
3 Col8a1 (Collagen, type VIII, alpha 1) 9.633164 5.79E-22 3.3233
4 Postn (Periostin) 7.027452 2.1E-12 2.8239
5 Ctgf (Connective tissue growth factor) 7.112901 1.14E-12 2.8134
6 Nppa (Natriuretic peptide type A) 5.892907 3.79E-09 2.7828
7 Col12a1 (Collagen, type XII, alpha 1) 6.673539 2.5E-11 2.7723
8 Lox (Lysyl oxidase) 7.024367 2.15E-12 2.7224
9 Thbs1 (Thrombospondin 1) 9.8661 5.84E-23 2.5335
10 Aspn (Asporin) 7.8552 3.99E-15 2.3655
11 Emp1 (Epithelial membrane protein 1) 9.0164 1.94E-19 2.3285
12 Eln (Elastin) 11.006 3.58E-28 2.3195
13 Sfrp1 (Secreted frizzled-related protein 1) 7.2355 4.64E-13 2.1923
14 Mfap5 (Microfibrillar associated protein 5) 9.4537 3.27E-21 2.0449
15 Col5a2 (Collagen, type V, alpha 2 Col5a2) 6.7702 1.29E-11 2.000
16 Clu (Clusterin) 7.2038 5.86E-13 1.8958
17 Fstl1 (Follistatin-like 1) 6.8371 8.08E-12 1.8326
18 Myh7 (Myosin, heavy polypeptide 7, cardiac muscle, beta) 4.1835 2.87E-05 1.8015
19 Thbs2 (Thrombospondin 2) 5.7296 1.01E-08 1.7752
20 Bgn (Biglycan) 8.9803 2.7E-19 1.7287
21 Fat1 (FAT atypical cadherin 1) 10.186 2.29E-24 1.7250
22 Fn1 (Fibronectin 1) 3.2991 9.70E-04 1.7177
23 Fbn1 (Fibrillin 1) 7.9095 2.59E-15 1.6642
24 Fam198b (Family with sequence similarity 198, member B) 9.7597 1.68E-22 1.591207
25 Rtn4 (Reticulon 4) 7.4865 7.07E-14 1.529844
26 Ech1 (Enoyl coenzyme A hydratase 1, peroxisomal) -5.8168 6E-09 -1.8460
27 Acaa2 (Acetyl-Coenzyme A acyltransferase 2 (mitochondrial 3-oxoacyl-Coenzyme A thiolase)) -5.6312 1.79E-08 -1.8056
28 Tnni3 (Troponin I, cardiac 3) -4.7324 2.22E-06 -1.5346
29 Acadvl (Acyl-Coenzyme A dehydrogenase, very long chain) -4.3288 1.5E-05 -1.3559
30 Acadm (Acyl-Coenzyme A dehydrogenase, medium chain) -4.6725 2.98E-06 -1.3542
31 Tcap (Titin-cap) -3.9233 8.74E-05 -1.3287
32 Hadha (Hydroxyacyl-Coenzyme A dehydrogenase/3-ketoacyl-Coenzyme A thiolase/enoyl-Coenzyme A hydratase 

(trifunctional protein), alpha subunit)
-4.8257 1.4E-06 -1.3203

33 Idh2 (Isocitrate dehydrogenase 2 (NADP +), mitochondrial) -4.4554 8.37E-06 -1.2989
34 Hadhb (Hydroxyacyl-Coenzyme A dehydrogenase/3-ketoacyl-Coenzyme A thiolase/enoyl-Coenzyme A hydratase 

