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ORIGINAL RESEARCH

Integrated Multilayer Omics Reveals the 
Genomic, Proteomic, and Metabolic 
Influences of Histidyl Dipeptides on 
the Heart
Keqiang Yan, PhD*; Zhanlong Mei, PhD*; Jingjing Zhao, PhD*; Md Aminul Islam Prodhan, PhD;  
Detlef Obal , MD, PhD; Kartik Katragadda, MD; Benjamin Doelling , BS; David Hoetker, BS;  
Dheeraj Kumar Posa, MD; Liqing He, PhD; Xinmin Yin, PhD; Jasmit Shah, PhD; Jianmin Pan, PhD;  
Shesh Rai , PhD; Pawel Konrad Lorkiewicz , PhD; Xiang Zhang, PhD; Siqi Liu, PhD; Aruni Bhatnagar, PhD; 
Shahid P. Baba , PhD

BACKGROUND: Histidyl dipeptides such as carnosine are present in a micromolar to millimolar range in mammalian hearts. 
These dipeptides facilitate glycolysis by proton buffering. They form conjugates with reactive aldehydes, such as acrolein, and 
attenuate myocardial ischemia– reperfusion injury. Although these dipeptides exhibit multifunctional properties, a composite 
understanding of their role in the myocardium is lacking.

METHODS AND RESULTS: To identify histidyl dipeptide– mediated responses in the heart, we used an integrated triomics ap-
proach, which involved genome- wide RNA sequencing, global proteomics, and unbiased metabolomics to identify the ef-
fects of cardiospecific transgenic overexpression of the carnosine synthesizing enzyme, carnosine synthase (Carns), in mice. 
Our result showed that higher myocardial levels of histidyl dipeptides were associated with extensive changes in the levels 
of several microRNAs, which target the expression of contractile proteins, β- fatty acid oxidation, and citric acid cycle (TCA) 
enzymes. Global proteomic analysis showed enrichment in the expression of contractile proteins, enzymes of β- fatty acid 
oxidation, and the TCA in the Carns transgenic heart. Under aerobic conditions, the Carns transgenic hearts had lower levels 
of short-  and long- chain fatty acids as well as the TCA intermediate— succinic acid; whereas, under ischemic conditions, the 
accumulation of fatty acids and TCA intermediates was significantly attenuated. Integration of multiple data sets suggested 
that β- fatty acid oxidation and TCA pathways exhibit correlative changes in the Carns transgenic hearts at all 3 levels.

CONCLUSIONS: Taken together, these findings reveal a central role of histidyl dipeptides in coordinated regulation of myocardial 
structure, function, and energetics.

Key Words: genomics ■ heart ■ histidyl dipeptides ■ metabolomics ■ proteomics ■ transcriptomics ■ triomics

Glycolytically active tissues— heart, skeletal mus-
cle, and brain– – contain small- molecular- weight 
histidyl dipeptides (227– 241 Da), such as carno-

sine (β- alanine- histidine) and anserine (β- alanine- Nπ- 
histidine). These dipeptides are present at micromolar 

to millimolar levels in the myocardium and are syn-
thesized by the ligation of a nonproteogenic amino 
acid, β- alanine with histidine, via the enzyme carno-
sine synthase (Carns).1,2 Because the pKa value of 
histidyl dipeptides is close to the physiological pH 
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(pKa 6.8– 7.1), these dipeptides exhibit high buffering 
capacity. As a result, they buffer intracellular pH and 
facilitate glycolysis during periods of vigorous physical 

activity and tissue ischemia.2,3 In addition to their high 
buffering capacity, histidyl dipeptides are also efficient 
quenchers of reactive oxygen species, as well as lipid 
peroxidation products, such as reactive carbonyls 4 
hydroxy- 2- trans- nonenal. They also chelate first transi-
tion metals.4– 7 In addition to their direct participation in 
regulating metabolism, these peptides can also affect 
long- term metabolic capacity and energy utilization. 
Previous work has shown that histidyl dipeptides in-
crease the expression of several metabolic enzymes, 
such as pyruvate dehydrogenase 4.8,9 They can also 
alter the release of microRNAs (miRNAs)10 and influ-
ence several signaling pathways, such as those that in-
volve the hypoxia- inducible factor α,11 AKT/mTOR,12 and 
STAT.13 In addition, β- alanine, which is a rate- limiting 
precursor in the synthesis of histidyl dipeptides,14 in-
creases the expression of transcription factors, such 
as peroxisome proliferator- activated receptor (PPAR) 
δ.15 Although histidyl dipeptides are synthesized from 
endogenous amino acids by Carns, the levels of these 
dipeptides in the heart and skeletal muscle can also 
be increased by dietary intake of β- alanine or by in-
creasing physical activity. In contrast the levels of these 
peptides are suppressed in dysfunctional tissues such 
as the failing heart.14,16 Nevertheless, despite this evi-
dence linking histidyl dipeptides to multiple cellular and 
metabolic processes, and changes in histidyl dipeptide 
levels to several physiological and pathological condi-
tions, an integrated understanding of their influence on 
the genes, proteins, and metabolites remains elusive.

Prior work has shown that perfusion with car-
nosine improves postischemic contractile function in 
mouse or rat hearts.5,17 Likewise, it has been reported 
that carnosine supplementation increases myocar-
dial levels of carnosine and imparts protection against 
ischemia– reperfusion injury.18 Recently, we generated 
a cardiospecific Carns transgenic (CarnsTg) mice,18 in 
which there was a significant elevation in the myocar-
dial levels of histidyl dipeptides. Studying these mice 
provided, for the first time, an opportunity to under-
stand the effects of elevated myocardial histidyl di-
peptides, independent of changes in physical activity 
and/or nutrition. As previously reported, we found that 
CarnsTg mice exhibit normal cardiac function, and 
that an increase in the myocardial synthesis of histi-
dyl dipeptides enhances intracellular pH buffering, fa-
cilitates glucose utilization, and attenuates myocardial 
ischemia– reperfusion injury.18 However, despite this 
evidence, an in- depth understanding of the metabolic 
pathways affected by these dipeptides in the heart is 
lacking. Thus, to dissect the effect of these dipeptides, 
we performed genome- wide RNA sequencing (RNA- 
seq), global proteomics, and untargeted metabolomics 
of the CarnsTg hearts, and integrated the three data 
sets to characterize the interactions at the gene, pro-
tein, and metabolic levels. In addition, we performed 

CLINICAL PERSPECTIVE

What Is New?
• Our findings suggest that histidyl dipeptides 

exert influence on heart function by affect-
ing the cardiac transcriptome, proteome, and 
metabolome.

• Increasing histidyl dipeptides by transgenic 
overexpression in the mouse heart improves 
fatty acid and glucose utilization during 
ischemia.

• Succinate, a universal marker of ischemic in-
jury that causes oxidative stress, is decreased, 
and fumarate, which imparts protection from is-
chemic injury, is increased by histidyl dipeptide 
overexpression in the heart.

What Are the Clinical Implications?
• Histidyl dipeptides levels affect multiple mecha-

nisms causing ischemic injury; therefore, en-
hancing their levels in the heart could serve as a 
novel strategy to provide cardioprotection.

Nonstandard Abbreviations and Acronyms

Carns carnosine synthase
CarnsTg carnosine synthase transgenic
CPT carnitine palmitoyltransferase
DEG differentially expressed gene
DEP differentially expressed protein
FA fatty acid
FFA free fatty acid
GC gas chromatography
GO gene ontology
KEGG Kyoto Encyclopedia of genes and 

genomes
MHC myosin heavy chain
MS mass spectrometry
MSTFA N- methyl- N- yert- butyldimethylsilyltrifluro

acetamide
MTBSTFA N- trimethylsilyl- N- methyl 

trifluroacetamide
MYL myosin light chain
PLS- DA partial least squares discriminant 

analysis
PPAR peroxisome proliferator- activated 

receptor
TCA citric acid cycle
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untargeted metabolomic analysis of the CarnsTg heart 
after short durations of ischemia to examine the ef-
fects of these dipeptides on cardiac fuel utilization in 
the ischemic heart. These results represent a unique 
systems- level approach that combines transcriptomic, 
proteomic, and metabolomic data sets to generate 
new insights into the potential mechanisms by which 
histidyl peptides regulate cardiac metabolism and 
function and modify cardiac ischemic injury.

METHODS
The data that support the findings of this study are 
available from the corresponding author on reason-
able request.

Animals
Adult male wild- type (WT) C57 and cardiospecific  
α– myosin heavy chain (MHC)- CarnsTg mice were used 
for metabolomics, transcriptomics, and proteomics. All 
experimental procedures were conducted using proto-
cols reviewed and approved by the Institutional Animal 
Care and Use Committee at University of Louisville.

RNA Extraction and RNA- Seq
Total RNA was extracted from WT and CarnsTg mice 
heart tissues using TRIzol reagent (Invitrogen, Thermo 
Fisher Scientific, Waltham, MA, USA) and RNeasy Mini 
Kit (QIAGEN). The RNA samples with A260/A280 >1.8, 
A260/A230 >1.8, and RNA integrity number >8 were 
considered acceptable for library construction. Library 
preparation and sequencing were conducted ac-
cording to standard procedures at Beijing Genomics 
Institute (Shenzhen, China). Briefly, the messenger 
RNAs were enriched with oligo (dT) magnetic beads 
followed by complementary DNA synthesis with ran-
dom hexamer- primer, end repair, adenine addition, and 
adaptor ligation. The ligation products were amplified 
with polymerase chain reaction and their quality was 
carefully evaluated. The standard barcoded RNA- seq 
libraries were generated and RNA sequences were 
measured by Illumina HiSeq 4000 (IIIumina) accord-
ing to the manufacturer’s instructions. The resulting 
reads were mapped against the mice (Mus musculus) 
reference genome using Bowtie2 and HISAT to treat 
clean reads and using RSEM software to quantify tran-
scripts. The transcript quantification was estimated in 
units of fragments per kilobase of transcript per million 
mapped reads [106C/(NL/103)], where C is the num-
ber of fragments matched to the specific gene, N is 
the number of the fragments matched to the refer-
ence genome, and L is the bases of the specific gene. 
Transcriptomic data are available at https://ncbi.nlm.
nih.gov/geo, ID:GSE192583.

