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Abstract

Cardiac mechanical function is supported by ATP hydrolysis, which provides the chemical-free energy to drive the
molecular processes underlying cardiac pumping. Physiological rates of myocardial ATP consumption require the heart to
resynthesize its entire ATP pool several times per minute. In the failing heart, cardiomyocyte metabolic dysfunction leads
to a reduction in the capacity for ATP synthesis and associated free energy to drive cellular processes. Yet it remains unclear
if and how metabolic/energetic dysfunction that occurs during heart failure affects mechanical function of the heart. We
hypothesize that changes in phosphate metabolite concentrations (ATP, ADP, inorganic phosphate) that are associated
with decompensation and failure have direct roles in impeding contractile function of the myocardium in heart failure,
contributing to the whole-body phenotype. To test this hypothesis, a transverse aortic constriction (TAC) rat model of
pressure overload, hypertrophy, and decompensation was used to assess relationships between metrics of whole-organ
pump function and myocardial energetic state. A multiscale computational model of cardiac mechanoenergetic coupling
was used to identify and quantify the contribution of metabolic dysfunction to observed mechanical dysfunction. Results
show an overall reduction in capacity for oxidative ATP synthesis fueled by either fatty acid or carbohydrate substrates as
well as a reduction in total levels of adenine nucleotides and creatine in myocardium from TAC animals compared to
sham-operated controls. Changes in phosphate metabolite levels in the TAC rats are correlated with impaired mechanical
function, consistent with the overall hypothesis. Furthermore, computational analysis of myocardial metabolism and
contractile dynamics predicts that increased levels of inorganic phosphate in TAC compared to control animals kinetically
impair the myosin ATPase crossbridge cycle in decompensated hypertrophy/heart failure.
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Introduction

Normal cardiac function requires chemical energy, supplied
from oxidative ATP synthesis to meet the demands for mechan-
ical power generation by myosin ATPase and active processes
involved in ion handling and cellular homeostasis. In large
mammals, under resting conditions, the left ventricle (LV)
consumes ATP at a rate of approximately 0.5 mmol sec�1 L�1 of
cardiomyocyte.1 This rate means that the total ATP content
of the heart (at 5–10 mM) is hydrolyzed and resynthesized sev-
eral times per minute. In the fasted resting state in humans, the
majority (60–80%) of acetyl-CoA supplied to the citric acid cycle
is supplied by oxidation of fatty acids and thus roughly 60% of
ATP is derived from fatty acid oxidation.2,3 In the fed state and
during exercise the fractional contribution from glucose and
lactate increases such that more than 50% of ATP is derived
from carbohydrate oxidation.2–5

Mirroring the metabolic response to exercise, there is a switch
from fatty acid to carbohydrate oxidation in decompensated hy-
pertrophy and heart failure.6 Furthermore, in diseased states, the
relationships between cardiac work rate and concentrations of
phosphocreatine (CrP) and CrP/ATP ratio are altered.7 The CrP/ATP
ratio is lower compared to normal in patients with aortic
valve disease8 and dilated cardiomyopathy9,10 and total ATP in
myocardium is lower in heart failure patients than in healthy
subjects.6,9–11 Although heart failure is a complex syndrome that

can arise due to a variety of pathophysiological abnormalities,
alterations to the myocardial energetics state (e.g., ATP hydrolysis
potential, CrP/creatine [Cr] ratio) are well-established hallmarks
of heart failure irrespective of etiology.6,11–17

These changes in phosphate metabolite levels observed in
heart disease have been interpreted to necessarily reflect an im-
pairment in mitochondrial function in vivo.18 Indeed, rodent
models of decompensation and failure show decrease in oxida-
tion phosphorylation in purified mitochondria.19 Yet, measure-
ments of mitochondrial respiratory capacity from human
hearts have yielded conflicting results, including little or no dif-
ferences in oxidative capacity between failing and non-failing
hearts,20 increased capacity in failing hearts,21 and a marked re-
duction in capacity in failing hearts.22 Computer simulations
predict that depletion of cytoplasmic metabolic pool, namely
the adenine nucleotide and total creatine pool, plays an under-
recognized aspect of energetic dysfunction in aging and
hypertrophic decompensation—plays an important role in
driving the energetic phenotype.7,23 Analysis of a canine model
of pressure overload-induced hypertrophy and failure reveals
that this phenomenon explains observations on diminished
ATP and CrP/ATP, even without needing to invoke mitochon-
drial dysfunction.7

While associations between myocardial energy metabolite
concentrations and the disease state have been appreciated for
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some time,9,24,25 mechanistic connections between metabolic
and mechanical pump function have not been firmly estab-
lished.26–28 If indeed impaired cardiac pumping in heart
failure is in part a consequence of metabolic derangement,
then understanding the underlying mechanisms will be
crucial for understanding the natural history of the
disease and for developing new therapies. We have developed
multiscale computer simulations accounting for coupled
metabolism and mechanics to analyze and predict how
observed changes in energetic status may impact cardiac
pump function.29,30 Based on simulations that integrate
crossbridge cycle dynamics with myocardial energy metabo-
lism and a model of the heart that accounts for both the
geometry and the mechanical interaction of the ventricle
walls and the septum, we predict that changes in the
phosphate metabolites that occur in heart failure impair
the ability of oxidative phosphorylation to supply ATP at free
energy levels necessary for proper mechanical function of the
heart.30 Thus, we hypothesize that the resulting changes to
the phosphate metabolite levels impair mechanical function
of the heart and contribute to the heart failure phenotype. If
true, this hypothesis yields a number of questions regarding
the role of mechanical-energetic coupling in heart failure:

1. How are changes in cardiac power output that occur in
heart failure influenced by the energetic status of the myo-
cardium—specifically, the concentrations of ATP, ADP,
and inorganic phosphate (Pi) and the free energy of ATP
hydrolysis?

2. How do changes in metabolite pools and potential changes
in mitochondrial oxidative capacity contribute to the
energetic phenotype in vivo in heart failure?

3. What are the relationships between the energetic and
mechanical states in vivo?

To test our hypothesis and to answer these questions, the
goals of this study were to test and refine these predictions by
(1) quantifying relationships between mechanical function and
the metabolic/energetic status of the myocardium in the normal
versus failing heart; (2) using those data to identify a computer
model of cardiac mechanoenergetic coupling; (3) using the
model to determine how changes in energetic state affect
mechanical function in heart failure; (4) probing molecular
mechanisms underlying depletion of metabolite pools in heart
failure; and finally, (5) predicting strategies for restoring
mechanical function by targeting metabolism in heart failure.