(trifunctional protein), beta subunit)
-4.5886 4.46E-06 -1.2918

35 Etfdh (Electron transferring flavoprotein, dehydrogenase) -4.3222 1.54E-05 -1.2898
36 Pln (Phospholamban) -4.4371 9.12E-06 -1.2867
37 Ckm (Creatine kinase, muscle) -3.7247 1.96E-04 -1.2844
38 Acsl1 (Acyl-CoA synthetase long-chain family member 1) -4.7249 2.3E-06 -1.2716
39 Eno3 (Enolase 3, beta muscle) -3.723 1.97E-04 -1.2632
40 Sod2 (Superoxide dismutase 2, mitochondrial) -4.5232 6.09E-06 -1.2626
41 Myl2 (Myosin, light polypeptide 2, regulatory, cardiac, slow) -4.0889 4.33E-05 -1.2573
42 Sdhb (Succinate dehydrogenase complex, subunit B, iron sulfur (Ip)) -4.138 7.78E-06 -1.2285
43 Nnt (Nicotinamide nucleotide transhydrogenase) -4.7631 1.91E-06 -1.2377
44 Gbas (Glioblastoma amplified sequence) -4.4711 7.78E-06 -1.2285
45 Slc25a4 [Solute carrier family 25 (mitochondrial carrier, adenine nucleotide translocator), member 4] -3.7452 1.80E-04 -1.2145
46 Atp2a2 (ATPase, Ca +  + transporting, cardiac muscle, slow twitch 2) -4.0341 5.48E-05 -1.1976
47 Myl3 (Myosin, light polypeptide 3) -3.6756 2.37E-04 -1.188
48 Ckmt2 (Creatine kinase, mitochondrial 2) -3.482 4.98E-04 -1.1767
49 Pink1 (PTEN induced putative kinase 1) -4.693 2.69E-06 -1.1671
50 Gsn (Gelsolin) -6.5542 5.6E-11 -1.1607
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activity in the heart post-ischemia. Therefore, we sought to 
assess the metabolites expression profile in the NRK-2 KO 
hearts post-MI. After metabolomic analysis using Metabo-
Analyst, a total of 96 metabolites were confidently (p < 0.05) 
assigned to the HMDB 4.0 library (Suppl. Table 3). The 
principal component analysis (PCA) revealed incomplete 
separation between the control and NRK-2 groups. Thus, 
multivariate analysis was performed using a score plot for 
orthogonal projections to latent structures discriminant 
analysis (OPLSDA) providing a better separation and differ-
ences in key metabolites between the control and KO groups 
(Fig. 5A). Moreover, a volcano plot showed differential 
expression patterns of seven different metabolites (Fig. 5B).

Further analysis of these seven metabolites revealed 
that the relative concentration of four of them, including 
mevalonic acid (mevalonate), DHPG, 2-phenylbutyric acid, 
and uridine, were profoundly upregulated in the ischemic 
NRK-2 KO compared to control hearts (Fig. 5C–F). Inter-
estingly, the relative concentration levels of the stearic 
acid, 8,11,14-eicosatrienoic acid and 2-pyrrolidinone were 
significantly lower in the ischemic KO vs. control hearts 
(Fig. 5G–I). Taken together, these findings suggest that 
NRK-2 is important for metabolic processes in the ischemic 
heart and deficiency leads to metabolic derangement and 
heart failure.

Network analysis of DEGs with targeted metabolomics

To illustrate the association between DEGs and metabolites, 
we conducted a pathway-based analysis using the online 
software MetaboAnalyst 5.0. Based on our inputs, three 
major metabolic pathways were identified which mainly 
include biosynthesis of unsaturated fatty acid, pyrimidine 
metabolism, and tyrosine metabolism. The metabolic path-
ways that significantly influenced metabolites with respect 
to NRK-2 are displayed as different colored circles (Fig. 6A), 
and the depth of the color indicates the significance of the 
altered pathways along with the distance from the origin 
circles. The size of the circle implies to the relative impact 
values (Fig. 6B). The bar chart summarizes the enrichment 
analysis based on differential metabolites with significant 
p-value (Fig. 6C).

To understand the alteration of metabolic responses at 
the transcriptome level, a comprehensive analysis was con-
ducted with ImPala software which shows the relationships 
between DEGs and targeted metabolomics (Tables 2 and 
3). With this software, the most probable molecular interac-
tions among the DM and DEGs were identified and listed 
according to p value significance. The strongest coordinated 
responsiveness to NRK-2 was identified; with the most 
significant change related to ferroptosis, mitochondrial 
β-oxidation of long-chain saturated fatty acids, binding and 
uptake of ligands by scavenger receptors, and scavenging 

by class A pathways. The most significantly downregulated 
DEGs (Hadhb, Acaa2, Acsl1, Hadha) and downregulated 
DM stearic acid are involved in mitochondrial β-oxidation of 
long-chain saturated fatty acids. Another significantly upreg-
ulated DEGs, Col1a1, Col1a2, Col3a1, Col4a1, and Col4a2, 
along with guanosine monophosphate, were connected 
through a range of biological reactions that are involved in 
metabolism, signaling, and scavenging pathways. Collec-
tively, enrichment and integration of pathways based on DM 
and DEGs suggest that NRK-2 knockout affects major path-
ways linked to metabolism along with many other biological 
pathways of minor concern.