Protein Extraction
The frozen hearts from the WT and CarnsTg mice were 
homogenized in Tris buffer (25 mmol/L Tris– HCl, pH 7.4, 
0.5 mmol/L EDTA, 0.5 mmol/L EGTA, 1 mmol/L PMSF, 
1 mmol/L DTT, 25 μg/mL leupeptin, 25 mmol/L NaF, and 
1 mmol/L Na3VO4), followed by sonication and centrifu-
gation at 14 000g for 15 minutes. The supernatants were 
collected and protein concentration was measured by 
Bradford assay. Proteins in the supernatants were re-
duced with 10 mmol/L DTT at 56 °C for 60 minutes and 
alkylated with 55 mmol/L iodoacetamide at room temper-
ature for 45 minutes. The treated supernatant was mixed 
with trypsin at a ratio of 60:1 and the tryptic digestion was 
performed at 37 °C for 12 hours. The digested products 
were centrifuged at 10 000g to remove debris and the 
resulting supernatant was ready for peptide analysis.

Quantitative Proteomics Based On  
Data- Independent Acquisition
Equal amounts of digested peptides from each heart 
sample were taken for analysis of quantitative proteom-
ics. The peptides were chromatographically separated 
using an Ekspert NanoLC 415 single gradient system 
(Eksigent Technologies) coupled with a C18 column 
(50 cm×75 μm, Dionex). The mobile phases consisted of 
solvent A (0.1% formic acid in 5% acetonitrile water) and 
solvent B (0.1% formic acid in 95% acetonitrile). The step 
gradient was run at 300 nL/min, starting from 5% to 25% 
of buffer B in 85 minutes, going up to 35% in 10 minutes, 
then reaching 80% in 5 minutes, and finally maintain-
ing at 80% B for 5 minutes. The eluted peptides were 
monitored with TripleTOF 5600 System mounted with a 
Nanospray III source (SCIEX) and a pulled quartz emitter 
(New Objectives) in sequential window acquisition of all 
theoretical fragment ion spectra (SWATH), one of data- 
independent acquisition mode. A 50- ms survey scan 
(time- of- flight mass spectrometry [MS]) was performed 
followed by tandem MS (MS/MS) scan windows set with 
continuous 25 Da windows through 400 to 1200.19

Ion Library Generation With  
Data- Dependent Acquisition
For data analysis of data- independent acquisition MS 
signals, an ion library was generated. An equal num-
ber of peptides from individual samples of both WT 
and CarnsTg mice were taken and the peptides were 
pooled. The pooled peptides were loaded onto an 
XBridge Ethylene Bridged Hybrid column (250×34.6 mm 
and 130A particle size) and were fractionated using the 
step gradient elution at a flow rate of 0.5 mL/min (sol-
vent A with 10 mmol/L TEAB, pH 7.5 and solvent B with 
100% acetonitrile), 0% to 5% B in 10 minutes, 5% to 35% 
B in 60 minutes, 35% to 70% B in 15 minutes and 70% 
B for additional 10 minutes. Before returning to initial 
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conditions. A total of 30 fractions were collected and in-
dividual fractions were delivered to MS for peptide iden-
tification. TripleTOF 5600 MS (SCIEX) at data- dependent 
acquisition mode was employed to identify the peptides 
with top 20 precursor ions automatically selected for 
ion fragmentation. The identified peptides from all of the 
fractions were taken to generate ion library, including re-
tention time, precursor m/z and MS2 spectra, fragment 
ion m/z, charge state, and relative intensity.

Proteome Quantified With the SWATH 
Approach
ProteinPilot software (version 4.5, SCIEX) was used 
to search against a UniProtKB/Swiss- PRot mouse 
database (Release 2018_04) based on the acquired 
MS/MS signals at data- dependent acquisition mode. 
Parameters in the search algorithm of ProteinPilot 
were configured as cysteine alkylation by iodoaceta-
mide and digestion by trypsin, with biological modifi-
cations selected as identification focus. The threshold 
of the number of proteins for import was set as a false 
discovery rate of 1% in ProteinPlot. PeakView SWATH 
Processing Micro App (v2.0, SCIEX) was used to pro-
cess the SWATH acquisition data and to identify the 
correct peak group in a set of fragment chromatograms 
with peaks at the similar retention time with parameters 
set as: (1) 5000 proteins, (2) 1000 peptides/proteins, 
(3) 75 ppm m/z tolerance and 30 minutes extraction 
window, (4) confidence setting 50%, (5) false discovery 
rate of 1%, (6) shared peptides excluding for SWATH 
analysis, and (7) modified peptides included. The re-
sulting peak area of each protein after SWATH data 
processing was exported as quantitative signals.20

The data- independent acquisition data of WT (n=3) 
and cardiospecific CarnsTg (n=3) mice were annotated 
with SWATH based on the data- dependent acquisi-
tion library. Each peptide peak areas were extracted 
and quantified using QPROT (v1.3.5), with parameter 
setting: 1) nbumin:2000, niters: 10 000, normalized:1 
numThreads: 4. The threshold value of differentially 
expressed proteins (DEPs) between the 2 types of 
the samples were defined as >1.5- fold changes in 
the chromatographic area with significance (P<0.05). 
For missing value processing, the proteins with >50% 
missing values were removed and the remaining miss-
ing values were imputed with kNN. The proteomic data 
set is available on the iProx database (ID:PXD030647).

Gene Ontology Annotation, Kyoto 
Encyclopedia of Genes and Genomes 
Signaling Pathway Analysis, and miRNA 
Prediction
A gene ontology (GO) annotation database (http://
www.geneo ntolo gy.org) was used to predict gene 

functions.21 Functional categories of genes were clas-
sified based on early report.22 The Kyoto Encyclopedia 
of Genes and Genomes (KEGG; http://www.kegg.jp/) 
was used to annotate molecular networks. An online 
miRNA prediction tool, TargetScan, was used to pre-
dict the possible miRNA- protein interactions.23

Sample Preparation Under Basal 
Conditions and Global Ischemia
To determine the effects of Carns overexpression 
on the global cardiometabolomic profile under basal 
conditions, hearts were collected from the WT and 
CarnsTg mice on euthanization and snap- frozen in 
liquid nitrogen. To determine the changes in the car-
diometabolomic profile associated with the ischemic 
injury and whether Carns overexpression influences 
the cardiac metabolism, isolated hearts from the WT 
and CarnsTg mice were perfused in the Langendorff 
mode for 35 minutes, perfused for 20 minutes followed 
by 5 minutes of ischemia, and perfused for 20 minutes 
followed by 15 minutes of ischemia, as previously de-
scribed.5 After the experimental protocol, the hearts 
were collected, snap- frozen in liquid nitrogen, and 
stored in −80 °C for liquid chromatography with MS/
MS analysis.

Global Metabolomics by Gas 
Chromatography × Gas Chromatography– 
Mass Spectrometry
WT and CarnsTg mice hearts were processed in a 
random order to avoid systemic bias. Mice hearts 
were placed in a 1.5- mL Eppendorf tube, water was 
added at a ratio of 1:10, and homogenized with glass 
beads using a Retsch MM 200 model mixer mill (Fisher 
Scientific). To extract polar metabolites, 800 μL of 
methanol were added to 200 μL of homogenized heart 
sample. The mixture was vortexed for 2 minutes and 
then placed on ice for 10 minutes, followed by another 
2 minutes of vortex mixing, and centrifuged at 25 200g 
for 20 minutes at 4 °C. Supernatant was transferred 
into a glass vial and dried in a SpeedVac evaporator to 
remove methanol, followed by lyophilization to remove 
water. The dried metabolite extract was dissolved with 
30 μL of 20 mg/mL methoxyamine hydrochloride pyri-
dine solution followed by vigorous vortex mixing for 
1 minute. Methoxylation was performed by sonicat-
ing the sample for 20 minutes and incubation at 60 
°C for 1 hour. Derivatization was performed by adding 
20 μL of N- trimethylsilyl- N- methyl trifluoroacetamide 
(MSTFA) or N- trimethylsilyl- N- methyl trifluroacetamide 
(MTBSTFA) with 1% trimethylchlorosilane to the glass 
vial. Samples were incubated for 1 hour at 60 °C and 
the mixture was transferred to a gas chromatography 
(GC) vial for analysis. Pooled samples were prepared 
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by mixing 30 μL of derivatized metabolite extract 
from each sample to monitor the instrumental varia-
tions during the course of gas chromatography × gas 
chromatography– mass spectrometry (GC×GC– MS) 
analysis.

