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This study tested the robustness of our computational model of myocardial
metabolism by comparing responses to two different inputs with experimental data
obtained in pigs under similar conditions. Accordingly, an abrupt and a gradual
reduction in coronary flow of similar magnitude were implemented and used as
model input. After flow reductions reached 60% from control values, ischemia was
kept constant for 60 min in both groups. Our hypotheses were that: (1) these two
flow-reduction profiles would result in different transients (concentrations and flux
rates) while having similar steady-state values and (2) our model-simulated
responses would predict the experimental results in an anesthetized swine model of
myocardial ischemia. The two different ischemia-induction patterns resulted in the
same decrease in steady-state MVO2 and in similar steady-state values for metabolite
concentrations and flux rates at 60 min of ischemia. While both the simulated and
experimental results showed decreased glycogen concentration, accumulation of
lactate, and net lactate release with ischemia, the onset of glycogen depletion and the
switch to lactate efflux were more rapid in the experiments than in the simulations.
This study demonstrates the utility of computer models for predicting experimental
outcomes in studies of metabolic regulation under physiological and pathological
conditions.
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INTRODUCTION

Myocardial ischemia is the result of a decrease in myocardial blood flow
relative to the normal flow required to meet the demand for oxygen. There are
numerous metabolic derangements that are a consequence of ischemia including
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a decrease in the rate of aerobic ATP synthesis, an increase in the redox state
(NADH/NAD+), a decrease in the rate of pyruvate and fatty acid oxidation, and a
switch from net lactate uptake to net lactate release by the myocardium. The extent
of these metabolic derangements has been shown to be dependent on the severity,
type of onset (gradual or abrupt), and duration of the reduction in flow (1-7).

We recently developed a computational model that simulates cardiac
metabolism under normal and ischemic conditions (8). Unlike previous models of
cardiac metabolism, which focused on glycolysis and/or the citric acid cycle and
considered glucose as the only energy source (9-11), our model incorporated
acetyl-CoA formation from the oxidation of both carbohydrates (glucose and
lactate) and fatty acids. Our model also incorporated several key control
metabolites (ADP, ATP, NADH, NAD+, acetyl-CoA, and free-CoA) into the
regulation of pyruvate oxidation, glycolysis, lactate production, the citric acid
cycle, and oxidative phosphorylation.

In our previous paper on the development of the model we found good
agreement when we compared model-simulated results with previously
published data from pigs, dogs and humans, however prospective validation
studies have not been performed. Thus, in this study, our goal was to test the
robustness of our model of myocardial metabolism (8) by evaluating the
agreement between model responses and experimental data obtained in our lab
under similar conditions. Accordingly, an abrupt (step) and a gradual (ramp)
reduction in flow of similar magnitude were implemented and used as model
input. The ramp reduction was elicited over a 30-min period. Once flow
reductions reached 60%, ischemia was maintained constant for 60 minutes in
both groups. Results of model simulations from the two flow reduction patterns
were compared to data from in vivo swine experiments. Previous studies show
that a gradual onset of myocardial ischemia is associated with lessened
metabolic derangements when compared to those caused by a sudden onset of
ischemia (1; 7). We hypothesized that the responses to these flow-reduction
profiles will display different transients (concentration and flux rates) but similar
steady-state values, and that our model-simulated responses will predict the
results of the animal experiments.

MATERIALS AND METHODS

Model Simulations

Minor modifications to our previously developed model (8) were made so that under normal
flow conditions the concentration and flux values matched our experimental values collected
during the nonischemic steady state baseline period (Tables 2-5). Simulations were then
performed for the two different flow inputs (step and ramp reductions in flow). The metabolic
species and reactions included in the model are depicted in Figure 1. As an initial-value problem,
the parameter values (including initial fluxes (φ), λmax, and Km values) were set based on data
from the nonischemic steady state period that we collected from our in vivo swine experiments.
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The initial tissue concentration values were amended to reflect those measured experimentally
(Table 1). The updated parameters are listed in Tables 2-5. Partition coefficients were estimated
from initial study state values for arterial, venous and tissue concentrations and the rate of net
uptake or release (8). The mathematical representation of the model is a set of differential and
algebraic equations that form an initial-value problem. The model was coded in FORTRAN and
the equations were solved using LSODES, an implicit integrator developed by Hindmarsh and
designed especially for stiff and sparse systems. The LSODES software is available for download
at http://www.netlib.org/alliant/ode/prog/lsodes.f.