Discussion

Cardiac fibrosis, mitochondrial dysfunction, and metabolic 
derangement are the major complications found robustly 
associated with MI [27, 28]. Previous studies from our and 
other groups revealed that NRK-2 plays a critical role in the 
pathogenesis of cardiac diseases. The expression of NRK-2 
dramatically increases in ischemic and pressure-overloaded 
hearts, and deficiency induces dilated cardiomyopathies’ post-
cardiac stressors [15, 16]. There is currently no treatment to 
limit or reverse dilatative cardiac remodeling and heart failure. 
Here, we identified NRK-2 as a critical regulator of cardiac 
fibrosis, mitochondrial function, and metabolic processes 
through altering myocardial transcriptomic and metabolomic 
profile post-MI. Our novel findings indicate that NRK-2 defi-
ciency leads to an upregulation of fibrotic gene panels and 
downregulation of mitochondrial and metabolic genes post-
MI. Moreover, loss of NRK-2 leads to profound upregulation 
of mevalonic acid, DHPG, 2-phenylbutyric acid, and uridine 
and downregulation of stearic acid, 8,11,14-eicosatrienoic 
acid, and 2-pyrrolidinone metabolites in the ischemic heart.

Post-MI transcriptomic analysis shows differential 
expression of many genes in the NRK-2 KO hearts, which 
largely play roles in fibrosis induction, mitochondrial dys-
function, and metabolic derangement post-MI. These find-
ings are consistent with our previous report of increased 
fibrosis, extensive scar formation, dilated cardiac remod-
eling with profound LV dysfunction, and heart failure in 
NRK-2-deficient mice post-MI [15]. ECM organization 
and several other fibrosis-related pathways, including 
SMAD and MAP kinase, were among the top upregulated 
pathways in the KO post-MI. These observations strongly 
suggest the anti-fibrotic roles of NRK-2 in the ischemic 
heart though it is not clear whether NRK-2 directly modu-
lates profibrotic pathways. There is also a possibility that 
the upregulation of profibrotic pathways in the KO hearts 
is secondary to deranged metabolism and mitochondrial 
pathways-induced cell death post-MI. Moreover, similar 
to NRK-2, other integrin-binding proteins, including FAK, 
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integrin-linked kinase (ILK), Talin, Vinculin, and Melusin, 
are previously linked to cardiomyopathy and fibrosis in the 
stressed heart [29–32].

Mitochondrial bioenergetics and metabolism are criti-
cal for the cardiomyocytes to perform a healthy state of 
action. Upon MI onset, low availability of oxygen renders 

Fig. 2   NRK-2 deficiency upregulates ECM components genes and 
downregulates metabolic and mitochondrial pathways genes post-MI. 
A The heat map shows lower expression levels of many genes (right 
upper panel) related to mitochondrial dysfunction (MD) and metabo-
lism in the NRK-2 KO while upregulation of many genes of extra-