The extracted and derivatized samples were ana-
lyzed on a LECO Pegasus GC×GC- TOF MS instrument 
(LECO Corp.) coupled to an Agilent 6890 gas chroma-
tography and a Gerstel MPS2 autosampler (GERSTEL 
Inc.), featuring a LECO 2- stage cryogenic modula-
tor and secondary oven. The primary column was a 
60 m×0.25 mm 1dc×0.25 μm 1df DB- 5 ms GC capillary 
column (phenyl arylene polymer virtually equivalent to 
[5%- phenyl]- methylpolysiloxane). The secondary GC 
column 1 m×0.25 mm 2dc×0.25 μm 2df, DB- 17 ms ([50% 
phenyl]- methylpolysiloxane) was placed inside the sec-
ondary GC oven following the thermal modulator. Both 
columns were obtained from Agilent Technologies and 
were connected through a press fit connector. The he-
lium carrier gas (99.999% purity) flow rate was set to 
2.0 mL/min at a corrected constant flow via pressure 
ramps. The inlet temperature was set at 280 °C. The 
primary column temperature was programmed with an 
initial temperature of 60 °C for 0.5 minutes, then ramped 
at 5 °C/min to 270 °C and maintained for 15 minutes. 
The secondary column temperature program was 
set to an initial temperature of 70 °C for 0.5 minutes 
and then ramped at the same temperature gradient 
employed in the first column to 280 °C, accordingly. 
The thermal modulator was set to 15 °C relative to the 
primary oven, and a modulation time was 2 seconds. 
The mass range was set as 29 m/z to 800 m/z with an 
acquisition rate of 200 mass spectra per second. The 
ion source chamber was 230 °C with the transfer line 
temperature of 280 °C, and the detector voltage was 
1440 V with electron energy of 70 eV. The acceleration 
voltage was turned on after a solvent delay of 544 sec-
onds, and the split ratio was set at 10:1.

LECO’s instrument control software ChromaTOF 
(version 4.21) was used for peak picking and tentative 
metabolite identification, with assignment using the 
NIST/EPA/NIH mass spectral library (version 2.2) as a 
reference. Any metabolite assignment with a similar-
ity score <500 (of 1000) was discarded. The analysis 
results of each sample were exported as a peak list 
containing the information of the top 10 metabolite as-
signments for each chromatographic peak. All peak 
lists were then subjected to MetPP24– 26 software for 
the first- dimension retention index (1RI) matching with 
a threshold of P≤0.0001 (equivalent to an absolute 1RI) 
difference larger than the threshold discarded. Our in- 
house database contains the information of 134 au-
thentic metabolites acquired on the same instrument 
under the same conditions. The information of these 
authentic metabolites, including the first- dimension 

retention time (1tR), the second- dimension retention 
time (2tR), and EI mass spectrum, was further applied 
to filter the tentative metabolite assignments, when 
an authentic metabolite was assigned to a chromato-
graphic peak. A tentative metabolites assignment was 
considered to be correct only if the experimental in-
formation on the authentic metabolite agreed with the 
corresponding information on the chromatographic 
peak in the biological samples, ie, the difference of 1tR 
≤0.05 seconds, and the mass spectral similarity ≥700. 
After such a putative metabolite identification, peak 
merging, peak list alignment, normalization, and sig-
nificant significance test were also performed using 
MetPP software. R code for generating the volcano 
plot is described in detail. (https://louis ville.edu/medic 
ine/resea rch/cance r/cores - and- facil ities - 1/bioda ta/
manus cript - code- volca no- plot/view). Biore nder.com 
was used to draw the schemes for the citric acid cycle 
(TCA). The metabolomic data set is available on meta-
bolic work bench ID Data track:2986.

Western Blot Analysis
Hearts from the WT and CarnsTg mice (n=6 in each 
group) were homogenized in radioimmunoprecipita-
tion assay buffer (RIPA: 20 mmol/L Tris– HCl pH 7.5, 
15 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 
1% NP- 40). For cytosolic fractions, homogenates 
were centrifuged for 25 minutes at 13 000g, and the 
supernatants were separated by SDS- PAGE. For mi-
tochondrial fractions, the lysate was centrifuged at 
700g for 15 minutes at 4 °C. The supernatant was re-
centrifuged at 10 000g for 15 minutes at 4 °C, and the 
mitochondria pellets were resuspended using RIPA 
buffer (50– 100 μL). Immunoblots were analyzed using 
anti- CARNS1, anti- CPT2, anti- SDH, and anti- ATP syn-
thase β and anti– voltage- dependent anion channel 
antibodies. Antibodies were purchased from Abcam, 
Abclonal, and Protein Express. Western blots were de-
veloped using horseradish peroxidase substrate (ECL 
plus from Pierce) and scanned with Biorad ChemiDoc. 
Band intensity was quantified using Image Quant TL 
software (Amersham Biosciences) that were normal-
ized to voltage- dependent anion channel and Amido 
black staining.

Statistical Analysis
For metabolite identification, the maximum spectral 
similarity score is 1000 and the threshold of spectral 
similarity score was set as ≥500. The P value thresh-
old was set as P≤0.001 for retention index matching. 
Partial least squares discriminant analysis (PLS- DA), 
a supervised technique that uses the partial least 
squares algorithm to explain and predict the member-
ship of samples to groups, was performed to give an 
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overview on the metabolic profile difference among 
groups. A pairwise 2- tailed t test with sample permu-
tation was performed between the WT and CarnsTg 
hearts to determine whether a metabolite had a signifi-
cant difference in abundance between the 2 groups. 
Grubbs test was employed for outlier detection be-
fore t test. The t test P values were adjusted by up 
to 1000 times of sample permutation. The threshold 
of t test was set at P<0.05. Two- way ANOVA followed 
by Bonferroni or Tukey posttests were performed to 
identify the differentially regulated metabolites in the 
WT and CarnsTg hearts that were subjected to perfu-
sion only and perfusion followed by 5 and 15 minutes 
of ischemia. The data are normalized using the quan-
tile method. The principal component and volcano plot 
analyses were performed using SAS (SAS Institute Inc) 
and R statistical software (The R Foundation). Data are 
presented as mean±SEM.

Differential expression analysis of RNA- seq data was 
performed using the NOISeq algorithm.27 Transcripts 
with log2 fold change ≥2 and a significant value >0.8 
were considered differentially expressed, as per the 
recommendation of the NOISeq. For proteomics data, 
DEPs, were calculated using t test, with criteria of fold 
change of ≥2 and a q<0.05 were considered statisti-
cally significant. Pathway enrichment analysis of both 
the differentially expressed genes (DEGs) and DEPs 
were performed based on GO and the KEGG data-
base, and the statistical significance of the pathway 
was calculated using hypergeometric test. Significantly 
enriched terms were selected with a P<0.05.28,29

RESULTS
Identification of DEGs in CarnsTg Hearts
Carns participates in the synthesis of a wide range of 
histidyl dipeptides such as carnosine, anserine, and 
carcinine.1 To examine the effects of increasing the 
basal levels of this enzyme in the heart, we measured 
the levels of several histidyl dipeptides in the hearts of 
WT and CarnsTg mice. As we previously reported,18 
hearts of transgenic mice exhibit normal cardiac func-
tion, and showed significantly elevated levels of car-
nosine and anserine than WT hearts. In addition, the 
transgenic hearts also had higher levels of homocarno-
sine than WT hearts. No carcinine was detected either 
in the transgenic or WT hearts (Figure S1). These obser-
vations suggest that Carns overexpression driven by a 
cardiospecific promoter leads to a selective increase in 
carnosine, anserine, and homocarnosine in the heart.

To investigate the effects of histidyl dipeptide eleva-
tion, we first examined differences in gene expression 
in WT and transgenic hearts using RNA- seq analy-
sis. The paired- end sequencing of libraries generated 
23 983 million sequencing reads, which, after filtering 

for low quality, generated 23 825  million clean reads. 
Of the total clean reads, the average mapping ratio of 
clean reads with reference gene was ≈51.72%; 43.47% 
were unmapped reads and 4.81% were multiposition 
match. In comparison with 24 573 (the total number 
of mouse genes present in the database), we identi-
fied 17 509 genes in the WT and 17 468 genes in the 
CarnsTg mice hearts. Volcano plot of the RNA- seq data 
indicated the downregulated (negative values) and up-
regulated (positive values) genes with log2 (fold change) 
≥2 and false discovery rate value <0.001 (Figure 1A).

We next profiled the differential gene expression 
comparing the WT and CarnsTg hearts, and identi-
fied a total of 100 DEGs in the CarnsTg heart, of which 
42 were protein- coding genes. In this set, 21 protein- 
coding genes were upregulated and 21 were down-
regulated. In the CarnsTg heart, the highly upregulated 
genes were uncoupling protein 1, carbonic anhydrase 
3, phosphoenolpyruvate carboxykinase 1, a predicted 
gene 38 670, and histone cluster 1 H2ag, and the sig-
nificantly downregulated genes included fos- like antigen 
2, RIKEN complementary DNA, and ladybird homeo-
box homolog 2. Among the 58 differentially expressed 
noncoding genes, 29 were upregulated and 29 were 
downregulated, which included the miRNAs and small 
nucleolar RNAs. In the miRNA analyses, miR- 7067, miR- 
142, miR- 99a, miR- 5625, miR- 7036, and miR- 5621 
were highly upregulated in the CarnsTg hearts, and miR- 
6989, miR- 3101, miR- 7091, and miR- 5111 were signifi-
cantly downregulated (Figure 1B and Data S1).

To predict biological processes linked to altered 
gene expression, we functionally annotated all of the 
100 DEGs to the GO enrichment analysis. For GO anal-
ysis, the annotated genes were divided into 3 major GO 
categories: cellular component, molecular function, and 
biological process. In the cellular component, the term 
of nuclear chromatin was the enriched component. 
Cellular responses to peptide and chromatin organi-
zation were the 2 top biological processes terms, and 
the most enriched component of the molecular function 
was DNA binding (Figure 1C). Taken together these re-
sults suggest that increasing the myocardial levels of 
histidyl dipeptides affects the gene profile of heart.

