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A B S T R A C T

Aims: To determine the metabolic adaptations to compensated heart failure using a reproducible model of
myocardial infarction and an unbiased metabolic screen. To address the limitations in sample availability and
model variability observed in preclinical and clinical metabolic investigations of heart failure.
Main methods: Metabolomic analysis was performed on serum and myocardial tissue from rabbits after myo-
cardial infarction (MI) was induced by cryo-injury of the left ventricular free wall. Rabbits followed for 12weeks
after MI exhibited left ventricular dilation and depressed systolic function as determined by echocardiography.
Serum and tissue from the viable left ventricular free wall, interventricular septum and right ventricle were
analyzed using a gas chromatography time of flight mass spectrometry-based untargeted metabolomics assay for
primary metabolites.
Key findings: Unique results included: a two- three-fold increase in taurine levels in all three ventricular regions
of MI rabbits and similarly, the three regions had increased inosine levels compared to sham controls. Reduced
myocardial levels of myo-inositol in the myocardium of MI animals point to altered phospholipid metabolism
and membrane receptor function in heart failure. Metabolite profiles also provide evidence for responses to
oxidative stress and an impairment in TCA cycle energy production in the failing heart.
Significance: Our results revealed metabolic changes during compensated cardiac dysfunction and suggest po-
tential targets for altering the progression of heart failure.

1. Introduction

Heart failure is a leading cause of morbidity and mortality world-
wide [79]. Clinically, multiple factors can influence the severity and
progression of heart failure as well as the outcomes following hospi-
talization [41]. Modeling of heart failure progression in animal models
can limit confounding variables (environment, comorbidities, medica-
tions) and provide insights into pathogenesis and therapy [3]. Coronary
artery disease and subsequent myocardial ischemic injury is a major
cause of progression to heart failure [25]. Coronary ligation models of
myocardial ischemic injury are limited by variable coronary anatomy
and subsequent variable infarct size and location that reduce the power
of such studies. Cryoablation effectively yields reproducible areas of
myocardial infarction (size, depth, and location) for more precise study
of compensated cardiac dysfunction [44]. Although cryo-injury does
not replicate the clinical MI, it does provide a model to study

myocardial metabolism after the heart has adapted to a fixed injury.
Metabolic dysfunction (dysregulation) is an important component

of the complex pathogenesis of heart failure [14,46,51,67,78]. High
energy consumption and metabolic flexibility for substrate utilization
challenges our understanding of impaired energy production in the
failing heart [46,51,78]. Metabolomics is the study of chemical com-
pounds involved in metabolic and biochemical pathways of carbohy-
drate, fatty acid, amino acid, ketone, nucleoside, phospholipid and
polyamine metabolism [32,48,62]. Metabolomic analyses are im-
portant in cardiovascular medicine [17], but patient studies are often
limited to analysis of blood and urine since patient tissue samples are
not readily attainable and heterogeneous due to age differences, co-
morbidities, different drug treatments, and nutritional habits
[32,48,62].

We have designed the current investigation to address limitations of
experimental model design, confounding variables of clinical
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metabolomics studies and tissue availability for metabolomics in a
model of left ventricular free wall cryoablation and chronic myocardial
dysfunction. For the first time a non-targeted, unbiased metabolic
profiling of serum and regional left and right ventricular tissue was
performed in the rabbit cryoablation model. We show that cryoablation
of the left ventricular free wall produces a reproducible region of
myocardial infarction and reduced ejection fraction that is maintained
for 12 weeks. These stable changes in left ventricular function prior to
overt heart failure are accompanied by alterations in serum and myo-
cardial metabolism that differ among right ventricle (RV), in-
traventricular septum (IVS) and non-infarcted left ventricular free wall
(LVFW). The results provide important information regarding the me-
tabolic changes involved in chronic cardiac dysfunction and the pro-
gression of heart failure.