cellular matrix (ECM) components (right lower panel). B The circles 
show the number of unique and overlapping (4028) differentially 
expressed genes in control and NRK-2 KO hearts. KEGG pathway 
analysis shows C downregulated and D upregulated pathways in the 
KO heart post-MI
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the cardiomyocytes and other cardiac cells in a hypoxic state, 
which induces a metabolic shift [33]. In this condition, mito-
chondrial function and turnover are also affected. We identi-
fied several downregulated genes related to mitochondrial 
ion channels and metabolism in the NRK-2 KO hearts post-
MI. Among them, Acadm is primarily involved in fatty acid 
metabolism. Major studies in the mammalian heart suggest 
that fatty acid β-oxidation is the preferred pathway of energy 
production for maintaining efficient cardiac activity [34, 
35]. We also found a downregulation of acetyl-CoenzymeA 
acyltransferase 2 (Acaa2) in the NRK-2 KO heart post-MI 
which is involved as a potential binding partner in medium-
chain fatty acid metabolism and catalyzes the last step in the 
β-oxidation pathway [36, 37]. Though the role of the Acaa2 
gene is poorly characterized in the cardiomyocytes, we pro-
pose that its suppression may affect the adaptation of the 
metabolic pathways during cardiac injury. Similar to Acadm 
and Acaa2, several other genes related to fatty acid oxidation 
were downregulated in the KO hearts. Enoyl coenzyme A 
hydratase 1 (ECH1) is another gene among downregulated 
group found in mitochondria [38] and helps in metabolism 
primarily through catabolizing the polyunsaturated fatty 
acids [39]. The shifting of the myocardial bioenergetic sub-
strate from fatty acid to glucose leads to the downregulation 
of fatty acid β enzyme, which ultimately results in heart fail-
ure [40, 41]. Hence, NRK-2 regulates genes that are required 
for normal mitochondrial function and adequate metabolic 
activity of the ischemic heart.

Consistent with mitochondrial dysfunction and metabolic 
pathway defects, our findings further reveal the dysregula-
tion of critical metabolites in the ischemic NRK-2 KO heart. 
Growing datasets suggest that the alterations in metabolites 
level may help better understand the pathogenesis of heart 
failure and early detection of heart failure [42, 43]. NRK-2 
KO heart displayed an upregulation of metabolites meva-
lonate, DHPG, 2-phenylbutyric acid, and uridine post-MI. 
Mevalonate is synthesized from 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) [44] and is metabolized into iso-
prenoids, which is crucial for a variety of cellular functions, 
including cholesterol synthesis, cell growth, proliferation, 
and death [45, 46]. Studies have shown that targeting the 
mevalonate pathway limits myocardial fibrosis, adverse car-
diac remodeling, and dysfunction post-MI [47]. These stud-
ies suggest the detrimental effects of elevated mevalonate 
in the pathological phenotype of the ischemic NRK-2 KO 
animals. Another dysregulated metabolite in NRK-2 KO 
heart was DHPG which is a noradrenaline metabolite and 
is elevated in the infarcted heart of rats. The treatment with 
an angiotensin-converting enzyme (ACE) inhibitor reverses 
the level of DHPG and reduces heart failure [48]. Therefore, 
induction of DHPG in the NRK-2 KO hearts seems to occur 
due to increased LV dysfunction and heart failure.

The precise role of metabolite 2-phenylbutyric acid in car-
diac pathophysiology is unknown. The 2-phenylbutyric acid is a 
secondary metabolite, which is generally non-essential and may 
play roles in cell signaling. Such metabolites are often produced 

Fig. 3   Gene Ontology (GO) enrichment analysis of top differentially 
expressed genes. The vertical axis displays the genes corresponding 
to three categories A extracellular matrix, B metabolism, and C mito-

chondrial function. The horizontal axis shows the log2 fold changes 
in the mentioned gene expressions
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due to the incomplete metabolism of secondary metabolites [49]. 
Uridine was another metabolite with elevated expression in the 
NRK-2 KO hearts, which has also been reported to be induced 
in human ischemic hearts [50]. Interestingly, a recent study dem-
onstrated the protective roles of uridine in rats challenged with 
myocardial ischemia [51]. The study concluded that uridine pro-
tects the heart against ischemia potentially through the activation 
of mitochondrial ATP-dependent potassium channels.

In stark contrast, 8,11,14-eicosatrienoic acid, stearic 
acid, and 2-pyrolidinone were robustly downregulated in 
the KOs hearts compared to control heart pots-MI. The 
8,11,14-eicosatrienoic acid is a metabolite of alpha-linolenic 
acid and linoleic acid metabolism pathway. A higher 
plasma level of 8,11,14-eicosatrienoic acid was recently 
identified in patients with acute myocardial infarction 
(AMI) [52]. These observations suggest that the induction of 