Proteomic Profiling of the WT and 
CarnsTg Hearts
Although the flow of information from RNA to the pro-
tein translation is considered the central dogma, nu-
merous studies have shown that a weak correlation 
exists between messenger RNA expression and the 
abundance of translated proteins.30– 34 To determine 
whether the DEGs in CarnsTg heart could translate at 
the protein level, we next examined the effect of ele-
vated myocardial histidyl dipeptides on the protein pro-
file and analyzed the differences in protein expression 
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between the WT and CarnsTg mice hearts by prot-
eomic analysis. A total of 4719 and 4743 distinct pro-
teins were identified from the WT and CarnsTg mice 
hearts, respectively. The DEPs were identified with a 
q<0.01 and a fold change of ≥2.0 between the WT and 
CarnsTg hearts. We found that ≈939 proteins were dif-
ferentially expressed between the WT and CarnsTg 
mice hearts (Data S2). Of these, 566 were upregulated 
and 373 proteins were downregulated in the CarnsTg 
hearts when compared with the WT hearts. Principal 
component analysis of the DEPs clearly clustered the 
WT and CarnsTg proteins separately, and unsupervised 
hierarchical clustering also resulted in grouping of WT 
and CarnsTg hearts into different clusters. The level of 
significance and magnitude of changes observed in 
the proteome by Carns overexpression was visualized 
by plotting the DEPs on a volcano plot (Figure S2). The 
highly upregulated proteins in the CarnsTg compared 
with the WT hearts were the structural proteins such 
as troponin T, fast skeletal muscle, nebulin, myosin 

regulatory light chain 2, and titin. Furthermore, many 
key proteins that were upregulated in the CarnsTg 
heart were the enzymes involved in the TCA (isocitrate 
dehydrogenase, and succinate dehydrogenase), fatty 
acid (FA) transport and metabolism, such as carnitine 
palmitoyltransferase (CPT) 2, and 2,3 enoyl- CoA hy-
dratase. The significantly downregulated proteins in 
the CarnsTg compared with the WT hearts were al-
dehyde dehydrogenase, myosin light chain (MYL) 4, 
adipsin, and GTPase- activating protein.

To identify changes in specific biochemical path-
ways, we next annotated the differentially expressed 
proteins to the NCBI annotation system GO. The GO 
classification of the upregulated proteins showed that 
changes in cellular processes and signaling were en-
riched in posttranslational modification, signal trans-
duction, and cytoskeleton. In the metabolism, energy 
production and conversion, lipid, amino acid, and 
carbohydrate transport and metabolism were highly 
enriched. In the information storage and processing, 

Figure 1. Transcriptomic analysis of the wild- type (WT) and carnosine synthase transgenic (CarnsTg) hearts.
A, Volcano plot of the transcriptome between the CarnsTg and WT hearts (n=4 mice in each group). Statistical significance log10 of 
P value y- axis was plotted against log2- fold change (x- axis). B, Heat map of the differentially expressed genes between the CarnsTg 
and WT hearts. C, Gene ontology analysis of the differentially regulated noncoding and coding genes between the CarnsTg and WT 
mice hearts, which were divided between 3 main categories: cellular component, biological component, and molecular function.
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translation module- ribosome structure and biogenesis 
were highly enriched (Figure 2A). In the downregulated 
proteins, changes in the cellular processes and signal-
ing were linked to signal transduction, posttranslational 
modification, and cytoskeleton, and in metabolism 
changes in amino acid transport and metabolism were 
highly enriched (Figure 2B). We then performed KEGG 
enrichment analysis to analyze the DEPs, which are 
shown as scatter plot. KEGG pathway identified that 
DEPs in the CarnsTg mice hearts were mostly enriched 
in metabolic pathways, glycolysis, oxidative phosphor-
ylation, FA degradation, cardiac muscle contraction, 
and TCA (Figure  2C). The KEGG pathway functions 
associated with the upregulated proteins showed sig-
nificant differences in the metabolic pathways, ther-
mogenesis, oxidative phosphorylation, cardiac muscle 

contraction, FA degradation and metabolism, glycol-
ysis, TCA, and pyruvate metabolism. Pathway analy-
sis of the downregulated proteins in the CarnsTg heart 
were mainly enriched in the metabolic pathways com-
plement and coagulation cascades (Figure 2D). Taken 
together, these results show that Carns overexpres-
sion in the heart enriches the expression of enzymes 
involved in glycolysis, FA oxidation, and TCA, which 
could potentially influence cardiac metabolism.

Effect of Carns Overexpression on the 
Cardiometabolic Profile Under Basal and 
Ischemic Conditions
To investigate whether the changes observed in the ex-
pression of metabolic enzymes in the CarnsTg hearts 

Figure 2. EuKaryotic Ortholog Groups (KOG) of proteins and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
analysis of the differentially expressed proteins (DEPs) between the wild- type (WT) and carnosine synthase transgenic 
(CarnsTg) hearts.
The Uniprot IDs of total proteins identified in the WT and CarnsTg hearts (n=3 in each group) via tandem mass spectrometry analysis 
were used to annotate the proteins with the corresponding KOG annotation. Functional enrichment analysis of (A) upregulated 
proteins showed that the greatest number of these proteins were allocated to metabolism and (B) downregulated proteins showed 
that the greatest number of these proteins were allocated to cellular processes and signaling. C, KEGG enrichment analysis: the 
vertical axis represents the pathway terms with high enrichment and the horizontal axis represents the Rich factor. The size of the q 
value is represented by the color of the dots. The smaller the q value, the closer the color is towards red. D, Enrichment of the specific 
KEGG pathway annotations for the upregulated (red) and downregulated (blue) proteins in the CarnsTg hearts. TCA indicates citric 
acid cycle.
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could affect cardiac metabolism, we compared the 
metabolic profiles of WT and CarnsTg hearts under 
basal and ischemic conditions. For this, polar metab-
olites from the snap- frozen hearts were extracted and 
derivatized with MTBSTFA and MSTFA and analyzed, 
using an unbiased and untargeted global metabo-
lomics approach by GC×GC– MS. Approximately 2700 
chromatographic peaks were detected in each of the 
MTBSTFA- derivatized samples and 3700 chromato-
graphic peaks were detected in the MSTFA- derivatized 
samples. Approximately 280 and 520 metabolites were 
identified from the MTBSTFA-  and MSTFA- derivatized 
samples, respectively, including FAs, amino acids, car-
bohydrates, glycolytic, and citric acid (TCA) intermediates 
and purines (Datas S3 and S4). PLS- DA of the identified 

metabolites produced a clear separation between the 
WT and CarnsTg hearts (Figure S3A and S3B). Volcano 
plot analysis of the differentially regulated metabolites 
identified after MTBSTFA and MSTFA derivatizations 
showed that 16 metabolites were significantly differ-
ent in the CarnsTg hearts compared with WT hearts. 
Approximately 12 metabolites were decreased and 4 
metabolites were increased in the CarnsTg compared 
with the WT hearts (Figure  3A and 3B). Significantly, 
long- chain FA dodecanal and short- chain FAs, such as 
propanoic acid, as well as the TCA intermediate succinic 
acid and malic acid were lower in the CarnsTg hearts, 
when compared with the WT hearts (Table 1), suggest-
ing that increased levels of histidyl dipeptides signifi-
cantly impacts both FA metabolism and the TCA.

Figure 3. Metabolomic analysis of the wild- type (WT) and carnosine synthase (Carns) transgenic (CarnsTg) hearts under 
basal conditions and after short durations of ischemia.
Changes in the global cardiometabolomic profile by Carns overexpression were assessed using an unbiased metabolomic 
approach. A and B, Volcano plot represents the metabolites identified by N- trimethylsilyl- N- methyl trifluroacetamide (MTBSTFA) and  
N- trimethylsilyl- N- methyl trifluoroacetamide (MSTFA) derivatization in the WT and CarnsTg hearts under basal conditions. Isolated 
hearts from the WT and CarnsTg mice were subjected to 5 and 15 minutes of ischemia. The volcano plot represents the metabolites in 
the WT and CarnsTg hearts identified after (C) 5 minutes and (D) 15 minutes of ischemia (n=5– 7 mice hearts in each group).
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Next, to examine whether increased myocardial 
levels of histidyl dipeptides affect the cardiometa-
bolic profile during ischemia, which is independent 
of any neurohormonal effects, we subjected the iso-
lated WT and CarnsTg hearts to different durations 
of global ischemia in the Langendorff mode. Hearts 
from WT and CarnsTg mice were perfused for either: 
(1) 35 minutes, and (2) for 20 minutes followed by ei-
ther 5 minutes or (3) 15 minutes of global ischemia. The 
hearts were then immediately frozen for measuring 
metabolites. Using an unbiased and untargeted global 
metabolomics approach, ≈260 metabolites were iden-
tified. Analysis of the WT and CarnsTg perfused only 
(35 minutes) hearts showed that ≈26 metabolites were 
different between the 2 groups (Data S5). PLS- DA of 
the metabolic profiles produced a clear separation 
between the WT and CarnsTg hearts (Figure  S4A). 
Volcano plot analysis showed that the abundance lev-
els of several metabolites such as pyroglutamic acid 
and ribitol were increased, whereas several FAs, such 
as palmitic acid and arachidonic were decreased 
and increased respectively in the CarnsTg hearts 
(Figure  S4B and Data  S5). To examine the influence 
of Carns overexpression on the global metabolomic 
profile in response to 5 minutes of global ischemia, we 
next created a PLS- DA plot with the samples classified 
into 4 groups: WT and CarnsTg hearts (perfusion only) 
and WT and CarnsTg hearts (20 minutes perfusion and 
5 minutes ischemia), which showed that the ischemia 

caused a significant deviation from the perfused hearts 
(Figure S5A). Analysis of the metabolomic profiles be-
tween the WT- perfused and ischemic hearts showed 
that ≈110 metabolites were significantly different after 
5 minutes of ischemia, resulting in a significant reduction 
in amino acids (aspartic acid, proline, and norleucine), 
accumulation of free FAs (FFAs; palmitic acid, nona-
noic acid, and decanoic acid), and decreases in the 
metabolites of FA (3- hydroxybutyric acid) and interme-
diates of TCA (oxaloacetic acid; Data S5). Metabolomic 
profiling between the WT and CarnsTg ischemic 
hearts (5 minutes) showed that ≈25 metabolites were 
significantly different between the 2 groups (Table 2). 
Volcano plot analysis showed that the levels of FFAs 
(decanoic acid and stearic acid) were lower and pyru-
vic acid– – the metabolite of glycolysis– – was increased 