Animal Preparation

Experiments were performed on 16 domestic pigs (mean weight, 37.1 ± 1.1 kg). These studies
were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (NIH
Publication Number 85-23) and the Institutional Animal Care and Use Committee at Case Western
Reserve University.

We used a previously developed open-chest model that allows for simultaneous measurements
of myocardial substrate utilization (glucose, lactate, and fatty acids), metabolite concentrations in
arterial and coronary venous blood, and tissue substrate concentrations (12-15). Following an
overnight fast, animals were sedated with 6 mg/kg of Telazol (im), given isoflurane (5%) by mouth,
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Figure 1. Schematic depiction of the metabolic reactions incorporated in the computational model. 



intubated via tracheotomy, maintained with isoflurane (0.75%-1.25%) and ketamine (4 mg kg-1 hr-1),
and ventilated to maintain blood gases in the normal range (PO2 > 100 mmHg, PCO2 35-45 mmHg,
and pH 7.35-7.45) (14). The heart was exposed via a midline sternotomy with a left-side rib
resection and suspended in a pericardial sling. A femoral vein was cannulated through which
heparin was infused to prevent clotting (200 U/kg bolus, followed by 150 U/kg-hr i.v), and a 20%
triglyceride emulsion (Intralipid 20%, 0.3 ml/kg-hr iv) were infused to raise circulating free fatty
acids (FFA) to human levels (0.6 mM). A femoral artery was cannulated and used to prime the
perfusion line using a roller pump. The left anterior descending coronary artery (LAD) was
cannulated above the first diagonal branch and perfused with blood supplied from the femoral artery
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Table 1. Initial Concentrations 

Tissue Concentration (µmol g-1) Reference

GL 1.0 19
FA 0.021 19
GP 0.171
GY 33.0 19, *
TG 3.4 *
PY 0.20
LA 3.88 *
AC 0.0046 14
FC 0.0088 14

CoA Pool 0.043 14
O2 0.963 35

CO2 20.0 35
NAD+ 0.4 *
ADP 1.14 *
PC 8.80 2,3

NADH 0.045 *
ATP 3.38 *

Arterial Concentration (µmol ml-1) Reference

GL 4 19, *
FA 0.5 19, *
LA 1.8 12,15, *
O2 3.77 13
C02 18.0 13

* Denotes data from present study.  Abbreviations:  GL, glucose; FA, fatty acids; GP, glucose 6-
phosphate; GY, glycogen; TG, triglyceride; PY, pyruvate; LA, lactate; AC, acetyl-CoA; FC, free
CoA; CoA Pool, total CoA pool; NAD+, oxidized nicotinamide adenine dinucleotide; PC,
phosphocreatine; NADH, reduced nicotinamide adenine dinucleotide.

Table 2. Blood-Tissue Partition Coefficients

Partition Coefficient Value Reference

sGL 3.68 *
sFA 12.74 *
sPY 0.695 17
sLA 0.381 *

* Denotes data from present study.



via the extracoporal perfusion circuit. The flow was adjusted to give an interventricular venous
hemoglobin saturation of 35-40% (14; 16; 17). Arterial blood samples were obtained from the
perfusion line and venous samples from the anterior interventricular vein. The isotopic tracers (14C-
glucose, 13C-lactate, 3H-oleate), heparin, and triglyceride emulsion were infused into a femoral vein.
Heart rate, aortic pressure, left ventricular pressure, and systolic thickening were continuously
recorded using online data acquisition software (BioPac Acknowledge). Left ventricular contractile
function was monitored by measuring left ventricular pressure with a 7-Fr Milar Mikrotip
transducer catheter and anterior wall shortening using sonimicrometer crystals (Triton
Technologies, San Diego, CA) placed in the mid myocardium (16; 18).
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Table 3. Initial Fluxes (µmol g wet wt-1 min-1)