2. Materials and methods

New Zealand White Rabbits (NZW) were purchased from Western
Oregon Rabbit Co., Philomath, OR. All procedures were conducted in
accordance with NIH guidelines, the Guide for the Care and Use of
Laboratory Animals (National Academy of Science) and approved by the
Institutional Animal Care and Use Committee at the VA San Diego
Health Care System. Male and female NZW rabbits (n=10) weighing
2.8 to 3.2 kg underwent a sterile left thoracotomy wherein a cryoprobe
(Brymill Model #205–1) was used to induce a myocardial infarction by
freezing a section of the left ventricular free wall (Fig. 1) [44]. Surgery
was induced with ketamine (25–50mg/kg)+midazolam (1–2mg/kg)
IM followed by 1–3% isoflurane via face mask. Rabbits were then in-
tubated, ventilated and maintained on 1–3% isoflurane. A thoracotomy
was then performed between the 3rd and 4th ribs and the pericardium
was opened to provide access to the left ventricle free wall. A 3–0 silk
suture was introduced through the apex of the heart to provide control
of the heart during freezing. (see Fig. 1) The 1 cm cryoprobe cooled
with liquid N2 was placed on the anterio-lateral ventricular free wall
midway between the apex and base of the heart to induce the MI. Probe
pressure was applied such that the myocardial tissue (2–4mm) around
the probe blanched. The probe was applied for a total of 3min to
achieve a transmural infarct as previously described [5]. Fluid support
and cardiovascular drugs were used to restore normal hemodynamics
prior to closing the chest and recovering the animal. A thoracotomy and
pericardectomy alone was performed on a group of six NZW rabbits (3
males & 3 females) of similar size to provide sham controls for the 12-
week study. At necropsy, hearts were arrested in diastole and infarct

size was assessed immediately post-mortem. The endocardial area of
the left ventricular free wall plus septum was traced on plexiglass at a
fixed wall thickness. The scar was excised from the LV and the area
traced and measured by planimetry using Image J - NIH (https://
imagej.nih.gov/ij/). Infarct size was calculated by the ratio of scar area
and total LV endocardial area.

2.1. Echocardiography

Left ventricular function was assessed during the time course of the
study using echocardiography with a Philips SONOS 5500 unit and a
S12 probe (frequency: 5–12MHz) (Philips, Amsterdam, Netherlands).
Rabbits were sedated with midazolam (2mg/kg, intramuscular) and
1.5% isoflurane was administered via inhalation. Guided M-mode
imaging was performed at the left ventricular papillary muscle level,
and fractional shortening (FS) was calculated from LV dimensions at
end-systole (ESD) and end-diastole (EDD) as FS= (EDD-ESD)*100/
EDD. LV ejection fraction (EF) was calculated using the Teichholz
method [72]. Velocity of circumferential fiber shortening (Vcf) was
calculated from EDD, ESD and ejection time (ET) as Vcf= (EDD-ESD)/
(EDD*ET).

2.2. Serum and tissue collection

Blood and tissue were obtained after completion of the 12-week
echocardiography study. All animals were anesthetized with isoflurane
via a nose cone. Deep anesthesia was achieved with 4–5% isoflurane
and the chest was opened by a midline incision and sternal split.
Methods for tissue collection were consistent with the report that less
variability is obtained when tissue is obtained under anesthesia rather
than post-euthanasia [52]. The heart was exposed and venous blood
obtained by needle puncture of the right ventricle. Animals then were
heparinized (500 IU heparin/kg body weight) and KCL (16mEq/l) was
injected through the apex of the left ventricle until the heart arrested in
diastole. The heart was immediately removed and placed in a slurry of
ice-cold saline. Blood was flushed from the heart by retrograde perfu-
sion of the coronary arteries via a short section of the proximal aorta.
The heart was maintained in the cold saline slurry during sectioning.
Myocardial sections of the heart regions were placed in cryotubes and
flash frozen in liquid nitrogen. Serum and tissue samples were main-
tained in a - 80o C freezer until shipment on dry ice to the West Coast
Metabolomics Center at the University of California Davis for metabo-
lomic analysis. Serum was prepared as follows: Blood was placed in red

Fig. 1. Cryo-probe freezing the myocardium and the effected region immediately post the 3-minute freeze.
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top tubes and allowed to stand at room temp for 30min. Tubes were
then placed in a refrigerated centrifuge (4 °C) and spun at 2000 rcf for
15min. The supernatant was transferred to a cryotube and then flash
frozen in liquid nitrogen.