Table 1. Metabolites Altered by Carns Overexpression in 
the Heart Under Basal Conditions That Were Detected by 
MTBSTFA and MSTFA Derivatization

No Metabolites P value
Fold 
change Change

1 Taurine 0.002 0.55 Decrease

2 Amino butyric acid 0.031 0.83 Decrease

3 Carbonic acid 0.05 0.51 Decrease

4 Glycolic acid 0.025 0.76 Decrease

5 Erythrose 0.032 1.16 Increase

6 4- Hydroxybutanoic acid 0.038 0.72 Decrease

7 11,14- Eicosadienoic acid 0.035 1.56 Increase

8 3- Methylpentan- 2- ol 0.045 0.58 Decrease

9 Dodecanal 0.005 0.65 Decrease

10 Catechol 0.021 0.64 Decrease

11 Succinic acid 0.022 0.79 Decrease

12 Isopropylamine 0.027 1.23 Increase

13 Pyroglutamic acid 0.001 2.72 Increase

14 Amino oxy acetic acid 0.05 0.77 Decrease

15 Propanoic acid 0.028 0.81 Decrease

16 Malic acid 0.023 0.64 Decrease

Carns indicates carnosine synthase; MSTFA, N- trimethylsilyl- N- 
methyl trifluoroacetamide; and MTBSTFA, N- trimethylsilyl- N- methyl 
trifluroacetamide.

Table 2. Metabolites Significantly Altered in the CarnsTg 
Compared With the WT Hearts After 5 Minutes of Global 
Ischemia

No. Metabolite P value
Fold  
change Change

1 4- Ketoglucose 0.005 1.19 Increase

2 Nonanoic acid 0.027 0.31 Decrease

3 Gluconic acid 0.044 1.39 Increase

4 2,3 Butanediol 0.014 1.84 Increase

5 Slidenafil 0.032 0.43 Decrease

6 Decanoic acid 0.442 0.41 Decrease

7 Erythrono- 1,4 lactone 0.008 1.34 Increase

8 Erythro- pentonic acid 0.009 0.49 Decrease

9 Methyl galactosidase 0.001 0.81 Decrease

10 2- Ketohexanoic acid 0.009 4.05 Increase

11 L- Threonic acid 0.043 0.54 Decrease

12 Ethyl- d- glucopyranoside 0.007 0.11 Decrease

13 d- Glucose 0.009 0.66 Decrease

14 Pyridine 0.007 1.13 Increase

15 Propargyl alcohol 0.011 1.00 Increase

16 L- Proline 0.043 0.85 Decrease

17 Butanal 0.04 1.76 Increase

18 Pantalactone 0.001 1.12 Increase

19 Acetic acid 0.004 1.75 Increase

20 Pyruvic acid 0.007 1.10 Increase

21 Phosphonic acid 0.0031 0.86 Decrease

22 Glycerol 3- phosphate 0.023 1.40 Increase

23 11,14 Eicosanoic acid 0.007 0.93 Decrease

24 Stearic acid 0.007 0.68 Decrease

25 d- Mannose 0.0042 4.06 Increase

26 Dodencanoyl chloride 0.041 1.15 Increase

27 Methylamine 0.031 1.57 Increase

28 Decanoic acid 0.03 0.57 Decrease

29 Fumaric acid 0.09 1.29 Increase

CarnsTg indicates carnosine synthase transgenic; and WT, wild- type.
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in the CarnsTg compared with the WT ischemic hearts 
(Figure  3C). Significantly, the levels of 2,3- butanediol 
were decreased in the CarnsTg ischemic hearts fol-
lowing 5 minutes of ischemia. 2,3 Butanediol is formed 
by the reduction of acetoin (3- hydroxybutan- 2- one), a 
minor metabolite of pyruvate and an early marker of 
ischemia.35,36

To identify the effects of histidyl dipeptides on the 
cardiometabolic profile, during longer durations of 
ischemia, we subjected the WT and CarnsTg hearts 
to either 35 or 20 minutes of perfusion, followed by 
15 minutes of ischemia. PLS- DA plot of the 4 groups: 
WT and CarnsTg hearts (perfusion only) and WT and 
CarnsTg hearts (20 minutes perfusion and 15 minutes 
ischemia), produced a clear separation of the groups 
(Figure S5B). We found that 63 metabolites were sig-
nificantly altered in the WT ischemic hearts, which be-
longed to the FA and amino acid metabolism and TCA. 
Levels of ketone bodies, such as 3- hydroxybutyric 
acid, markers of ischemic injury 2,3 butanediol were 
increased in the ischemic WT hearts (Data S5). We also 
identified 17 metabolites that were significantly different 
between the WT versus CarnsTg ischemic hearts fol-
lowing 15 minutes of ischemia (Table 3). Intermediates 
of TCA- fumaric acid and glycolysis- pyruvic acid were 
higher in the CarnsTg hearts compared with the WT 
ischemic hearts (Figure 3D). Similarly, the levels of FA 
(decanoic acid and arachidonic acid) were decreased 
in the ischemic CarnsTg hearts. Taken together, the 
global metabolic analysis of the CarnsTg hearts sug-
gests that the enrichment of enzymes involved in β- FA 

oxidation and TCA by Carns overexpression could im-
prove cardiac fuel utilization.

Metabolic Pathway Analysis
Given that Carns overexpression affects several dif-
ferent metabolic pathways, under both basal and 
ischemic conditions, we next performed pathway 
analysis of the metabolites identified by MTBSTFA 
and MSTFA derivatization. This analysis showed that 
under the basal conditions, biochemical pathways in-
volved in the metabolism of pentose phosphate path-
way, valine, leucine, and isoleucine, as well as arginine 
biosynthesis were different between the CarnsTg and 
WT hearts (Figure  4A and 4B). Pathway analysis of 
the significantly different molecules, identified 2-  to 3- 
fold enrichment in the TCA, glycolysis, biosynthesis of 
unsaturated FAs, and 10-  to 15- fold enrichment in the 
phenylalanine, tyrosine, and tryptophan metabolism 
(Figure 4C and 4D).

Next, we examined the metabolic pathways affected 
by ischemia in the WT and CarnsTg hearts. In the per-
fused hearts of the WT and CarnsTg mice, metabolic 
analysis revealed that Carns overexpression affected 
pyruvate metabolism and glycolysis and enriched 
pyruvaldehyde degradation (Figure  S4C and S4D). 
Metabolic analysis revealed that 5 minutes of ischemia 
in the WT hearts induced perturbations in the TCA, FAs, 
and amino acid metabolism (Figure S6A). Pathway en-
richment analysis of the metabolites, which were sig-
nificantly different, identified 4-  to 10- fold enrichment in 
the malate– aspartate shuttle, urea cycle, and aspartate 
metabolism (Figure S6B). Similarly, prolonged ischemia 
of the WT mice hearts (15 minutes) induced significant 
perturbations in the TCA and amino acid metabolism, 
and significant enrichment of the malate– aspartate 
shuttle (Figure S6C and S6D). To examine the metabolic 
pathways, which are affected by Carns overexpression 
in the ischemic heart, pathway analysis of the metab-
olites that are different between the CarnsTg and WT 
mice hearts following 5 minutes of ischemia indicated 
significant differences in glycolysis, TCA, FA biosyn-
thesis, pyruvate, butanoate, arginine, and proline me-
tabolism (Figure  4E). Enrichment analysis identified 
≈2-  to 8- fold enrichment in pyruvaldehyde degradation, 
β- oxidation of very long- chain FAs, alanine and cysteine 
metabolism, glucose- alanine cycle, glycolysis, and TCA 
(Figure  4G). Furthermore, pathway impact analysis of 
metabolites, which were differentially affected following 
15 minutes of ischemia between the WT and CarnsTg 
hearts, showed that the highest pathway impact for the 
CarnsTg ischemic hearts was caused by the TCA, ala-
nine, aspartate, and glutamate metabolism (Figure 4F). 
Enrichment analysis of these metabolites identified 5-  
to 8- fold differences in the glucose- alanine cycle, py-
ruvaldehyde degradation, transfer of acetyl groups into 

Table 3. Significantly Altered Metabolites in the CarnsTg 
Compared With the WT Hearts After 15 Minutes of Ischemia

No. Metabolite P value
Fold  
change Change

1 2- Pyrrolidinone 0.011 2.104 Increase

2 D- Mannose 0.006 0.42 Decrease

3 Decanoic acid 0.042 0.6 Decrease

4 9- Octadecenoic 
acid

0.0040 0.12 Decrease

5 4- Aminobutanoic 
acid

0.011 5.54 Increase

6 Fumaric acid 0.031 2.91 Increase

7 Mercaptoacetic acid 0.032 0.55 Decrease

8 d- Glucose 0.020 0.39 Decrease

9 Ribitol 0.020 1.25 Increase

10 Phosphonic acid 0.006 0.50 Decrease

11 Pyroglutamic acid 0.04 1.31 Increase

12 Arachidonic acid 0.04 1.31 Increase

13 Pyruvic acid 0.02 0.59 Decrease

14 2- Keto- hexanoic 
acid

0.02 2.12 Increase

CarnsTg indicates carnosine synthase transgenic; and WT, wild- type.
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mitochondria, TCA, and glycolysis between the WT and 
CarnsTg hearts (Figure 4H). Collectively, these data sug-
gest that Carns overexpression in the heart influences 

and improves multiple metabolic pathways under both 
aerobic and anaerobic conditions, in particular the utili-
zation of glucose and FAs.
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Integration of the Transcriptomic, 
Proteomic, and Metabolic Networks

Given that the effects of histidyl dipeptides were ob-
served at the gene, protein, and metabolite levels, we 
next integrated the transcriptomic, proteomic, and me-
tabolomic data sets and identified the levels of interac-
tion between the 3 data sets. We first correlated the 
42 DEGs and 810 DEPs and found that none of the 
DEGs and DEPs overlapped or correlated with each 
other. Since most of the DEGs did not correlate with 
the DEPs, we next performed the in- silico analysis be-
tween the highly regulated DEPs with the differentially 
expressed miRNAs using the TargetScan (Whitehead 
Institute for Biomedical Research). We found that miR- 
5046, which was downregulated in the CarnsTg heart, 
targets the expression of highly DEP troponin T3 fast 
skeletal muscle. Similarly, miR- 6989 and miR- 3100, 
which were decreased in the CarnsTg hearts, targets 
the expression of succinate dehydrogenase and 2,3 
enoyl- CoA hydratase, respectively. Further, miR- 6913 
increased in the CarnsTg hearts was predicted to tar-
get aldehyde dehydrogenase (Table 4).