We adopted the transverse aortic constriction (TAC) model
of Doenst et al.19 to obtain rats with pressure overload-induced
hypertrophy and decompensation. Resting cardiac mechanical
functions were assayed by echocardiography, revealing signifi-
cant decreases in ejection fraction (EF) and fractional shortening
(FS) in decompensated/TAC animals compared to sham.
Measurements of oxidative capacities reveal reductions in TAC
animals compared to sham that is less severe than those
reported by Doenst et al. Measurements of metabolite pools
reveal reductions in total adenine nucleotides (TAN), total
phosphate (TEP), and total creatine (CRtot) similar to those ob-
served in humans with heart failure and large-animal models.
Analysis of our data points to an increase in inorganic phos-
phate, needed to drive ATP synthesis in overcoming reductions
in adenine nucleotides and mitochondrial capacity, as playing a
primary role in impeding crossbridge kinetics in systole and re-
ducing the magnitude of the ATP hydrolysis potential in failing
compared to control hearts. Computer simulations predict that
rescuing the metabolic profile of the TAC rats improves

mechanical function and increases EF, adding further support
to the hypothesis that energetic dysfunction in the myocardium
causes mechanical dysfunction in heart failure.

Materials and Methods
Transverse Aortic Constriction

All the protocols involving animals conformed to the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the University of Michigan
Animal Research Committee. Twenty-eight 3-week-old Sprague
Dawley male rats underwent a TAC surgery. Under anesthesia
(isoflurane), 20 of the rats had a 0.4 mm clip placed on the aortic
arch between the right and left carotids (TAC rats) and 8 rats
had no clip placed on the aortic arch (sham rats). Eleven of the
20 TAC-operated rats survived to the end of the protocol.
Echocardiography was done at Week 1 and 18 postsurgery. At 18
weeks postsurgery, the hearts were excised and perfused with
an ice-cold cardioplegia solution (25 mM KCl [P4504; Sigma-
Aldrich, Saint Louis, Mo], 100 mM NaCl [S9888; Sigma], 10 mM
Dextrose [D9559; Sigma], 25 mM MOPS [M1254; Sigma] 1 mM
EGTA [E4378; Sigma], pH 7.15). The right ventricle free wall was
separated from the LV and septum. The apex of the LV and sep-
tum was used to purify mitochondria and the remainder of the
LV and septal tissue was flash frozen and used to measure
phosphate metabolites.

Mitochondrial Isolation

The apex of the heart was homogenized using a glass dounce
homogenizer at 4�C for 3 minutes in isolation buffer (200 mM
Mannitol [M9647; Sigma], 60 mM sucrose [S7903; Sigma], 5 mM
KH2PO4 [P5379; Sigma], 5 mM MOPS [M1254; Sigma], 1 mM EGTA
[E4378; Sigma], and 3 mg of Nagarse protease [P8038; Sigma]).
After 3 minutes, isolation buffer with 0.1% w/w BSA (A6003;
Sigma) was added and the homogenate was centrifuged at
8000 � g for 10 min at 4�C. The pellet was resuspended in isola-
tion buffer with BSA and centrifuged at 8000 � g for 10 min at
4�C. The resulting pellet was resuspended in isolation buffer
with BSA and centrifuged at 700 � g for 10 min at 4�C. The su-
pernatant was collected and centrifuged at 8000 � g for 10 min.
The pellet was resuspended in isolation buffer with BSA and
mitochondrial concentration was measured using a citrate
synthase (CS) assay as previously published by Oroboros.31

Briefly, purified mitochondria were placed in a solution contain-
ing 100 mM Tris pH 8.1 (T1503, Sigma), 0.25% triton X-100
(T8532, Sigma), 0.31 mM acetyl CoA (A2181; Sigma), 0.1 mM
DTNB (D218200, Sigma), and 0.5 mM oxaloacetate (04126, Sigma)
at 30�C. Immediately, absorbance was measured at a wave-
length of 412 nm.

Mitochondrial respiration

Mitochondrial respiration was measured from purified mito-
chondria using a high resolution Oxygraph O2k (Oroboros
Instruments GmbH; Innsbruck, Austria). Mitochondria were
added to chambers containing a respiration buffer (90 mM KCl
[P4504; Sigma], 5 mM K2HPO4 [P5504; Sigma], 50 mM MOPS
[M1254; Sigma], 1 mM EGTA [E4378; Sigma], and 0.1% w/w BSA
[A6003; Sigma], pH 7.2). The substrate of choice was added
to the chambers (carbohydrate: 5 mM pyruvate [P8574;
Sigma], 2 mM malate [M1000; Sigma], and 5 mM NaCl [S9888;
Sigma]; fatty acid: 0.010 mM palmitoyl-L-carnitine [PLC; P1645;
Sigma], 2 mM malate, and 10 mM NaCl). After mitochondria and
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substrate were added, 0.5 mM K-ADP (A5285; Sigma) was added
to each chamber.

Extraction for Phosphate Metabolites

Frozen LV and septum tissue were pulverized into a fine pow-
der. The powder was homogenized in an ice-cold dounce ho-
mogenizer with 2 normal (N) perchloric acid (244252; Sigma)
(with 2 mM EDTA [E4884, Sigma]) on ice for 30 s and waited for
60 s before repeating for two additional times. The homoge-
nate was centrifuged at 15 000 � g for 10 min at 4�C to pellet
the denatured proteins. The supernatant was transferred to
an Eppendorf tube containing ice-cold 10 N KOH (P1767;
Sigma) as a 10th of the volume of the supernatant and was
neutralized with ice-cold 2 N KOH (with 40 mM TES [T6541;
Sigma] and 300 mM KCl [P4504, Sigma]) and/or with 2 N
perchloric acid (with 2 mM EDTA). The precipitate was
pelleted at 15 000 � g for 10 min at 4�C and the supernatant
was stored at �80�C.

Metabolite Measurements

Extracted LV and septal tissue were used to measure AMP, ADP,
ATP, inorganic phosphate, creatine, and creatine phosphate.

AMP/ADP Measurement
The assay for AMP and ADP concentration was based on the
enzymatic reactions

ADPþ PEP ����!PK ðKþ ;Mg2þÞ
ATPþ Pyr

PyrþNADH ����!LDH
Lactate þNADþ

AMPþATP ����!MK ðMg2þÞ
2ADP

Extent of these reactions was measured via NADH absor-
bance at 340 nm. Extracted sample was mixed with a solution
containing 0.1 M TEA (90279, Sigma), 30 mM MgSO4 (M7506;
Sigma), 120 mM KCl (P4504, Sigma), 0.16 mM phosphoenolpyr-
uvate (PEP; AAB2035806; VWR), 8.25 U lactate dehydrogenase
(LDH; L2500; Sigma), and 90 mg of NADH (Calzyme Laboratories,
San Luis Obispo, CA). The reaction was catalyzed by adding
4.7 U pyruvate kinase (PK; P1506; Sigma) at room temperature.
Once all ADP is consumed, AMP is measured by adding 20 mg
of NADH (Calzyme) and 0.049 mM ATP (A2383, Sigma).
The reaction is catalyzed by adding 7.2 U of myokinase (MK;
M3003; Sigma).