2.3. Metabolomic Sample Preparation

Metabolites were extracted from a 20 μl serum aliquot using 1ml of
degassed and cold (at −20 °C) acetonitrile:isopropanol:water (3:3:2, v/
v/v) mixture. For the heart samples, 6 mg of frozen tissue was homo-
genized using a GenoGrinder 2010 (SPEX SamplePrep) for 2min at
1350 rpm. Samples were vortexed for 10 s, shaken for 5min and then
centrifuged for 2min at 14,000 rcf. Dried samples were cleaned with
0.5 ml of an acetonitrile:water (1:1, v/v) mixture, decanted and eva-
porated. Two 450 μl supernatant aliquots was transferred to new tubes.
One tube was stored as a backup aliquot and another was dried using
CentrVap. For derivatization, a 10 μl of methoxyamine hydrochloride in
pyridine (40mg/ml) was added to each sample and then shaken at
30 °C for 90min. Then 90 μl of N-methyl-N-(trimethylsilyl) tri-
fluoroacetamide (MSTFA, Sigma-Aldrich) was added for trimethylsily-
lation. C8–C30 fatty acid methyl esters (FAMEs) were added as internal
standard for retention time correction. Then samples were shaken for
30min at 37 °C. These derivatized samples were analyzed by GCMS.
GC/MS was chosen for this study because it can reliably measure pri-
mary metabolites from central metabolic pathways that were dysregu-
lated in cells under a stress [8,22]. Furthermore, the West Coast Me-
tabolomics Center uses BinBase [68], a fully automated GC/MS data
processing software to generate data matrix with minimum false posi-
tive peaks.

2.4. Injector conditions

An Agilent 6890 gas chromatography instrument equipped with a
Gerstel automatic linear exchange systems (ALEX) which included a
multipurpose sample dual rail and a Gerstel cold injection system. The
temperature program for the injection system was: 50 °C to 275 °C final
temperature at a rate of 12 °C/s and hold for 3min. Injection volume
was 0.5 with 10 μl/s injection speed. Injection mode was splitless with a
purge time of 25 s. The injector liner was changed after every 10
samples. The injection syringe was washed with 10 μl of ethyl acetate
before and after each run.

2.5. Gas chromatography conditions

A Rtx-5Sil MS column (30m length, 0.25mm id, 0.25 μM 95% di-
methyl 5% diphenyl polysiloxane film). An additional 10m long in-
tegrated guard column was used. Mobile phase was 99.9999% pure
helium gas with a flow rate of 1ml/min. The gas chromatography
temperature program was: held at 50 °C for 1min, ramped at 20 °C/min
to 330 °C and then hold for 5min.

2.6. Mass spectrometer settings

A Leco Pegasus IV time of flight mass spectrometer was used for
acquiring the mass spectral data. The spectrometer was operated using
the Leco ChromaTOF software vs. 2.32 (St. Joseph, MI). The transfer
line temperature between gas chromatograph and mass spectrometer
was set to 280 °C. Electron impact ionization at 70 V was employed with
an ion source temperature of 250 °C. Acquisition rate was 17 spectra/s,
with a scan mass range of 85–500 Da.

2.7. Data processing

Raw data files were preprocessed directly after data acquisition and
stored as ChromaTOF-specific *.peg files, as generic *.txt result files and
additionally as generic ANDI MS *.cdf files. ChromaTOF vs. 2.32 is used

for data preprocessing without smoothing, 3 s peak width, baseline
subtraction just above the noise level, and automatic mass spectral
deconvolution and peak detection at signal/noise levels of 5:1
throughout the chromatogram. Apex masses were reported for use in
the BinBase algorithm. Result *.txt files were exported to a data server
with absolute spectra intensities and further processed by a filtering
algorithm implemented in the metabolomics BinBase database. The
BinBase algorithm (rtx5) used the settings: validity of chromatogram
(10^7 counts s-1), unbiased retention index marker detection (MS si-
milarity> 800, validity of intensity range for high m/z marker ions),
retention index calculation by 5th order polynomial regression. Spectra
were cut to 5% base peak abundance and matched to database entries
from most to least abundant spectra using the following matching fil-
ters: retention index window±2000 units (equivalent to about± 2 s
retention time), validation of unique ions and apex masses (unique ion
must be included in apexing masses and present at> 3% of base peak
abundance), mass spectrum similarity must fit criteria dependent on
peak purity and signal/noise ratios and a final isomer filter. Failed
spectra were automatically entered as new database entries if s/
n > 25, purity 80%. All thresholds reflect settings for ChromaTOF v.
4.0. Quantification was reported as peak height using the unique ion as
default, unless a different quantification ion is manually set in the
BinBase administration software BinView. A quantification report table
was produced for all database entries that were positively detected
in> 10% of the samples of a study design class (as defined in the miniX
database) for unidentified metabolites. A subsequent post-processing
module was employed to automatically replace missing values from the
*.cdf files. Replaced values were labeled as ‘low confidence’ by colour
coding, and for each metabolite, the number of high-confidence peak
detections is recorded as well as the ratio of the average height of re-
placed values to high-confidence peak detections. These ratios and
numbers were used for manual curation of automatic report data sets to
data sets released for submission.