To uncover the potential interactions between the 
DEPs and metabolites in the CarnsTg hearts, we com-
pared the proteomics and metabolomics clusters for 
enriched GO term and KEGG pathways. Based on 
the KEGG pathway analysis, β- FA oxidation and TCA 
pathways enriched at the protein levels were paralleled 
with the high enrichment of β- FA oxidation and TCA 
at the metabolite levels. The main enzymes regulating 
the abundance of FFAs are FA synthase, long- chain 
acyl CoA synthetase, CPT1 and 2, and 4 enzymes in-
volved in β- FA oxidation including acyl- CoA dehydro-
genase, 2,3 enoyl CoA hydratase, 3 hydroxyacyl CoA 
dehydrogenase and 3- ketoacyl- CoA thiolase. Our pro-
teomic screening identified all of the major transport-
ers and enzymes involved in regulating FAs (Data S2). 

We found that the expression of CPT2, and all of the 
4 enzymes involved in β- oxidation of FAs, were higher 
in the CarnsTg hearts than the WT hearts (Figure 5A 
through 5E). Increase in the expression of CPT2 was 
further validated by Western blot showing that CPT2 
was increased in the CarnsTg hearts compared with 
the WT hearts (Figure S7A). In parallel with the increase 
in the expression of enzymes involved in FA oxida-
tion, global metabolomic profiling at baseline showed 
that the levels of FFAs and dodecanal and propanoic 
acid were decreased in the CarnsTg hearts (Table 1). 
Similarly, following 5 minutes of ischemia, decanoic 
acid and stearic were decreased in the CarnsTg hearts 
(Figure 5F and 5G). Furthermore, the intermediates of 
TCA, succinic acid and fumaric acid, were decreased 
and increased in the CarnsTg hearts under the basal 
conditions and following 15 minutes of ischemia, re-
spectively. Mirroring the changes in TCA intermedi-
ates, proteomic analysis showed that the expression 
of succinate dehydrogenase, which oxidizes succi-
nate to fumarate, was increased in the CarnsTg hearts 
(Figure 6A through 6D), which was further confirmed 
by Western blot analysis (Figure S7B). In addition, our 
integration analysis of the 3 data sets showed that the 
decrease in glycolic acid was mirrored by decreased 
expression of aldehyde dehydrogenase in the CarnsTg 
hearts (Figure 6E and 6F). Western blot analysis fur-
ther confirmed that aldehyde dehydrogenase expres-
sion was decreased in the CarnsTg hearts compared 
with WT mice hearts (Figure  S7A). Integration of the 
KEGG pathway database and TargetScan analysis 
showed that 3 miRNAs (6989, 3100, and 6913) could 
target the expression of 3 proteins (succinate dehydro-
genase, 2,3 enoyl- CoA hydratase, and aldehyde de-
hydrogenase), belonging to β- FA oxidation, TCA, and 
ethylene glycol pathways. Collectively, our triomic anal-
ysis shows, for the first time, synergistic networks at 
the transcriptome, proteome, and metabolome levels, 

Figure 4. Pathway impact and enrichment of the differentially regulated metabolites in the wild- type (WT) and carnosine 
synthase transgenic (CarnsTg) hearts under basal and ischemic conditions.
A and B, Pathway impact analysis, and (C and D) pathway enrichment of the differentially regulated metabolites identified by N- 
trimethylsilyl- N- methyl trifluroacetamide and N- trimethylsilyl- N- methyl trifluoroacetamide derivatizations, respectively, between the 
WT and CarnsTg mice hearts under basal conditions. Pathway impact analysis after (E) 5 minutes and (F) 15 minutes of ischemia, and 
pathway enrichments of the differentially regulated metabolites (G) after 5 minutes and (H) 15 minutes of ischemia, between the WT and 
CarnsTg mice hearts (n=5– 7 hearts per group). TCA indicates citric acid cycle.

Table 4. Target Proteins of Differentially Regulated miRNA

miRNA Change Putative target gene Protein Change

mmu- miR- 5046 Decrease Tnnt3 Troponin T3 fast skeletal muscle Increase

mmu- miR- 5046 Decrease Casq2 Calsequestrin Increase

mmu- miR- 6913 Increase Aldh2 Aldehyde dehydrogenase Decrease

mmu- miR- 6989 Decrease Sdha Succinate dehydrogenase Increase

mmu- miR- 3100 Decrease Echs1 2,3 enoyl- CoA hydratase Increase

miRNA indicates microRNA.
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by which histidyl dipeptides could optimize the cardiac 
fuel utilization under aerobic and anaerobic conditions 
(Figures 5 and 6).

DISCUSSION
In the present study we adopted a multilayer omics ap-
proach to characterize in detail the genomic and pro-
teomic changes that occur as a result of an increase 
in myocardial histidyl dipeptide levels and then investi-
gated their effects on the global metabolic profile, under 
both aerobic and anaerobic conditions. Moreover, we 
combined the RNA- seq, global proteomics, and un-
targeted metabolomics data sets to identify the meta-
bolic pathways that exhibited correlative changes on 
all 3 levels. Transcriptomic analysis showed that genes 

associated with chromatin organization and DNA bind-
ing, as well as miRNAs that could target the expres-
sion of enzymes associated with β- FA oxidation and 
TCA were differentially regulated by histidyl dipeptides. 
Proteomic analysis showed that the abundance of 
≈939 proteins regulating different cellular, signaling, and 
metabolic processes was affected by Carns expres-
sion. In particular, the abundance of several enzymes 
involved in β- FA oxidation and TCA were enriched in 
CarnsTg hearts. Our metabolic profiling showed that 
the levels of FFAs were decreased and the interme-
diates of TCA, such as fumaric acid, were increased 
in the transgenic hearts under anaerobic conditions. 
Integration of the 3 data sets provided a comprehen-
sive understanding of how interactions at miRNA and 
protein levels could optimize the utilization of cardiac 
fuels, particularly FAs and glucose, under physiological 

Figure 5. Transcriptomic, proteomic, and metabolic interactions of the fatty acid metabolism in the carnosine synthase 
transgenic (CarnsTg) hearts.
Schematic overview of the fatty acid metabolism, potential target of miRNA- 3100, and levels of detected metabolites and proteins 
in the wild- type (WT) and CarnsTg hearts. Relative fold changes in the expression of (A) Carnitine palmitoyltransferase 2 (CPT2), (B) 
acyl- CoA hydratase (ACoA- DH), (C) 3- hydroxyacyl- cCoA dehydrogenase (3HCoA DH), (D) 2,3 enoyl- CoA hydratase (2,3- ECoAH), and 
(E) 3- ketoacyl- CoA thiolase (KCoAT) between the WT and CarnsTg hearts. Free fatty acid levels (F) decanoic acid and (G) stearic acid 
in the WT and CarnsTg hearts following 5 minutes of global ischemia. *P<0.05 vs WT (n=4– 8 mice in each group). FABP indicates fatty 
acid– binding protein; and miRNA, microRNA.
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and pathological conditions in the transgenic heart. 
Collectively, these results provide, for the first time, an 
integrated view of the genomic, proteomic, and me-
tabolomic changes affected by histidyl dipeptides in 
the heart. More broadly, results of concurrent genomic, 
proteomic, and metabolic analyses highlight the limita-
tion of these approaches individually, and illustrate how 
a combination of different approaches could provide 
a more comprehensive analysis of metabolic changes 
than each of these approaches individually.