ATP Measurement
The assay for ATP employed the enzymatic reactions

D� GlcþATP ����!
HK ðMg2þÞ

G� 6� Pþ ADP
G� 6� Pþ NADP ����!G6PDH

6P� Gluconate þNADPH

Reaction extent was measured via NADPH absorbance at 340
nm. Extracted sample was mixed with an assay mixture (2X-1
ug/uL NADPþ [Calzyme], 56.8 mM Tris-HCl [T1503, Sigma] with
5 mM MgCl2 solution [M0250; Sigma], and 1 U/uL Glucose-6-
Phosphate Dehydrogenase [Calzyme]). The reaction was cata-
lyzed with 10 mM glucose (D9559; Sigma) and 1 U hexokinase
(HK; H4502; Sigma) at room temperature.

Creatine/Creatine Phosphate Measurement
The assays for creatine and creatine phosphate were based on
the enzymatic reactions:

Creatine phosphateþ ADP ����!CK
CreatineþATP

Creatineþ H2O ����!creatinase
Sarcosineþ Urea

Ureaþ H2O ����!urease
2NH3 þ CO2

a� ketogluterateþNHþ4 þ NADPH ����!GLDH

L� GlutamateþNADPþ þ H2O

Creatine and creatine phosphate were measured by the con-
sumption of NADPH measured by absorption at 340 nm at 37�C.
Extracted sample was suspended in a working solution (200 mM
phosphate buffer [200 mM KH2PO4 (P5504; Sigma) and 200 mM
Na2HPO4 (4062-01; JT Baker, Phillipsburg, NJ)], 7 mM MgCl2
(M0250; Sigma), 1.8 mg NADPH (Calzyme), 10 mM of a-ketogluta-
rate (75892; Sigma), and 2.5 mM ADP (A2754; Sigma) and the
reactions were catalyzed by adding 6 U of glutamate dehydroge-
nase (GLDH; G4387; Sigma), 100 U of urease (U1875; Sigma), and
90 U of creatinase (C2409; Sigma). After creatine is consumed,
creatine phosphate was measured by adding 42 U creatine ki-
nase (CK; C3755; Sigma).

Bicinchoninic Acid Protein Assay

Tissue prep and protein extraction were adapted from the
Abcam NP-40 Buffer recipe and the NSJ Bioreagents: Western
Blot Sample Preparation Protocol. Frozen LV and septum tissue
were pulverized into a fine powder in liquid nitrogen.
Approximately, 200 mg of powdered heart sample was lysed in
500 mL of lysis buffer (150 mM NaCl, 1.0% triton �100 [T8532,
Sigma], 50 mM Tris pH 8.0, [T1503, Sigma] 14.2 mL per sample of
protease inhibitor [5391034, Calbiochem, San Diego, CA]). Lysate
was vortexed every 5 min for 30 min and centrifuged at 13 000 x
g for 20 min at 4�C. After the supernatant was collected, a small
volume of lysate was removed to perform the Thermo Scientific
Pierce Bicinchoninic Acid Protein Assay.

Western Blot

A Western blot was done to measure protein abundance after
protein homogenate samples were prepared for Western blot
with 4� Laemmli buffer (#1610747; BioRad Laboratories,
Hercules, CA) at a concentration of 2 mg/mL. Twenty micrograms
of protein for each sample were run through a 10% polyacryl-
amide gel. The protein was transferred onto a nitrocellulose
membrane and immunoblotted for the following proteins:
NT5c1a (1:500; sc377244; Santa Cruz Biotechnology, Dallas, TX),
NT5c2 (1:1000; NBP1-31404; Novus Biologicals, Littleton, CO),
NT5c3 (1:500; ab204800; Abcam), AMPD1 (1:1000; NBP2-24509;
Novus Biologicals), AMPD3 (1:1000; ab194361; Abcam), and
GAPDH (1:500; sc166574; Santa Cruz Biotechnology). The ladder
used for all gels is BioRad Precision Plus Protein Kaleidoscope
Prestained Protein Standards (#1610375; BioRad). Signal was de-
veloped using either Pico (#34580 Thermo Fisher Scientific,
Waltham, MA) or ECL (#1705060; BioRad) chemiluminescence
and imaged using the BioRad ChemiDoc. Protein abundance
was estimated using ImageJ.

Metabolomics Analysis

Metabolites were extracted from frozen pulverized tissue using
methanol, chloroform, and water solvent containing labeled in-
ternal standards following protocols detailed in Lorenz et al.32,33

LC/MC analysis was performed using an Agilent system consist-
ing of an Infinity Lab II UPLC coupled with a 6545 QTof mass
spectrometer (Agilent Technologies, Santa Clara, CA) using a
JetStream ESI source in negative mode. Details of the assay are
provided in Lorenz et al.33 Identification of metabolites and
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relative quantification for this platform follows a hybrid tar-
geted/nontargeted approach also detailed in Sato et al.34

A z-score was calculated for each metabolite concentration
in the TAC and sham group by subtracting the mean value
within-group and dividing by the within-group standard devia-
tion. Metabolites with a relative standard deviation (standard
deviation/average) greater than 40% were removed from the
dataset. The P-value for comparison of each metabolite level be-
tween TAC and sham groups was calculated using GraphPad
Prism 8. Comparisons were done between 4 sham and 4 TAC
animals, and thus not corrected for multiple comparisons. The
Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic
pathway database was used to identify the metabolite com-
pound ID of each metabolite. The KEGG compound ID is used in
Metabolite Biological Role (MBROLE) 2.0 to identify significant
pathways of the metabolites of interest. A total of 277 metabo-
lites were directly measured with 55 significant metabolites fur-
ther analyzed with MBROLE 2.0.

Multiscale Modeling of Cardiac Mechanoenergetics and
Whole-Body Cardiovascular Function

The multiscale modeling approach is summarized in Figure 1,
which summarizes individual model components, and data sour-
ces for identification of components. The crossbridge and muscle
mechanics model was identified to represent rat left-ventricular
cardiomyocyte mechanics based on Tewari et al.30 The model for
mitochondrial oxidative ATP synthesis was identified from data
from mitochondria purified from rat ventricular myocardium.35

The cardiac energetics was parameterized to match data from in-
dividual animals based on the oxidative capacity and cytoplasmic
metabolite pools obtained from this study. Wall volumes and an-
atomic parameters associated with the Lumens et al. heart
model36 were identified based on anatomical data obtained from
echocardiography and ex vivo gross morphological measure-
ments on individual animals. A simple lumped parameter circu-
latory model was identified based on cardiovascular state
variables measured under resting conditions. The resulting inte-
grated model, parameterized for an individual animal, is used to
predict the in vivo energetic state of the myocardium under rest-
ing conditions in each animal. Furthermore, the integrated model
facilitates computer experiments where the metabolic compo-
nent of the failing phenotype is replaced by normal control me-
tabolism. The resulting model predictions (see below) yield
insights into the specific contribution of energetic dysfunction in
causing mechanical dysfunction.