2.8. Statistical analysis, and metabolic network mapping

Data were normalized to the total sum of known compounds in each
sample and then log2 transformed. Welch's t-test was used to identify
significantly different compounds in MI group in comparison to the
Sham group. Metabolites were mapped into a metabolic network graph
using the MetaMapp software [7] and visualized using the Cytoscape
software.

3. Results

3.1. Cryo-injury MI model characteristics

Infarct size was 29 ± 3% of the left ventricle including septum.
Heart size was greater in the MI than the sham animals as reflected in
the ratios of heart weight/body weight and LV weight/body weight
(Table 1). This was confirmed by echocardiography which revealed a
32% greater end diastolic dimension in MI compared to sham rabbits
(Table 2, Suppl Fig. 6). Systolic function, as reflected in ejection frac-
tion, was reduced below sham values at 4 weeks post MI (38 vs 57%)
and remained at this level through the 12-week follow-up period (35 vs
59%).

3.2. Serum metabolites

Normalized peak intensity levels for metabolites in serum are listed
in Table 3 and depicted by volcano plot (Fig. 2a) and network regions
(Fig. 2b and c). Phosphate and malic acid, were reduced by 40% in MI
rabbits compared to shams (Table 3 and Fig. 2). Slight elevations in the
lipids, palmitic and stearic acid, were noted for MI rabbits, but only the
stearic acid signal was significant. Products of ascorbic acid metabo-
lism, dehydroascorbic acid and threonic acid, were both elevated in the

M.D. McKirnan, et al. Life Sciences 221 (2019) 212–223

214



serum of MI rabbits. The amino acid β-alanine was decreased by 40% in
MI animals, but branched-chained amino acids, valine, leucine and
isoleucine, were not different between groups. Myo-inositol levels in MI
rabbits were 50% higher than shams, but this did not achieve statistical
significance (p=0.07).

3.3. Myocardial metabolites

A VENN diagram shows the numbers for significantly different
metabolites between MI and Sham rabbits in the three myocardial re-
gions (Fig. 3). Levels for individual metabolites are listed in Table 3 and
Suppl Table 1 and depicted by volcano plots (Fig. 4) and network re-
gions (Fig. 5). Myocardial tissue from MI rabbits revealed marked in-
creases in the levels of the metabolites inosine and taurine compared to
shams. The left ventricular free wall (LVFW), interventricular septum

(IVS) and right ventricle (RV) exhibited this response. The increase in
inosine levels ranged from 1.4 to 1.7 fold in the three regions while the
taurine level increase ranged from 1.9 fold for the IVS to 3.5 fold for the
LVFW. Hypoxanthine, a degradation product of inosine was increased
in a similar manner in the RV alone. The marginal reductions in
phosphate for the LVFW and RV of MI rabbits were not significant.
Organic acids and TCA cycle intermediates reduced by MI included 2-
hydroxyvaleric acid and succinic acid which were lower in both the IVS
and RV. The elevated dehydroascorbic acid levels in the IVS and
threonic acid levels in the RV compared to shams was consistent with
the response observed for serum. Excluding taurine, the levels for
aromatic and amino acid compounds varied across the three chambers.
The LVFW tissue from MI animals had reduced levels for aminomalo-
nate and increased phenylalanine levels compared to shams. IVS tissue
from MI animals showed increased levels for phenylalanine (50%) and
glutathione (70%), but decreased levels for beta alanine (40%), benzoic
acid (20%) and nicotinamide (30%) compared to shams. Comparable
reductions in beta alanine levels was noted for both serum and IVS of
the MI rabbits. Noradrenaline signal was lower in the LVFW region of
MI animals, but this difference failed to reach statistical significance
(p=0.055). An increase in methionine levels was observed in the RV
tissue of MI rabbits. Reductions in myo-inositol levels were noted for all
three myocardial regions but only the decrease in the LVFW was sta-
tistically significant. Lipid metabolites, glycerol and palmitoleic acid,
levels were reduced in the IVS of MI animals, while linolenic acid levels
were increased in the LVFW region. MI altered the urea cycle as hy-
droxycarbamate NIST levels in the IVS and urea levels in the LVFW
were decreased compared to shams. Sulfate levels were increased by
two-fold in the LVFW of MI animals.