Role of Histidyl Dipeptides in Gene and 
Protein Regulation
Our omics analyses indicated that ≈100 coding and 
noncoding genes and 938 proteins were differentially 
expressed in the CarnsTg heart and none of the DEGs 
and DEPs were correlated at both the gene and protein 

levels in transgenic hearts. Among the most marked 
DEPs observed in the transgenic hearts were tro-
ponin complex (I and T), which increased 3-  to 4- fold 
relative to the WT hearts. It is interesting to note that 
Carns overexpression causes a switch and increases 
the expression of fast skeletal muscle troponin in the 
heart. A number of regulatory networks such as thy-
roid hormone,37 transcription factors,38 and miRNAs39 
could regulate the expression of cardiac, slow twitch, 
and fast twitch contractile protein gene isoforms to the 
respective muscle type. Analysis of the data using an 
miRNA target prediction tool indicated that troponin T3 
fast skeletal muscle is the possible target of miRNA-
 5046, suggesting that the downregulation of miRNA-
 5046 could switch and increase the expression of 
fast skeletal muscle in the CarnsTg hearts, without 
discernable changes in the gene expression per se. 
Nevertheless, further investigations are required to 

Figure 6. Transcriptomic, proteomic, and genomic interactions in the carnosine synthase transgenic (CarnsTg) hearts.
Schematic overview of the citric acid cycle (TCA), potential target of microRNA (miRNA)- 6989, and levels of TCA intermediates. A, 
Levels of succinic acid under basal conditions and (B) fumaric acid following 15 minutes of ischemia. Relative fold changes in the 
expression of (C) isocitrate dehydrogenase (ICD) and (D) succinate dehydrogenase (SDH) between the WT and CarnsTg hearts. 
Schematic for glyoxylic acid formation and potential target of miRNA- 6913. Levels of (E) glycolic acid and (F) expression of aldehyde 
dehydrogenase (Aldh) in the WT and CarnsTg hearts. *P<0.05 vs WT (n=4– 8 mice in each group). WT indicates wild type.
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confirm the presence of specific miRNA- protein inter-
actions, and to garner more in- depth understanding of 
the mechanisms by which posttranscriptional regula-
tion of proteins is influenced by histidyl dipeptides.

One of the key findings of this work that was not pre-
viously described is the enrichment of cardiac muscle 
contraction pathway in the transgenic heart. The cardiac 
contractility is a complex machinery of cellular proteins, 
which includes tropomyosin α1 chain (TPM1); MYL1, 
MYL2, MYL3, and MYL4; MHC6 and MHC7; and ATPase 
sarcoplasmic/endoplasmic reticulum. Our proteomic 
analysis showed that the expression of MYL1, MYL2, 
MYL3, MHC7, troponin, and calsequestrin were increased 
in the transgenic hearts. A critical key to the pathogen-
esis of heart failure is decreased expression of proteins 
involved in the contractile machinery, such as titin and 
MYL.40 Previous reports show that MYL2 is decreased 
in failing hearts41 and mutation in the MYL2 lead to car-
diomyopathy.42 Because contractile function of the heart 
is the most important cardiac function and disruption of 
different sarcomeric proteins expression contributes to-
wards cardiac dysfunction, upregulation of contractile 
machinery in the CarnsTg heart could possibly contribute 
to preserving contractile dysfunction in failing hearts.

Role of Histidyl Dipeptides in Basal 
Myocardial Metabolism
In our previous work we found that increasing the en-
dogenous levels of histidyl peptides increases intracel-
lular pH buffering. This increase in buffering capacity 
allows the heart to maintain glycolysis during ischemia, 
generate higher levels of ATP, and undergo less severe 
ischemic injury than the hearts with lower buffering 
capacity.18 However, in addition to intracellular buff-
ering, histidyl dipeptides can also affect other meta-
bolic pathways. Previous studies show that carnosine 
induces the expression of pyruvate dehydrogenase,8 
suggesting that these ancillary changes may also be 
essential for preserving glycolysis or may have inde-
pendent effects that may provide additional protection 
to the heart. Hence, to obtain a more holistic view of the 
metabolic effects of histidyl dipeptides, we performed 
an unbiased global metabolic profiling and found that 
16 metabolites were significantly different in CarnsTg 
mice hearts. We found that the levels of succinate, a 
TCA intermediate, were lower in the transgenic hearts 
than in the WT hearts. Concordant with this decrease, 
our proteomics analysis showed that in comparison 
with WT hearts, the transgenic hearts had increased 
expression of TCA enzymes, particularly succinate 
dehydrogenase, which oxidizes succinate to fuma-
rate. Succinate is recognized as a universal metabolic 
signature of ischemic injury, which accumulates in the 
ischemic tissues on reperfusion and drives a burst of 
reactive oxygen species production by mitochondrial 

complex I.43 Hence, the decrease of succinate in the 
transgenic heart under basal conditions could poten-
tially mitigate reactive oxygen species production and 
ameliorate oxidative stress injury, when subjected to is-
chemia, and thereby account for the better contractile 
recovery of transgenic hearts after ischemia.18

A key finding of this study is that levels of long- chain 
FA dodecanal, as well levels of short- chain FAs, such 
as propionic acid and 4- hydroxybutanoic acid, were 
lower in the CarnsTg hearts than the WT hearts. FAs 
enter the cell via FA protein transporters, such as FA 
translocase (CD36).44 Then, a family of FA- binding 
proteins facilitate FA transport into cardiomyocytes.45 
FFAs are activated to form fatty acyl- CoAs, which 
are subsequently imported via the mitochondrial ma-
trix by the carnitine shuttle system. CPT1, located in 
the outer membrane of mitochondria, forms fatty acyl 
carnitine, which is translocated into the mitochondrial 
membrane by carnitine- acylcarnitine translocase.44 
Fatty acyl carnitine is converted back to fatty acyl CoA 
by CPT2 located on the mitochondrial membrane.44,46 
In the mitochondria, β- oxidation of FA is catalyzed by 
4 enzymes: acyl- CoA dehydrogenase, 2,3 enoyl CoA 
hydratase, 3- hydroxyacyl CoA dehydrogenase, and 3 
ketoacyl- CoA thiolase. Although our proteomic analy-
sis showed no change in the expression of CD36, the 
abundance of CPT2 and the 4 enzymes involved in the 
FA oxidation was significantly higher in the transgenic 
hearts than the WT hearts, suggesting that the enrich-
ment of β- FA oxidation in CarnsTg hearts observed at 
the proteome level could potentially contribute towards 
decreasing FFA levels.

The expression of FA transporters and enzymes 
involved in β- FA oxidation are largely under the tran-
scriptional control of PPARα and PPARδ, the retinoid 
X receptor- α, and PPAR coactivator γ.47 Previously, 
it was reported that β- alanine, a precursor for car-
nosine, increased PPARδ expression, suggesting that 
histidyl dipeptides could be the natural PPAR ligands.15 
In addition, our in vivo silico analysis showed that miR-
NA- 3100 decreased in the CarnsTg hearts could target 
the expression of 2,3 enoyl- CoA hydratase. However, 
further studies are needed to confirm how these nat-
urally occurring histidyl dipeptides affect the expres-
sion and activity of transcription factors and also to 
validate whether the miRNAs affected by Carns over-
expression could target the expression of enzymes 
involved in β- FA oxidation. Nonetheless, our results 
thus far indicate that multiple metabolic pathways are 
affected by enhancing myocardial histidyl dipeptides. 
Significantly in the CarnsTg hearts, the decrease in 
FFAs is accompanied by an increase in the expression 
of enzymes involved in β- FA oxidation, suggesting that 
higher levels of histidyl dipeptides are conducive to or 
permissive of FA oxidation even in a nonstressed, non-
ischemic heart.
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Role of Histidyl Dipeptides in the Ischemic 
Heart
Metabolic derangement is a key feature of cardiac 
ischemic injury. Multiple studies have shown that a 
progressive decrease of glucose and FA utilization is 
a characteristic signature of ischemic hearts.46,48– 50 
Elevated levels of circulating FFAs in the ischemic heart 
are associated with an increased incidence of ventricu-
lar arrhythmias, postinfarction angina, and mortality in 
patients with acute myocardial infarction.46,51,52 High 
levels of FFAs are also common in patients who have 
myocardial ischemia. Studies in animal models of re-
gional and global ischemia show that excess FA accu-
mulation in the heart impairs ventricular function. Such 
accumulation of FFAs during ischemia, particularly 
long- chain fatty acyl- CoA and long- chain acylcarni-
tine esters, weakens the membrane and compromises 
the function of membrane- bound proteins. It has also 
been associated with increased mitochondrial mem-
brane permeability, changes in calcium homeostasis, 
suppression of glucose utilization, and increased myo-
cardial oxygen consumption in ischemic hearts.53– 55 
In view of these findings, it has been suggested that 
decreasing the uptake and utilization of FAs could be a 
potential strategy to salvage the ischemic myocardium. 
Although inhibiting the mitochondrial uptake of FA by 
inhibiting CPT1 improves postischemic contractile 
function,56– 58 which is independent of decreasing FA 
utilization,59 decreasing FA oxidation under conditions 
of elevated FA availability leads to the accumulation of 
toxic lipid intermediates including diacylglycerol, which 
causes aberrant cardiac signaling and toxicity.44,60– 64 
In the present study, we found that FFAs (nonanoic 
acid and decanoic acid) were increased in the isolated 
WT ischemic hearts, suggesting that the accumulation 
of FFAs is independent of their uptake and transport. 
We also found that Carns overexpression increased 
the utilization of FFAs and glucose, which was marked 
by decreases in the levels of stearic and decanoic acid 
and an increase in the pyruvic acid levels. This favora-
ble profile could, in turn, attenuate ischemic injury by 
preventing FFA- induced changes in cardiac signaling, 
metabolism, and mitochondrial function.

We previously reported that Carns overexpres-
sion delays myocardial acidification during ischemia, 
which facilitates glucose metabolism via glycolysis.18 
In the current study, our proteomic analysis showed 
that Carns overexpression increases the expression of 
the FA transporters and enzymes involved in FA me-
tabolism. Therefore, the improvements in the FA utili-
zation observed under the ischemic conditions in the 
CarnsTg ischemic hearts could be either secondary 
to the improvements in pH and glucose utilization or 
attributable to the increase in the expression of β- FA 
oxidation enzymes. In addition to FFA accumulation, 

ischemia also induces substantial changes in the TCA 
intermediates. It has been reported that the loading 
of TCA intermediates, such as fumarate, protects the 
heart from ischemia– reperfusion injury. In studies with 
mice deficient in fumarate dehydratase, increases in 
cardiac fumarate levels are associated with marked 
reduction in infarct size.65 Our results show that fuma-
ric acid was increased in the ischemic CarnsTg heart, 
which was mirrored by the increased expression of the 
succinate dehydrogenase that catalyzes the oxidation 
of succinate into fumarate. Taken together, the results 
of our metabolomic and proteomic profiling suggest 
that Carns overexpression increases the expression of 
β- FA oxidation enzymes and is accompanied by an in-
crease in FA and glucose utilization. Collectively these 
findings suggest that during ischemia, the elevated 
levels of histidyl dipeptides support the channeling of 
both the cardiac fuels, glucose and FAs, through the 
TCA.