A complete description with explanation of computer codes
for the model is provided in Marzban et al.37

Results
Cardiovascular Phenotype of Pressure-Overload Model

Table 1 reports gross anatomical measurements and cardiac
function metrics evaluated from echocardiography at Week 18
postsurgery in TAC rats (n¼ 11) and sham-operated control
(n¼ 8) rats. The mean mass of the sham-operated control rats
(614 6 18 g) was slightly larger than that of TAC group (551 6 18
g). There were no significant differences between the groups in
average cardiac output or heart rate (assessed under light anes-
thesia via echocardiography). The average pressure drops
across the aortic clip, estimated from the measured velocity gra-
dient,38 was 35 6 5 mmHg in the TAC group. As expected, this
increased afterload resulted in marked cardiac hypertrophy in

the TAC group, with an average increase of >70% in heart
weight to body weight (HW/BW) ratio at the 18-week endpoint
compared to the control (Figure 2A). The lung weight to body
weight (LW/BW) ratio also showed a substantial and significant
increase in the TAC group compared to control (Figure 2B), indi-
cating cardiac dysfunction and pulmonary congestion.
Furthermore, the group average values of EF and FS also point
to systolic dysfunction (Figure 2C and D), with EF ¼ 67 6 2% and
FS ¼ 39 6 5% in the control group and EF ¼ 46 6 4% and FS ¼
25 6 8% in the TAC group (P< .001 for both variables).

Although the group means for HW/BW, LW/BW, EF, and FS
are substantially and significantly different between TAC and
control groups, there is substantial variability in the phenotype
of the TAC model, as illustrated in Figure 2. While the lowest ob-
served EF and FS values of 27% and 13% (for TAC animal 1) were
much lower than the sham control mean values, the highest
observed EF and FS values of 66% and 38% (TAC animal 3) were
equivalent to the mean control values. Because greatest degree
of hypertrophy tended to be associated with the lowest EF and
FS values, the HW/BW ratio and EF in the TAC group were corre-
lated (r2 ¼ 0.63). Pulmonary congestion, assessed by LW/BW,
was also correlated with HW/BW (r2 ¼ 0.57). This variability in
phenotype in the TAC model was therefore used to quantita-
tively correlate the magnitude of myocardial dysfunction and
altered myocardial energetics.

Mitochondrial Function and Myocardial Metabolic Pools

Myocardial mitochondria were isolated from the apex of the LV
and septum at Week 18 postsurgery. Maximal mitochondrial
respiration was measured using either pyruvate and malate
(PYR) or PLC and malate as substrates. Oxidative capacity (maxi-
mal mitochondrial respiration with PYR substrate) is plotted in
Figure 3A in units of oxygen flux per unit mass of myocardial
tissue. Figure 3A shows that on average the carbohydrate oxida-
tive capacity is 27% lower in TAC rats (290 6 18 nmol�s�1�g�1,
P¼ 0.0004) than in sham rats (394 6 15 nmol�s�1�g�1) and that
there is a strong correlation between carbohydrate oxidative ca-
pacity and EF (r2 ¼ 0.62, P¼ 0.0036). The fatty acid oxidative ca-
pacity is also lower in TAC rats (111 6 34 nmol�s�1�g�1,
P¼ 0.000080) than in sham rats (200 6 36 nmol�s�1�g�1), data not
shown. The ratio of maximal capacity to oxidize fatty acid to
maximal capacity to oxidize carbohydrates (PLC/PYR) is
0.51 6 0.02 in sham control rats. This ratio is decreased by 24%
in the TAC animals (0.38 6 0.001), with a significant correlation
between PLC/PYR ratio and EF, as illustrated in Figure 3B.

Figure 3C and D plot the observed values of the TAN and
CRtot metabolic pools in left ventricular and septal tissue from
TAC and sham controls. These metabolite pools levels are lower
in the TAC group compared to control, as illustrated in the
insets of Panels C and D and summarized in Table 2. The ob-
served 25% reduction in CRtot compared to control was found to
be statistically significant, while the smaller 8% reduction in
TAN was not. However, there is a significant correlation be-
tween the measured EF and the values of both TAN and CRtot.
Taken together, the observations in Panels A–D of Figure 3 re-
veal relationships between metabolic function and cardiac me-
chanical function, in agreement with the hypotheses that
changes to myocardial energetic status in this animal model
caused by reductions in the concentrations of cytoplasmic ade-
nine nucleotide, creatine, and phosphate pools, and a reduction
in mitochondrial oxidative capacity contribute to the impaired
mechanical performance.
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Targeted metabolomics profiling39 reveals significant changes
in 55 of 277 metabolites measured. Pathway analysis using both
KEGG and MBROLE identified pyrimidine metabolism and purine
metabolism as significantly altered pathways, with decreases in
the ATP, UTP, ITP, IDP, and increases in the hypoxanthine, xan-
thine, uric acid, adenosine, adenine, and succinate (Figure 4). The

decreased metabolites imply that these metabolites are being de-
graded at a faster rate than they are being replenished in the TAC
rats. Increases in adenosine and adenine indicate an increased
degradation of AMP via 50-nucleotidase activity. Increases in lev-
els of uric acid and hypoxanthine indicate that there is an in-
crease in the rate of purine nucleotide degradation via the AMP
deaminase pathway. Western blot analysis of cytosolic 50-nucleo-
tidase enzymes (NT5c1a, NT5c2, NT5c3) and AMP deaminases
(AMPD; AMPD1, AMPD3) show that both NT5c2 and NT5c3 are de-
creased by 42% and 66%, respectively, and AMPD3 is increased by
120% in the TAC group (Figure 5).

Left Ventricular Power Output

Left ventricular power output (LVPO), the rate of external work
done by the LV,40 was estimated using the echocardiography de-
rived data. Estimated LVPO in TAC rats is 26% greater than in
sham controls (Figure 6A) due to increased power need to pump
blood through the aortic constriction. Plotting LVPO versus
myocardial ATP synthesis capacity (Figure 6B) reveals a striking
relationship between the metabolic energy supply and mechan-
ical power output. This relationship is consistent with the inter-
pretation that myocardial metabolic dysfunction causes
mechanical dysfunction in this animal model.