4. Discussion

Metabolomics has been studied in multiple cardiovascular diseases
to identify target metabolites that could provide insights into me-
chanisms of dysregulation, severity of disease, disease progression, and
potential targets for treatment [6,17,48]. The goal of the current study

Table 1
Heart and body weights of Sham and MI rabbits.a

Variableb Shams MI p valuec

(n= 6) (n= 10)

Body Wt (kg) 4.72 ± 0.06 4.42 ± 0.10 0.06
Heart Wt (gms) 10.32 ± 0.25 12.65 ± 0.80 0.047

HT/BW 2.22 ± 0.04 2.85 ± 0.16 0.017
HT/TL 0.092 ± 0.002 0.116 ± 0.007 0.02

LV Wt (gms) 6.19 ± 0.19 6.59 ± 0.36 0.43
LV/BW 1.31 ± 0.04 1.48 ± 0.06 0.05
LV/TL 0.055 ± 0.001 0.059 ± 0.003 0.34

RV Wt (gms) 1.96 ± 0.07 2.68 ± 0.26 0.05
RV/BW 0.42 ± 0.02 0.60 ± 0.05 0.02
RV/TL 0.017+ 0.001 0.024+ 0.002 0.05

a Data presented as Mean ± SEM for Sham-operated and Myocardial
Infarction (MI) Rabbits.

b LV= left ventricle; RV= right ventricle; TL=Tibial Length; HT=heart;
BW=body weight.

c p values represent an unpaired t-test comparing Sham and MI rabbits.
Graph Pad/Prism 6 Statistical Software.

Table 2
Echocardiographic responses to a cryo-myocardial infarction.

Variablea Groupb Prec 4Wks 8Wks 12Wks ANOVA - RMd

HR MI 220 ± 7 245 ± 8 225 ± 11 226 ± 9 0.66
(bpm) Sham 219 ± 7 221 ± 7 222 ± 9 213 ± 13
EDD MI 16.7+ 0.2 21.1 ± 0.6⁎ 23.0 ± 0.8⁎ 23.3 ± 0.9⁎ 0.001
(mm) Sham 17.0 ± 0.3 17.3 ± 07 17.2 ± 0.7 17.3 ± 0.5
ESD MI 11.0 ± 0.2 16.9 ± 0.5⁎ 18.5 ± 0.8⁎ 19.0 ± 0.7⁎ 0.001
(mm) Sham 11.2 ± 0.2 11.7 ± 0.7 11.8 ± 0.7 11.5 ± 0.6
IVSd MI 2.38 ± 0.07 2.63 ± 0.10 2.6 ± 0.10 2.76 ± 0.14 0.15
(mm) Sham 2.54 ± 0.05 2.67 ± 0.12 2.97 ± 0.12 2.64 ± 0.12
IVSs MI 3.61 ± 0.06 3.80 ± 0.13 3.61 ± 0.12⁎ 3.86 ± 0.19 0.03
(mm) Sham 3.91 ± 0.09 4.08 ± 0.20 4.46 ± 0.32 3.89 ± 0.07
LVFWd MI 2.54 ± 0.07 1.92 ± 0.12⁎ 1.88 ± 0.11⁎ 1.95 ± 0.14⁎ 0.03
(mm) Sham 2.68 ± 0.07 2.75 ± 0.14 3.05 ± 0.21 2.99 ± 0.22
LVFWs MI 4.03 ± 0.10 2.50 ± 0.24⁎ 2.40 ± 0.21⁎ 2.23 ± 0.17⁎ 0.003
(mm) Sham 4.33 ± 0.13 4.31 ± 0.16 4.35 ± 0.28 4.07 ± 0.13
FS MI 34.4 ± 0.8 20.2 ± 0.8⁎ 18.7 ± 0.6⁎ 19.1 ± 0.7⁎ 0.001
(%) Sham 34.2 ± 0.6 32.7 ± 1.8 31.7 ± 1.7 34.0 ± 1.4
Vcf MI 3.13 ± 0.09 1.79 ± 0.07⁎ 1.74 ± 0.09⁎ 1.62 ± 0.04⁎ 0.001