Fig. 4   Validation of dif-
ferentially expressed genes 
through qRT-PCR: A A few 
top downregulated (A–F) 
and upregulated genes (G–L) 
validation show the relative 
mRNA expressions in the 
control and NRK-2 KO hearts 
post-MI. Values are expressed 
as mean ± SEM, Mann–Whitney 
test was performed to compare 
the group. ns, not significant; 
*p < 0.05
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8,11,14-eicosatrienoic acid in AMI patients is compensatory, 
and NRK-2 likely helps in the upregulation of such 
metabolites upon ischemia for metabolic adaptation. Stearic 
acid is another non-essential saturated fatty acid chain [53] 
found severely attenuated in the NRK-2 KO vs. control hearts 
post-MI. The loss of NRK-2 in the KO may limit the induction 

of these fatty acids, and their metabolites consequently lead 
to detrimental cardiac phenotypes.

In the same line, our transcriptomic analysis showed 
significant downregulation of fatty acid-binding protein-3 
(FABP3). FABP3 is a small protein in the heart that plays a 
crucial role in cardiomyocyte metabolism and limiting lipid 

Fig. 5   NRK-2 deficiency induces differential regulation of cardiac 
metabolites post-MI. A Orthogonal partial least squares (OPLS) for 
metabolites in the ischemic NRK-2 KO (red) and control (green) hearts. 
Each point represents biological replicate. B The volcano plot shows 
significantly dysregulated metabolites. Further analysis shows profound 

upregulation of C mevalonic acid, D 3,4-dihydroxyphenylglycol, E 
2-phenylbutyric acid, F uridine, and downregulation of G stearic acid, 
H 8,11,14-eicosatrienoic acid, and I 2-pyrrolidinone in the NRK-2 KO 
post-MI. n = 3 each group
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toxicity by binding and transporting the free long-chain 
fatty acids [54–56]. A study reported a positive correlation 
between circulating FABP3 and cardiac hypertrophy and 
heart failure in pressure-overloaded mice and humans [57]. 
These observations suggest that NRK-2 deficiency in the 
heart downregulates cardiac FABP3 which, in part, perturbs 
the cardiomyocyte metabolism post-MI.

An aberrant metabolism in cardiac pathogenesis is 
linked with mitochondrial dysfunction which is regu-
lated by a variety of signaling pathways [58]. Activation 

of MAPK pathways triggers several downstream signal-
ing molecules which ultimately aggravates mitochondrial 
dysfunction and cellular injury under cardiac stressors [59]. 
Our current and previous studies [16] show that NRK-2 is 
one of the potential mediators of MAPK activation-induced 
mitochondrial dysfunction which has ultimate larger effects 
on the cellular metabolism in the ischemic heart.

Besides these, NRK-2 is a muscle-specific β1 integrin-
binding protein that selectively reduces cell adhesion to 
laminin and plays a crucial role in terminal myogenesis 

Fig. 6   Summary of over representation enrichment analysis (ORA). A Overview of enriched metabolite sets (top 25). B Graphical representation 
of results from pathway analysis. C Metabolite set enrichment analysis summary showing ORA

Table 2   Metabolite set Enrichment analysis correlating upregulated genes
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[60]. However, it is largely unknown if NRK-2 regulates the 
structural organization of cardiac muscle under pathogenic 
conditions. Myl3, Myl2, Pln, Tcap, and Tnni3 are cardiac 
muscle-related genes that were among the most downregu-
lated genes in the cellular components of the post-MI KO 
hearts. A variety of mutations in these genes cause dilated 
cardiomyopathy in humans [61]. It is not clear how NRK-2 
potentially regulates these cardiac muscle structural genes, 
and further studies are warranted to understand the precise 

mechanism. Other genes such as Fyco1 and Pink1 regulate 
autophagy and mitophagy [62, 63], and their downregulation 
in the post-MI NRK-2 KO heart indicates aberrant autophagy 
and mitophagy. Consistent with these observations, our pre-
vious study reported that NRK-2 overexpression attenuates 
angiotensin II-induced mitochondrial membrane depolari-
zation in human cardiomyocytes [16]. These observations 
emphasized NRK-2 as a regulator of mitochondrial function 
in the injured heart.