Model Inputs (measured data)

Cross-bridge function:
• Frequency-dependent 

calcium concentration 
transients54

• Frequency-dependent 
force kinetics54

Energy metabolism model:

• Model of myocardial 
oxidative ATP synthesis 
and cellular energetics25,39

Cardiac geometry:

• Wall thicknesses
• Heart mass (LV and RV 

free wall, septum)

Cardiovascular state 
(rest):

• Cardiac output
• Heart rate
• End systolic and dia-

stolic LV volumes
• Systemic arterial pres-

sures (Fig. 7)
• Velocity gradient across 

stenosis

Lumens et al. 
heart model 
is embedded 
in a lumped 
circulatory 
model

Crossbridge and metabolism models 
embedded in cardiomyocyte model

Model 
Outputs 
(predictions)

in vivo 
myocardial 
energetic state, 
including ATP 
hydrolysis rate, 
[ATP], [ADP], 
[Pi], and ΔGATP
(Fig. 8)

cardiomyocyte model is 
embedded in Lumens et al. 
heart model

Figure 1. Multiscale Myocardial Mechanoenergetic Function. The model integrates previously developed and validated models of cardiomyocyte dynamics,29,30 myo-

cardial energetics,23,35 whole-organ cardiac mechanics,36 and a simple lumped parameter closed-loop circulatory system representing the systemic and pulmonary cir-

cuits. Data from multiple experimental modalities are used to identify model components for each individual animal in this study. Detailed descriptions of model

formulation and implementation are provided in Marzban et al.37 The model predicts variables representing the in vivo myocardial energetic state, including ATP

hydrolysis rate, [ATP], [ADP], [Pi], and the free energy of ATP hydrolysis DGATP in the LV myocardium for each individual animal.

Table 1. Data are mean 6 SEM

Metric Sham TAC

n 8 11
BW (g) 614 6 18 551 6 18*

LVM (g) 1.1 6 0.05 1.7 6 0.05**

HR (bpm) 345 6 7 393 6 47
EDV (mL) 417 6 35 525 6 24*

ESV (mL) 141 6 18 286 6 28***

SV (mL) 276 6 22 238 6 16*

EF (%) 67 6 2 46 6 4***

FS (%) 39 6 5 25 6 8***

CO (mL/min) 95 6 7 90 6 9

LVM, left ventricular mass; HR, heart rate; EDV, end-diastolic volume; ESV, end-

systolic volume; SV, stroke volume; CO, cardiac output.

*P<0.05, **P<0.01, ***P<0.001, compared to controls.
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Integrative Metabolic and Mechanical Function

The theory connecting changes in energetic status of the myo-
cardium to changes in mechanical function in the failing heart
is based on integrative multiscale simulations that account for
the influence of ATP, ADP, and Pi on crossbridge kinetics and
muscle dynamics. Previously reported theoretical calculations
reveal that the myocardial metabolic changes observed in a ca-
nine model of heart failure7 are predicted to cause systolic dys-
function, leading to reduced EF and pulmonary congestion.30

Here, we use this theoretical framework to parameterize the
multiscale model of cardiovascular function for each individual
rat assessed in this study, based on anatomical data (body size,
heart mass, wall thicknesses), resting-state cardiovascular
data (heart rate, end-systolic, and -diastolic volumes, arterial
pressure, and aortic pressure gradient), and LV myocardial met-
abolic data (ATP synthesis capacity, metabolic pool concentra-
tions) to assess the influence of energetic state on mechanical
function and to predict how changes to metabolic state would
influence mechanical function.

Details of the model are provided in Marzban et al.37 and
computer codes are available at https://github.com/beards-lab/
Rat-Cardiac-Energetic. In brief, the cardiac mechanics model is

based on the Lumens et al. Triseg model.36 Tension development
in the LV free wall, septum, and RV free wall of the model is
driven by a model for rat ventricular calcium activation of
Campbell et al.41 and crossbridge kinetics and mechanics of
Tewari et al.29 The rate of ATP hydrolysis in each heart wall seg-
ment is assumed proportional to myosin ATPase flux. The esti-
mated ATP hydrolysis rate and myocardial metabolite pool
concentrations are used with a model of mitochondrial ATP
synthesis35 to predict myocardial ATP, ADP, and inorganic phos-
phate (Pi) concentrations, which are fed back to determine their
influence on crossbridge kinetics and muscle mechanics. The
model components and process of parameterization are illus-
trated in Figure 1, showing how the model is simultaneously
matched to the metabolic, anatomic, and cardiovascular data
on an individual rat.

Figure 7 shows model-predicted left-ventricular and aortic
pressures through the cardiac cycle and the LV pressure vol-
ume loops for sham-operated rat #3 (Panels A and B) and TAC
rat #2 (Panels C and D). Solid black lines correspond to the
model fit for the individual animals, and dashed lines indicate
the measured end-systolic and end-diastolic volumes.
Simulated mean arterial pressure is 93 mmHg for both ani-
mals. The large pressure difference between ventricular and

Figure 2. Cardiac Hypertrophy and Decompensation in TAC Animals. EF and FS were measured at 18 weeks postsurgery by echocardiography. HW and LW were mea-

sured following harvesting the heart and lungs. (A) HW-to-body-weight ratio (HW/BW) and (B) LW-to-body-weight (LW/BW) were normalized to the bodyweight of

each rat. Variability in HW and LW was low in sham rats compared to TAC rats. Mean HW/BW and LW/BW were elevated in the TAC group compared to sham group.

(C) EF and (D) and FS were both lower in TAC rats compared to sham rats (sham n¼8; TAC n¼11; error bars: SEM; HW/BW P-value: <0.0001; LW/BW P-value: 0.016;

EF and FS P-value: 0.0003).
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aortic pressures during systolic in the TAC rat is a reflection of
the resistance associated with the TAC, which is DPTAC ¼ 102.4
mmHg for this animal.

Myocardial Metabolic Energetics in Heart Failure Model

The raw metabolic data reported in Table 2 and Figure 3 were
obtained from in vitro measurements using suspensions of pu-
rified mitochondria and from metabolite extractions from flash-
frozen tissue. In order to investigate how the observed differen-
ces in these metabolic parameters may affect metabolic state
in vivo, we used a previously developed and validated model of
mitochondrial ATP synthesis35 to estimate cytoplasmic ATP,
ADP, Pi, CrP, and Cr concentrations based on the raw data on
metabolite pools, mitochondrial oxidative capacity, and resting
myocardial work. In brief, simulations were parameterized by
setting myocardial cardiomyocyte cellular metabolite pools to
values measured for each animal and the model used to predict

Figure 3. Relationships between Heart Function and Cardiac Energetics. Respiratory capacity was assessed from high-resolution respirometry with mitochondria iso-

lated from the apex of the heart 18 weeks postsurgery. Metabolites were extracted from frozen left ventricular and septal heart tissue. (A) Measurements of respiratory

capacity on carbohydrate substrate (PYR) show lower ATP synthesis capacity in TAC rats compared to the sham group. Oxidative capacity and EF are correlated in

the TAC group. (B) Measurements of the ratio of respiratory capacity on fatty acid oxidative capacity (PLC) to the respiratory capacity on carbohydrate substrate show a

decrease in PLC/PYR in TAC rats compared to sham control. CRtot levels (C) TAN levels (D) were depleted in TAC rats compared to control. Reductions in TAN and

CRtot are correlated with reductions in EF in the TAC group. (sham n¼8; TAC n¼11; error bars: SEM; Oxidative Capacity P-value:0.0004; CRtot P-value: <0.0001; PLC/PYR

P-value: 0.0011).