(circ/s) Sham 2.99 ± 0.08 3.03 ± 0.15 2.95 ± 0.24 3.02 ± 0.17
EF MI 63 ± 2 38 ± 1⁎ 37 ± 2⁎ 35 ± 1⁎ 0.001
(%) Sham 59 ± 1 57 ± 2 56 ± 2 59 ± 2

a HR=Heart rate, beats per min.; EDD=End Diastolic Dimension; ESD=End Systolic Dimension; IVSd= Interventricular septum thickness in diastole;
IVSs= Interventricular septum thickness in systole; LVFWd=Left ventricular free wall thickness in diastole; LVFWs=Left ventricular free wall thickness in systole;
FS= Fractional Shortening; Vcf=Circumferential fiber shortening; EF= Ejection Fraction.

b MI=Myocardial infarction group, n=10; Sham=Sham operated group, n=6.
c Data presented as Mean ± SEM for pre-surgery (Pre) and 4, 8 and 12weeks post-op.
d Analysis of Variance with repeated measures (ANOVA – RM) was used to compare the two groups over time, Post-hoc comparisons were performed using Sidak's

multiple comparison test.
⁎ p < 0.001 vs Sham. Graph Pad/Prism 6 Statistical Software.
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was to address limitations of model/patient variability and tissue and
serum availability present in previous pre-clinical and clinical meta-
bolomic studies. The cryo-myocardial infarction model in our hands
produced a reproducible myocardial infarction (MI), of 30% of the LV
free wall, with echocardiographic findings comparable to previous
coronary occlusion MI models in the rabbit [77]. Clinical studies using
metabolomic platforms to study heart failure have relied primarily on
blood analysis, however limited urine collection and tissue sampling
studies have been reported [9,20,28,32,40]. Extensive discussions of
this topic can be found in recent reviews [6,17,32,48]. Spectrograph
signals for serum and tissue analytes revealed that a reproducible
myocardial infarction produced significant alterations in myocardial
metabolites.

Increases in taurine were seen in all three regions of the heart ex-
amined. Taurine is a ubiquitous amino sulfonic acid with diverse bio-
logical functions found in high concentrations in heart and muscle [58].
Taurine plays a role in Ca++ homeostasis and contractile function
[54,56], improves energy metabolism [59], and indirectly regulates
oxidative stress via mitochondrial complex I and the endoplasmic re-
ticulum [36,38]. Taurine also plays a role in membrane stabilization
through direct interactions with phospholipids [57] and serves as a
modulator of protein kinases and phosphatases [34]. Taurine deficiency
is associated with diminished autophagy [39] and decreased levels of
the transcription factor PPARα [25] a key regulator of fatty acid me-
tabolism. Taurine supplementation after experimental MI decreased
apoptosis, oxidative stress, metalloproteinase activation (MMP-2 & 9)
and improved cardiac energy metabolism [4]. Taurine has been studied
as a potential therapeutic for heart failure with a focus on its antag-
onism of neurohumoral factors [5,35,56]. In a small randomized,
double-blind study in heart failure patients, taurine supplementation
improved ECG parameters, exercise capacity, and hemodynamic re-
sponses to exercise [2]. Plasma taurine levels are elevated in patients
with advanced heart failure [16,49], but serum taurine was not ele-
vated in our MI rabbits with compensated heart failure. However, our

findings are consistent with reports that taurine content is increased in
hearts of heart failure patients and experimental models of heart failure
[33,50,53,71]. The increased levels of taurine in hearts of our rabbits
may be linked to a reduction in β-alanine in both the serum and the IVS
given that β-alanine is a nonessential amino acid that blocks taurine
transport [37,58]. Further investigations are warranted for potential
mechanism, relevance, and therapeutic implications of our findings of
an increased taurine signal in hearts with stable cardiac dysfunction
after MI.