Table 3   Metabolite set Enrichment analysis correlating downregulated genes

Pathway Downregulated DEG Metabolite Source
Ferroptosis ACSL1 Mevalonic acid Wikipathways

Mitochondrial Beta-Oxida�on 
of Long Chain Saturated Fa�y 

Acids HADHB;ACAA2;ACSL1;HADHA Stearic acid SMPDB

Metabolism

ACSL1;CKM;CKMT2;PHYH;UQCRC1;C
S;UQCRFS1;ACADM;ACADVL;CYCS;E
TFDH;SDHA;COX6C;COX7B;PYGM;AC
AA2;HADHA;HADHB;NDUFA4;IDH2;

CPT1B;NDUFA10;SUCLA2;LDHB;NNT;
ENO3;NDUFS1;NDUFS2;GOT1;SDHB;

FABP3

Caffeine;Stearic
acid;Mevalonic

acid;Uridine;Guanosine
monophosphate Reactome

Cellular response to chemical 
stress SOD2;NDUFA4;CYCS;COX6C;COX7B Guanosine monophosphate Reactome

Transport of vitamins_ 
nucleosides_ and related 

molecules SLC25A4

Stearic 
acid;Uridine;Guanosine

monophosphate Reactome

Signal Transduc�on CPT1B

Caffeine;Guanosine
monophosphate;Stearic

acid;8 Reactome

Metabolism of lipids
ACADM;ACSL1;ACADVL;PHYH;ACAA

2;HADHA;HADHB;FABP3;CPT1B Mevalonic acid;Stearic acid Reactome
Detoxifica�on of Reac�ve 

Oxygen Species SOD2;CYCS Guanosine monophosphate Reactome

SLC-mediated 
transmembrane transport SLC25A4

Stearic 
acid;Uridine;Guanosine

monophosphate Reactome
Transport of nucleosides and 
free purine and pyrimidine 

bases across the plasma 
membrane SLC25A4 Uridine Reactome

Transport of small molecules ATP2A2;SLC25A4

Stearic 
acid;Uridine;Guanosine

monophosphate Reactome
cGMP-PKG signaling pathway 

- Homo sapiens (human) ATP2A2;SLC25A4;PLN Guanosine monophosphate KEGG
Fa�y acid &beta;-oxida�on HADHB;ACAA2;ACSL1 Stearic acid HumanCyc
Fa�y acid &beta;-oxida�on 

(peroxisome) HADHB;ACAA2;ACSL1 Stearic acid HumanCyc
Stearate biosynthesis ACSL1 Stearic acid HumanCyc

Fa�y acid ac�va�on ACSL1 Stearic acid HumanCyc
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There are certain limitations of the current study. We can-
not exclude the possibility that some observed differences 
may be due to undesired compensatory effects to the per-
manent deletion of the Nrk2 gene, where genes potentially 
become differently regulated during the growth and devel-
opment of the animal. Though this possibility is less likely 
as NRK-2 is minimally expressed in healthy cardiac tissue, 
expression profoundly upregulates only upon cardiac stress-
ors [15, 16]. Moreover, there is also a possibility that the 
metabolic alterations may partly be due to the activation of 
fibrosis in the KO heart post-MI. However, we selected the 
minimally fibrotic remote area of LV tissues for all analyses, 
which reduces the potential contribution of fibrosis to the 
metabolic remodeling of ischemic NRK-2 KO heart.

Collectively we show, for the first time, that NRK-2 facili-
tates cardiac metabolic switch in ischemic conditions. Our 
transcriptomic and metabolomic studies show that the loss of 
NRK-2 promotes cardiac fibrosis, mitochondrial dysfunction, 
and aberrant cardiac metabolism in the ischemic heart. The 
NRK-2 deficiency leads to the MI-induced upregulation of 
genes related to the ECM component; however, the downregu-
lation of several genes linked to mitochondrial dysfunction, 
metabolic derangements, and impaired contraction. Impor-
tantly, we observed upregulations of mevalonic acid, DHPG, 
2-penylbutyric acid, and uridine and downregulations of 
stearic acid, 8,11,14-eicosatrienoic acid, and 2-pyrrolidinone 
in the ischemic KO hearts. Therefore, NRK-2 lies at the nexus 
of mitochondrial function and metabolic remodeling in the 
ischemic heart and potentially be manipulated for the treatment 
of ischemia-induced heart failure.
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