Table 2. Data are mean 6 SEM

Metric Sham TAC

TAN (mmol/L cell) 7.6 6 0.2 6.9 6 0.3
CRtot (mmol/L cell) 30 6 0.7 22 6 1.2*
Oxidative Capacity (nmol/s�g) 394 6 15 290 6 18*

*P<0.001, compared to controls.
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concentrations of cytoplasmic phosphate metabolites and the
cytoplasmic ATP hydrolysis potential DGATP. Details are pro-
vided in Marzban et al.37

Model-derived estimates of phosphate metabolite levels show
increases in cytoplasmic phosphate concentration (Figure 8A),
decreases in cytoplasmic ADP (Figure 8B), and cytoplasmic ATP
(Figure 8C), and a decreased magnitude of DGATP (Figure 8D) in
TAC compared to sham-operated control animals. Changes in
these three variables are predictive of changes to mechanical
function. In particular, increasing levels of Pi, predicted by Tewari
et al.30 and Gao et al.23 to impair normal mechanical function in
both the failing and the aging heart, are tightly correlated with re-
duced EF. Thus, these model-derived results, like relationships
observed in Figures 3 and 4, are consistent with the hypotheses
that change in the metabolic state of heart during disease causes

an impairment mechanical function of the heart. (Simulation
results for one of the eleven TAC rats for which we were not able
to obtain pressure gradient estimates for the aortic stenosis are
not included in Figure 8 or subsequent results.)

Restoring Mechanical Function in Failing Hearts

To quantify the effect of the pathological metabolic state on the
phenotypes, a second set of simulation was performed for these
animals in which the myocardial metabolic models for TAC rats
is parameterized to match the sham rats and the metabolic
models for sham rats is parameterized to match the TAC rats.
Thus, these simulations represent predictions of how the meta-
bolic status of the myocardium influences mechanical function
in vivo.

Figure 4. Metabolite Levels Within the Degradation Pathway. KEGG and MBROLE were used to identify significant pathways from a metabolomics screen done on four

sham and four TAC samples. (A) A heatmap showing the z-score of significantly different metabolites within the pyrimidine and purine metabolism pathways. Shades

of blue signify an increase in abundance, white represents no change, and shades of red represent a decrease in abundance. Metabolites that are increased in TAC rats

are associated with degradation of purines and pyrimidines. The decreased metabolites are ones that are being degraded and converted to the metabolites that are in-

creased. (B) This graph shows the fold change of the metabolites in panel A (sham n¼4; TAC n¼4).

Figure 5. Regulation of Purine Degradation Pathway. (A) Representative Western blots are shown. Each lane represents a biological replicate. GAPDH is used as a load-

ing control. Two isoforms of 50-nucleotidase (Nt5c2 and NT5c3) are found to be less abundant in TAC rats compared to control while one (NT5c1a) is unchanged be-

tween TAC and control. The AMP deaminase AMPD3 is upregulated in TAC compared to control. (B) Using ImageJ to quantify the Western blots, there is a 42% and 66%

decrease in NT5c2 and NT5c3, respectively, and a 121% increase in AMPD3 protein abundance in the TAC rats compared to control (error bar: SEM; NT5C3 P-value:

0.009; NT5C2 P-value: 0.05; sham n¼8; TAC n¼8).
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Figure 6. Resting Left-Ventricular Mechanical Power Output. (A) Although mean estimated LVPO is higher in TAC rats than in sham controls, the observed difference is

not statistically significant. Developed pressure in TAC rats is markedly higher than in controls, while cardiac output tends to be lower. The effects of these two differ-

ences on power output tend to counteract one another. (B) Resting LVPO is strongly correlated with oxidative ATP synthesis capacity in the TAC group.
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Figure 7. Multiscale Model Fits Echocardiography Data. (A and B) Model predicted left-ventricular and aortic pressure over the cardiac cycle and left-ventricular pres-

sure–volume loop for control sham rat #3. (C and D) shows model predicted left-ventricular and aortic pressure over the cardiac cycle and left-ventricular pressure–

volume loop for TAC rat #2. Vertical dashed lines in (B) and (D) represent measured end-systolic and end-diastolic left-ventricular volumes. Horizontal dashed lines in

(C) represent the estimated pressure drop across the aortic constriction.
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Resting left ventricular and aortic pressures and the LV pres-
sure–volume loop from simulations of resting myocardial ener-
getics and cardiovascular dynamics are illustrated for sham rat
#3 as black curves in Figure 9A and B. The resting left ventricular
and aortic pressures and the LV pressure–volume loop from

simulation of resting myocardial energetics and cardiovascular
dynamics are illustrated for TAC rat #2 as black curves in
Figure 9C and D. Imposition of the mean TAC rat metabolic pro-
file on the sham rat simulation results in a shift in the pres-
sure–volume loop to the right, with an increase in end-diastolic

Figure 8. Myocardial Energetics Is Predicted by Multiscale Computational Model. Model predictions of myocardial phosphate metabolites are plotted against EF for ev-

ery animal in the study. (A) Cytoplasmic inorganic phosphate [Pi]cyto is predicted to be higher in TAC rats compared to sham and to be inversely correlated with EF. (B)

The predicted concentration of cytosolic ADP is lower in the TAC compared to the control group, without a statistically significant correlation with EF. (C) The mean

model-predicted concentration of cytosolic ATP in the TAC group was lower than in the control group. However, the difference is not statistically significant. There is,

however, as statistically significant correlation between predicted [ATP]cyto and EF. There was no observable change in cytosolic ATP. There was a strong correlation be-

tween cytosolic ATP and EF. (D) The predicted free energy of ATP hydrolysis DGATP is lower in the TAC compared to the control group, without a statistically significant

correlation with EF (sham n¼8; TAC n¼10; error bars: SEM; Pi P-value: 1.0E-04; ADP P-value: 0.01; DGATP P-value: 0.005).
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pressure from approximately 8.8 to 12.6 mmHg and a decrease
in EF from 68% to 55%. The impairment of mechanical function
in the simulation of this sham rat with TAC rat metabolism
driven primarily by an increase in myocardial cytosolic inor-
ganic phosphate concentration from 1.2 mM in the control
sham case to 2.3 mM in the simulation with the TAC energetics.

The lower panel of Figure 9 shows analogous results for sim-
ulations where the metabolic profile of an individual TAC rat is
replaced with that of the mean sham rat. Replacing this ani-
mal’s metabolic profile with the healthy control values of the
sham group results in a marked decrease in end-diastolic pres-
sure, an increase in EF, and a decrease in cytosolic Pi from 2.1 to
1.4 mM.