The next largest signal in our study suggests a significant increase in
inosine levels in all three heart regions after MI. Inosine is a product of
irreversible degradation of adenosine by adenosine deaminase. Inosine
can then be converted to hypoxanthine by a phosphorylase. Although
unchanged in serum, inosine levels were increased in all regions of our
MI rabbit hearts while hypoxanthine was increased in the RV alone (1.5
fold). The fact that adenosine was not altered in serum and tissue of MI
rabbits was surprising since patients in heart failure have been shown to
have elevated plasma and decreased tissue levels of adenosine [20,23].
Our findings of increased inosine levels may suggest a metabolic shift
towards energy repletion in the face of oxidative stress [26,69]. Inosine
can increase energy production through the hypoxanthine-IMP-AMP
pathway or through the anaerobic pentose pathway (ribose1P) [61]. An
anti-inflammatory role for inosine has also been reported [11,30]. In-
creased myocardial inosine in our MI rabbits contrasts the reports of
unchanged or reduced purines in the rat MI model [24,27] and cardi-
omyopathic hamster [47]. In the dog model of pacing-induced heart
failure, total adenine nucleotides, ATP and creatinine in the heart were
reduced [65]. In our MI rabbits, marginal reductions were noted for
creatinine (p=0.07) in the LVFW and phosphate in the LVFW
(p=0.10) and RV (p=0.08) (Supp Table 1). Whether our observations
of an increased myocardial inosine levels in MI rabbits is unique to the
species or occurs in the setting of compensated cardiac dysfunction is
uncertain.

Myo-inositol is a prominent component of membrane-incorporated

13

Inosine
Taurine

8

Inosine
Succinic Acid

Inosine

Inosine

6

IVS LV

RV

Aminomalonate
Inosine
Linolenic Acid
Myo-inositol
Phosphoethanolamine
Sulfuric Acid
Taurine
Urea

Cholesterol
Hypoxanthine
Inosine
Methionine
Succinic Acid
2-hydroxyvaleric acid

Beta-alanine
Benzoic Acid
Dehydroascorbic Acid
Ethanolamine
Gluthione
Glycerol
Hydroxycarbamate NIST
Inosine
Nico�namide
Palmitoleic
Phenylalanine
Succinic Acid
Taurine
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phosphatidylinositol as well as a participant in its free form, with its
isomers or its phosphate derivatives in a multitude of cellular processes
including metabolic homeostasis and stress responses [13]. Levels for
serum myo-inositol were increased and heart tissue signals were de-
creased to varying degrees in our MI rabbits. Elevated plasma myo-
inositol has been reported in heart failure patients and animal heart
failure models [3,19,49,75] and plasma myo-inositol levels were in-
creased in proportion to the severity of heart failure [19]. The increase
in serum myo-inositol may reflect an increased synthesis by the kidney
to compensate for the reduced tissue concentrations, altered myo-in-
ositol metabolism or an increase release from the tissue. Reduced tissue
myo-inositol suggests alterations in lipid metabolism in our rabbit MI
model [13]. Reduced energy production in failing hearts in part results
from a metabolic shift from mitochondrial oxidative metabolism to-
wards glycolysis with decreased lipid metabolism, particularly free
fatty acid oxidation, playing a role in this transition [46,48]. Signals
representative of lipid metabolism in our MI model included reduced
glycerol and palmitoleic acid in the IVS, increased linolenic acid in the
LVFW and increased stearic acid in serum. Cholesterol was elevated in
the RV of our MI rabbits. Taken together these observations suggest
altered lipid substrates and metabolism in chronic stable heart failure as
well as potential myo-inositol induced changes in signaling and

membrane structure.
Our results suggest additional alterations in response to oxidative