Limitations
Although our results provide a comprehensive view of 
genomic, proteomic, and metabolic changes associ-
ated with an increase in the myocardial levels of histidyl 
dipeptides, the study has several limitation. First, we 
used a transgenesis approach to study the effect of his-
tidyl dipeptides on cardiac structure, gene expression, 
and metabolism. These changes were attributable to 
a 20-  to 25- fold increase in the levels of histidyl dipep-
tides in the heart. We previously reported that β- alanine 
feeding for 7 days only enhances myocardial carnosine 
levels 7-  to 10- fold,18 suggesting that the increase in 
myocardial histidyl dipeptides by transgenesis is simi-
lar in magnitude than could be achieved physiologically 
by prolonged β- alanine feeding. Second, even though 
our studies reveal the widespread impact of increased 
histidyl dipeptides, which could be achieved under 
physiological conditions, previous work has shown 
that carnosine levels are depleted in the skeletal mus-
cle of patients with type 2 diabetes,66 patients of older 
age,67 and patients with chronic obstructive pulmonary 
diseases.68 How depletion of carnosine, as opposed 
to an increase, could affect the proteome/genome/me-
tabolome of the heart remains unknown and requires 
additional studies on mice with low levels of carnosine 
caused by pathophysiological changes or deletion of 
the Carns gene.

Finally, in the present study we overexpressed 
Carns in cardiomyocytes, used the whole heart to an-
alyze the effects of this overexpression, and did not 
examine the effect of increased histidyl dipeptides on 
other cells, such as fibroblasts and endothelial cells. 
Given that exogenous expression of Carns was driven 
by the α- MHC promoter, which is highly specific for 
cardiomyocytes, it seems unlikely that the levels of 
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histidyl dipeptides were increased in non– MHC- 
containing cells in the heart or other tissues. Moreover, 
even though the levels of histidyl dipeptides were en-
hanced manifold in the CarnsTg hearts, no changes 
were observed in the circulating levels of histidyl dipep-
tides (results not shown), suggesting that these dipep-
tides are not extruded out from the cardiomyocytes to 
alter histidyl dipeptides in distal tissue. Nonetheless, 
additional measurements in cells other than cardiac 
myocytes are needed to determine whether altering 
histidyl dipeptides in the cardiomyocytes affects lev-
els of histidyl dipeptides or other proteins in fibroblasts 
and endothelial cells of the heart.

Multiomics Approach Elucidates the 
Impact of Histidyl Dipeptides
Overall, in this study, by using a well- defined model of a 
single gene overexpression, localized to the heart, we 
were able to identify multiple transcriptomic, proteomic, 
and metabolomic changes in the heart. Many of the 
proteomic changes were concordant with the changes 
in metabolism and with the overall metabolic protection 
provided by histidyl dipeptides to the ischemic heart. 
During the course of this work, we identified several 
previously unknown changes in metabolites, tran-
scripts, and proteins, presumably triggered by increas-
ing the levels of histidyl dipeptides in the heart, and 
determined how these changes act in concert to create 
a metabolic milieu that resists ischemic injury. To our 
knowledge, this is the first study to use the system biol-
ogy approach to identify the metabolic, molecular, and 
cellular pathways in ischemic and nonischemic hearts 
and how they are affected by increasing the synthe-
sis of histidyl dipeptides in the heart. Of importance, 
multiomics integration of the data revealed potential 
parallels at the genome, proteome, and metabolome 
levels in the heart, showing that the well- established 
FA metabolism and TCA, enriched at the miRNA and 
protein levels, overlap with the enrichment of FA oxida-
tion and TCA metabolites. The unbiased assessment 
of metabolic changes in the ischemic heart, and the 
findings that ischemic accumulation of FFA was attenu-
ated in CarnsTg hearts reveals novel insights into the 
reprogramming at the gene and protein levels, which 
impacts both β- oxidation and glycolysis. Our findings 
show that a combinatorial effect of these dipeptides on 
multiple pathways, particularly FA and glucose utiliza-
tion, could potentially contribute to optimizing the use 
of cardiac fuels under physiological and pathological 
conditions to impart a pervasive protection against is-
chemic injury. Given that the histidyl dipeptides in heart 
and muscle could be increased under physiological 
conditions such as β- alanine feeding and exercise,18,14 
our findings provide a new understanding of the 
mechanisms underlying the cardioprotective effects of 

histidyl dipeptides. Finally, because myocardial levels of 
histidyl dipeptides could be readily increased by feed-
ing carnosine or β- alanine, these results also suggest 
a readily adaptable intervention to improve basal me-
tabolism in the heart and to increase myocardial resist-
ance to ischemic injury.
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Data S1. Differentially regulated coding and non-coding genes in the carnosine synthase 

transgenic (CarnsTg) heart.  

 

Data S2. Differentially expressed proteins in the carnosine synthase transgenic (CarnsTg) heart. 

 

Data S3. Metabolites altered in the carnosine synthase transgenic (CarnsTg) heart under basal 

conditions detected by MTBSTFA derivatization. 

 

Data S4. Metabolites altered in the carnosine synthase transgenic (CarnsTg) heart under basal 

conditions detected by MSTFA derivatization. 

 

Data S5. Significantly altered metabolites in wild type heart and carnosine synthase transgenic 

(CarnsTg)Data S1 hearts that were subjected to 35 min of perfusion followed by 5- and 15-min 

ischemia. 
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Figure S1. Levels of histidyl dipeptides in the wild type (WT) and carnosine synthase 

transgenic (CarnsTg) mice. 

 

 

 

 

 

 

Hearts from the WT and CarnsTg mice were isolated and analyzed for histidyl dipeptides 

carnosine, anserine, homocarnosine and carcinine using  LC/MS/MS methods and 4d carnosine 

and tyrosyl-histidine as internal standard. Chromatograms were acquired using the transitions 

carnosine 227→110 m/z, homocarnosine 241→156 m/z, anserine 241→109 m/z and carcinine 

182→110 m/z. Data are presented as mean±SEM, n=4 samples in each group. 
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Figure S2: Comparative analysis of the differentially expressed proteins (DEPs) between 

the wild type (WT) and carnosine synthase transgenic (CarnsTg) hearts. 

 

 

 

 

 

 

 

 Volcano plot of the proteome between the WT and CarnsTg hearts, where the statistical 

significance log10 of p-value Y-axis was plotted against log2-fold change (X-axis).  
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Figure S3: Metabolomic analysis of the wild type (WT) and carnosine synthase transgenic 

(CarnsTg) hearts under basal conditions.  

 

 

 

 

 

 

Changes in the global cardio metabolomic profile by Carns overexpression were assessed using 

an unbiased metabolomic approach.  Partial least square plot (PLS-DA) of the metabolites from 

the WT and CarnsTg mice hearts under basal conditions detected by (A) MTBSTFA and (B) 

MSTFA derivatization.  
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Figure S4: Non-targeted metabolomic analysis of the wild type (WT) and carnosine 

synthase transgenic (CarnsTg) perfused mice hearts.  

 

 

 

 

 

 

 

 

Isolated hearts from the WT and CarnsTg mice were perfused in a Langendorff mode for 35 min. 

(A) principal component analysis, (B) Volcano plot,  (C) pathway impact analysis and (D) 

enrichment analysis of metabolic sets modulated by Carns overexpression relative to WT, n=7 in 

each group. 
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Figure S5: Metabolomic analysis of the wild type (WT) and carnosine synthase transgenic 

(Carns Tg) hearts during different durations of ischemia.  

 

 

 

 

 

 

 

 PLS-DA of the WT and CarnsTg hearts following (E) 5 min and (F) 15 min of ischemia, where 

purple symbol represents metabolites from the WT heart subjected to 35 min perfusion, red 

symbol represents metabolites from CarnsTg heart perfused for 35 min, green symbols represent 

metabolites from WT heart subjected to 20 min perfusion followed by 5 min ischemia, blue 

symbols represent metabolites from CarnsTg heart perfused for 20 min followed by 15 min 

ischemia.  
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Figure S6. Impact analysis shows the effect of ischemia on the primary metabolic pathway.  

 

 

 

 

 

 

 

 

 

Impact analysis induced by (A) 5 min and (C) 15 min of ischemia in the wild type (WT) mice 

hearts. Enrichment analysis of metabolic sets modulated after (C) 5 min and (D) 15 min of 

ischemia in the WT hearts, n=7 in each group. 
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Figure S7. Carnosine synthase (Carns) overexpression in heart affects the expression of 

different cytosolic and mitochondrial proteins. 

 

 

 

 

 

 

 (A) Western blot analysis of the carnitine palmitoyl transferase 2 (CPT2) in the mitochondria, and 

aldehyde dehydrogenase (ALDH) in the cytosol of the wild type (WT) and CarnsTg hearts. 

Succinate dehydrogenase (SDH) expression in the mitochondrial fraction, and Carns expression 

in the cytosol of the WT and Carns transgenic mice hearts. Data presented as fold change is 

normalized to voltage dependent ion channel (VDAC), ATP synthase β and amido black, *p<0.05 

vs WT, n=4-6 samples in each group. 
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