Figure 10 reports the results of repeating these predictions
for all sham and TAC rats studied. Panel A shows how EF is pre-
dicted to change in each sham rat when the energetic model
representing the average TAC rat is used in the context of the
models representing the sham group. Panel B shows analogous
results for replacing TAC metabolic profiles with that of the av-
erage sham rat. Restoration of the healthy control myocardial
energetics in the TAC rats is predicted to uniformly increase EF
from 46 6 2% to 59 6 2%. Imposition of the disease-sate

myocardial energetics of TAC rats in the simulation of sham
rats is predicted to uniformly decrease EF from 67 6 2% to
50 6 4%.

Discussion

In this study, we quantitatively tested the relationships be-
tween mechanical function and the metabolic/energetic status
of the myocardium in a rat TAC model of hypertrophy and de-
compensation using multiscale computational model of cardiac
mechanoenergetic coupling. Observations reveal predictive
relationships between depletion of cytoplasmic metabolite
pools and systolic dysfunction and between reductions in myo-
cardial ATP synthesis capacity and systolic dysfunction.
Analysis of these data reveals how changes in energetic state
affect mechanical function in heart failure and how restoration
of normal metabolic/energetic state may improve pump func-
tion in the failing heart.

Metabolic data obtained from this study were analyzed using
a computational model that captures the general mechanism
that feedback of ATP hydrolysis products ADP and inorganic
phosphate (Pi) drive oxidative ATP synthesis. This mechanism

Figure 9. Analysis of Effects of Metabolic State on Mechanical Function. Simulations of left-ventricular and aortic pressure (A and C) and left-ventricular pressure–vol-

ume loops (B and D) are shown for sham rat #3 and TAC rat #2. The baseline simulations (solid lines) are equivalent to those shown in Fig. 7. Dashed lines in (A) and (B)

illustrate model predictions associated with replacing the metabolic model parameter values for sham rat #3 with values representing the mean TAC rat. Imposition of

the TAC rat metabolic phenotype on the sham rat results in an increase in inorganic phosphate concentration, diminished systolic contractility, and reduction in EF.

Dashed lines in (C) and (D) illustrate model predictions associated with replacing the metabolic model parameter values for TAC rat #2 with values representing the

mean sham rat. Imposition of the control sham metabolic phenotype on the TAC rat results in a decrease in inorganic phosphate concentration, improved systolic con-

tractility, and increase in EF.
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is consistent with in vitro42,43 and in vivo1,7,44 data on cardiac
energetics and is supported by theoretical investigations from
several groups.45–47 Based on this model, reduced mitochondrial
capacity in the myocardium of TAC compared to control ani-
mals causes an increase in myocardial Pi because with reduced
ATP synthesis capacity higher levels of ADP and Pi are needed
to maintain ATP synthesis to match a given hydrolysis rate.
Furthermore, at a given ATP hydrolysis rate, higher Pi levels are
needed to compensate for the reduction in ADP caused by the
reduced adenine nucleotide pool in myocardium from TAC ani-
mals. Thus, both diminished mitochondrial ATP synthesis ca-
pacity and depletion of the adenine nucleotide pools are
predicted to cause an increase in myocardial Pi in the disease
model compared to control. The increased [Pi] is, in turn, pre-
dicted to impair systolic function. This prediction is similar to
simulations of Ghosh et al.46 of cardiac mechanoenergetic cou-
pling in acute ischemia, in which increases in both ADP and Pi
are found to slow crossbridge cycling rates, slowing tension de-
velopment and relaxation in a theoretical model of myocardial
mechanics.

On average the experimental TAC group in this study shows
a mean 27% reduction in mitochondrial capacity to synthesize
ATP compared to control. This level of reduction is similar to
the 19% reduction observed by Holzem et al. in failing versus
age-matched control hearts from humans.20 The reduction
observed by Holzem et al. was not found to be statistically
significant, while other studies have shown that there is an
increase in mitochondrial respiratory capacity in human heart
failure.21 The lack of a consistent picture of potential mitochon-
drial dysfunction in heart failure is likely a reflection of the het-
erogeneous nature of the disease, which arises from multiple
etiologies and manifests in numerous changes to gross mor-
phology (e.g., dilation), tissue-level structure (e.g., fibrosis), and
cellular-level function (e.g., calcium handling). Still, metabolic
dysfunction appears to be general feature of the failing heart,
regardless of etiology: concentrations of ATP, its hydrolysis
products ADP and Pi, and the related metabolite creatine phos-
phate (CrP) are altered in the diseased and failing heart com-
pared to normal.6,11,12,16,17,24,48 Our analysis predicts a roughly

2-fold increase in Pi/ATP ratio in the disease model compared to
control, consistent with recent in vivo measurement in hyper-
trophic cardiomyopathy patients compared to healthy con-
trols.49 Thus, regardless of the complexity and variability in the
clinical presentation of heart failure, the animal model
employed here captures the two common features of energetic
dysfunction in failing hearts, reduced adenine nucleotides and
increased [Pi], that we predict to be the direct metabolic drivers
of mechanical dysfunction in heart failure.

While the overall reduction in mitochondrial ATP synthesis
capacity in the TAC compared to control group is modest, the
data (Figure 6) reveal a striking relationship between the capac-
ity for myocardial mitochondrial ATP synthesis and resting
cardiac power output in TAC rats. The fact that this relation-
ship is observed only for the TAC group, which is operating
with higher overall power output and lower ATP synthesis ca-
pacity, suggests that resting mechanical power output
becomes limited by the capacity to synthesize ATP in this ani-
mal model of cardiac decompensation. One of the defining
characteristics of heart failure is exercise intolerance, a patho-
logical limitation to reserve cardiac output and power to meet
the demands of the periphery in exercise. Because the relative
cardiac reserve is much lower in rodents than in humans—for
example, maximum exercise elicits maximal heart rates of less
than 150% of resting value in rats and mice50 while in humans
heart rates can increase in exercise to as much as four times
the resting value—rodent models cannot ideally capture this
defining feature of heart failure in humans. If, as suggested by
the close relationship between resting power output and ATP
synthesis capacity in the TAC group, resting cardiac power out-
put is energetically limited, then these animals would be
expected to exhibit an impaired reserve of cardiac power
output.

The observations on ATP synthesis capacity shown in
Figure 6 should be compared to results of previous studies using
the rat model employed here, which have shown more drastic
reductions in mitochondrial capacity. For example, Doenst
et al.19 report a mean 4-fold reduction in overall capacity to oxi-
dize carbohydrates and fatty acids at 20 weeks postsurgery.19

Figure 10. Predicted Impact of Metabolic Dysfunction in Resting Systolic Mechanical Function. The multiscale computational model of myocardial mechanoenergetic

coupling was used to predict the effects of changing metabolic status of the myocardium on cardiac mechanical function. (A) The effect of switching the parameteriza-

tion of the component of the model representing metabolic function for each control sham rat to values of mitochondrial capacity and metabolic pools associated with

the mean TAC rat. Predicted EF drop from 67% for the original data to 50% for sham rats with TAC metabolism. (B) The effect of switching the parameterization of the

component of the model representing metabolic function for each TAC rat to values of mitochondrial capacity and metabolic pools associated with the mean sham

rat. Predicted EF increase from 46% for the original data to 59% for TAC rats with sham metabolism.
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Thus, while we observe the same trend in reduction of ATP syn-
thesis capacity, Doenst et al. report much more drastic reduc-
tions than we observe. Our model simulations predict that with
decreases as drastic as that reported by Doenst et al. mitochon-
drial ATP supply would fall far short of that needed to drive car-
diac pumping.