stress in the face of compensated heart failure [29]. Glutathione (GSH)
is an aminothiol that plays an important role in defense of ROS and
regenerating other antioxidants, including Vitamin C [45]. Dehy-
droascorbic acid, the fully oxidized form of vitamin C, is reduced
spontaneously by glutathione (GSH), as well as enzymatically in reac-
tions using GSH or NADPH [45]. Ascorbic acid levels were not different
in our MI and Sham rabbits, but increased turnover or degradation was
evident in our MI animals by the elevated dehydroascorbic acid levels
in serum and IVS and the increased threonic acid signal in serum and
RV. Both GSH and dehydroascorbic acid levels in the IVS of MI rabbits
were 1.8 fold higher than the IVS of shams. Varied responses have been
reported for glutathione, antioxidant molecules dehydroascorabic acid
and alpha-tocopherol in blood or tissue of heart failure patients and
animal models of heart failure that may reflect differences in co-
morbidities, degrees of heart failure, species differences and model
selection [15,18,42,47,60,64] In a rabbit model of heart failure, sup-
plements of vitamin C and vitamin E prevented increases in ROS for-
mation and improved LV systolic function [31]. The development of
heart failure also may activate the pentose phosphate pathway (PPP) as
a defense against oxidative stress by regenerating reduced glutathione
(GSH) [48,74]. Kato et al. [42] reported that the activity of the rate
limiting enzyme in the PPP, glucose-6-phoshpate dehydrogenase, in-
creased in the transition from compensated LV hypertrophy to heart
failure in the Dahl salt-sensitive rat providing a shunt for glucose oxi-
dation as an alternative to anaerobic glycolysis in heart failure. Ad-
ditionally, reactive oxygen species arising from the mitochondrial
electron chain termed “electron leak” has been linked to Complexes I
and III that contain Iron-sulfur clusters [64]. We noted elevated signals
for methionine, glutathione, sulfate and taurine in the myocardium of
MI rabbits suggesting a role for sulfur containing compounds in the
metabolic response to MI induced myocardial dysfunction. These
findings warrant further study.

Multiple studies of metabolism in heart failure have examined TCA
cycle intermediates including succinic and malic acid and amino acids
responsible for the replenishment of TCA intermediates, termed ana-
plerosis including phenylalanine and tyrosine and branched chain
amino acids (BCAAs: valine, leucine and isoleucine). Branched-chained
amino acids have been of particular interest as increased blood levels
have been linked to cardiovascular disease [12,63,70]. However,
plasma and tissue TCA intermediates and BCAAs levels have been
variable across studies of heart failure in humans and animal models
[3,9,20,21,28,42,43,47,55,70,73,75,76,80]. Our MI rabbits had re-
duced succinic acid levels in the IVS and RV and reduced serum malic
acid, but serum and tissue BCAAs were not different from shams.
However, phenylalanine levels were increased in the MI rabbit hearts.
This is consistent with rodent models of heart failure reporting elevated
tissue levels of phenylalanine [42,43,47] as well as tyrosine [43].
Multiple human studies of heart failure have reported elevated plasma
phenylalanine and tyrosine [32], while studies of end-stage heart
failure found reduced plasma and tissue levels of both amino acids
[1,20]. LVAD therapy did not increase the levels of phenylalanine and
tyrosine in plasma [1], but tissue levels were restored to normal [20].
Reduced TCA cycle intermediates in the myocardium in heart failure
point to reduced anaplerosis. Further study is needed to determine the
role BCAAs and the amino acids phenylalanine and tyrosine play in the
dysmetabolism of heart failure.

5. Limitations

Myocardial function was reduced but unchanged between 4- and
12-weeks after MI suggesting the metabolic alterations observed reflect
a stable compensated state prior to overt heart failure. It is acknowl-
edged that the cryo-injury does not replicate the clinical setting of MI.
However, the extent of infarcted myocardium should be the major
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determinant of metabolic changes at this late stage of compensated
heart failure rather than the method of MI induction. Some of the
variability in metabolites across the three chambers may be due to
chamber dependent metabolic patterns [66]. Furthermore, metabo-
lomic studies cannot determine whether a metabolite is reduced be-
cause of decreased production, increased degradation and/or uptake, or
both. We also employed an un-biased mass spectrometric analysis that
is only capable of detecting spectrographic signals for multiple meta-
bolites. Future work is warranted to verify various compounds and/or
pathways of particular interest.

6. Conclusion

The rabbit model of cryo-myocardial infarction offered a well-con-
trolled and reproducible method to compare both serum and myo-
cardial metabolites in compensated heart failure. Novel findings in-
cluded signals pointing to increases in taurine and inosine levels and
decreased myo-inositol levels in the myocardium of our MI rabbits
compared to shams. Our results indicate sulfur containing compounds
such as taurine, glutathione, methionine, play a role in the metabolic
responses to heart failure. Findings for several metabolites point to an
impairment in TCA cycle energy production and a metabolite response
to oxidative stress in the failing heart. The results provide new in-
formation regarding the metabolic changes involved in compensated
cardiac dysfunction and the progression of heart failure.

Supplement Tables 1 & 2 [10].
Supplementary data to this article can be found online at https://

doi.org/10.1016/j.lfs.2019.01.040.
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