Furthermore, the observed reductions in the TAN and CRtot

metabolic pools in the TAC group compared control are as im-
portant as the reductions in mitochondrial capacity in deter-
mining the energetic phenotype. These reductions in
metabolite pools have been observed in humans and large-
animal models,7–11,51 but have not been previously quantified in
rodent models, and have not been measured in concert with
measurements of mitochondrial function in a hypertrophy/de-
compensation model. Using the data on these metabolite pools
and mitochondrial capacity from the present study to inform
our computational model of myocardial energetics,30 we are
able to predict cytosolic ATP, ADP, and inorganic phosphate
concentrations (Figure 6). Furthermore, we used the models to
probe the causal relationships underlying these predictions by
swapping the energetic phenotypes in the models representing
rats from the TAC and the sham groups (Figure 8A). Simulations
predict that restoration of the normal energetic profile in TAC
hearts results in a restoration of normal feedback control of
myocardial ATP synthesis,1 reducing pathologically elevated
[Pi], removing the impediment to crossbridge cycling associated
with elevated [Pi], and thereby improving systolic function.
Similarly, imposition of the TAC/disease energetic profile in
simulation of control animals results in elevated [Pi], and the
associated impaired mechanical function. Because the potential
effects of energetic state on the function of other ATP-
dependent processes (for example, sodium-potassium and cal-
cium pumping) are not considered in the model, these simula-
tions provide predictions of the isolated impact of energetic
function/dysfunction on crossbridge dynamics.

Therefore, the multiscale model introduced here provides a
vehicle not only for analyzing experimental data on cardiac en-
ergetics and mechanical function, but also to make predictions
of how one component (i.e., the metabolic phenotype) influen-
ces another (whole-organ mechanical function and whole-body
cardiovascular phenotype). These predictions yield new hy-
potheses than can potentially be experimentally tested. For ex-
ample, we predict that systolic function in heart failure may be
improved by inhibiting or reversing adenine nucleotide pool de-
pletion. The adenine nucleotide pool is maintained by a balance
of degradation and novo synthesis and salvage pathways, with
two major degradation pathways: (1) dephosphorylation of AMP
to adenosine and permeation of adenosine out of the myocar-
dium; and (2) deamination of AMP to IMP, which can be con-
verted to other downstream products (inosine and
hypoxanthine) that permeate out of cardiomyocytes. We hy-
pothesize that in the chronically overloaded myocardium (as in
the TAC pressure–overload animal model studied here), the ele-
vated work rate leads to elevated levels of AMP, shifting the bal-
ance of nucleotide synthesis and degradation pathways to
maintaining lower TAN levels than in the normal energetic
state.

Indeed, previous studies have shown that hypoxanthine,52

AMP deaminase expression,52 xanthine oxidase expression,53

and uric acid levels52,53 are increased in heart failure patients
compared to controls, pointing to a role of the AMP deaminase
pathway in degradation and depletion of the adenine nucleo-
tide pool in heart failure. Our data (Figure 4) indicate that the
TAC rat model shares these aspects of the metabolic phenotype

with heart failure patients. Expression of purine specific nucleo-
tidase NT5c1a,54 which catalyzes the conversions of AMP to
adenosine, does not appear to be altered in the disease model,
while other 50-nucleotidase isoforms are downregulated. The
commonalities between the TAC rat model and the failing hu-
man myocardium suggest that our predictions associated with
restoration of metabolite pools rescuing mechanical function
may translate to humans and points to AMP deaminases and 50-
nucleotidases as potential targets to inhibit nucleotide degrada-
tion and depletion. Inhibiting AMP deaminases and 50-nucleoti-
dases would potentially slow the conversion of AMP into either
inosine or adenosine, slowing the degradation and depletion of
adenine nucleotides from the myocardium, and also potentially
increasing AMP-mediated signaling. Potential negative effects
of targeting these enzymes and the details of the roles these
enzymes play in disease are not fully understood.

The computer codes for the computational model are
available for download at https://github.com/beards-lab/Rat-
Cardiac-Energetic. A detailed description of the operation of the
codes and instructions for reproducing the simulation results
presented here are provided in a companion paper.37 Although
this multiscale model (Figure 1) integrates function from the
sub-cellular molecular level of crossbridge dynamics and mito-
chondrial ATP production up to the whole-body level of flows
and pressures throughout the cardiovascular system, the level
of detail becomes increasingly simplified at higher functional
scales. The TriSeg heart model represents cardiac anatomy in a
way that accounts for ventricular–ventricular mechanical inter-
action and the evolution of stress and strain in a way that repre-
sents average quantities over each heart wall.36 The simple
lumped circulatory model does not explicitly account for ana-
tomical arrangement of vessels, neurohumoral regulation, or
fluid filtration/volume regulation. Therefore, it does not account
for chronic remodeling of cardiac anatomy or preload, for exam-
ple, that would occur following acute imposition of a metabolic
defect such as is simulated in by imposing the disease meta-
bolic profile in a model otherwise representing the healthy case
(Figures 9 and 10). Nor have we used this modeling framework
to explore the impacts of changes to passive mechanical prop-
erties of the myocardium, such as caused by pathological fibro-
sis, on cardiac function. The model components, and associated
computer codes, provide a platform for further development of
these aspects of cardiovascular systems function and their con-
tributions to physiological regulation and the pathophysiology
of cardiovascular disease.

Summary of Findings

The major findings from this study are:

1. Myocardial energetic dysfunction in a rat model of hypertro-
phy and decompensation is driven by a depletion of cytoplas-
mic adenine nucleotide and creatine metabolic pools and by a
reduction in the capacity for oxidative ATP synthesis.

2. Consistent with the hypothesis that changes in ATP, ADP,
inorganic phosphate that are associated with decompensa-
tion and failure have direct roles in impeding contractile
function of the myocardium in heart failure, the degree of
metabolic dysfunction is predictive of the degree of mechan-
ical dysfunction.

3. Computer modeling of coupled myocardial energetics and
mechanics informed by these data predict that since ATP
synthesis is stimulated by both ADP and inorganic phos-
phate levels, the reduced adenine nucleotide pool causes an
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increase in inorganic phosphate in failing hearts compared
to healthy controls. Increased phosphate, in turn, impairs
the kinetics of myosin ATPase crossbridge cycling in the
myocardium, causing systolic dysfunction.

4. Computer simulations further predict that mechanical func-
tion in heart failure can be reversed by restoring phosphate
metabolite concentrations to levels observed in healthy
myocardium.
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