Flux Flux Value Reference

φGL→GP 0.24 19, *
φFA→TG 0.06 22, 34
φFA→AC 0.14 *
φGP→PY 0.24 19, *
φGP→GY 0.2 19
φGY→GP 0.2 19
φTG→FA 0.02 22, 34
φPY→LA 0.26 *
φPY→AC 0.73 *
φLA→PY 0.51 *
φAC→CO2 0.62 *
φ02→H20 2.8 *
φCR→PC 2
φPC→CR 2

φAC→CoAPool 1.23
φCoAPool →FC 1.23
φATPhydrolysis 17.32

* Denotes data from present study.  

Table 4. Km Values (mmol g wet wt-1)

Km,GL→GP 0.025

Km,FA→TG 0.0245
Km,FA→AC 0.0245
Km,GP→PY 1.7
Km,GP→GY 0.017
Km,GY→GP 3.3
Km,TG→FA 3.4
Km,PY→LA 2
Km,PY→AC 0.2
Km,LA→PY 3.88
Km,AC→CO2 0.0046
Km,02→H20 0.01
Km,CR→PC 88
Km,PC→CR 88

Km,AC→CoAPool 0.0046
Km,CoAPool →FC 0.043



Experimental Protocol

Our experiments consisted of two groups: the Step Group underwent a rapid (~15 seconds) 60%
step reduction in LAD blood flow, while in the Ramp Group the LAD flow was reduced linearly by
60% over a 30 min period (Figure 2). After completion of the surgical preparation, tracer was
initiated with an intravenous bolus injection of 13C-lacate (80 mg), 14C-glucose (20 µCi) followed by
a constant infusion of 13C-lactate (93.3 mg/hr), [U-14C]glucose (13.3 µCi/hr), and [9,10-3H]oleate
(40 µCi/hr) at a rate of 3 ml/hr (Figure 2). After 45 min of tracer infusion, the first initial state blood
samples were drawn. As shown in Figure 2, time = 0 was set to the onset of a 60% flow reduction
in the LAD. In the Step Group the tracer infusion was initiated at -60 minutes, with aerobic control
values take at -15 and -2 minutes. In the Ramp Group the tracer infusion started at -90 min, and
aerobic control samples were taken at -45 and -32 min, then at -30 min the LAD flow was reduced
linearly by 60% over 30 mins, and blood samples were drawn at -25, -20, -15, -10, and -5 mins. The
two groups had the same sampling pattern during the 60 min of constant ischemia where blood
samples were taken at 1, 3, 6, 10, 15, 20, 30, 40, 50, and 60 min. Tissue biopsy samples were
obtained using a 14-gauge biopsy needle between the two aerobic control blood samples, and at 7,
25, and 60 min of ischemic period. At the conclusion of the experiment, a terminal punch biopsy
was obtained from both the LAD bed and the circumflex bed (~3 g). All biopsies were immediately
frozen (3-5 s) using metal blocks pre-cooled in liquid nitrogen and stored at -80°C for later analysis.
The cardiovascular measurements were recorded immediately before the collection of each set of
arterial and venous blood samples. Heart rate, left ventricular pressure (LVP), the peak positive and
negative first derivatives of LVP (dP/dt), and segment length were continuously recorded using an
online data acquisition system (Crystal Biotech model CBI8000 with Biopaq software).

Analytic Methods

Arterial and venous pH, PCO2, and PO2 were measured using a blood gas analyzer (NOVA Profile
Stat 3, NOVA Biomedical; Waltham, MA) and oxygen saturation and hemoglobin were measured
on a hemoximeter (Avoximeter; San Antonio, TX). Blood samples used to measure glucose, lactate,
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Table 5. Rate Coefficients (min-1)

Vmax,GL→GP 0.492

Vmax,FA→TG 0.24
Vmax,FA→AC 0.56
Vmax,GP→PY 5.28
Vmax,GP→GY 0.88
Vmax,GY→GP 0.88
Vmax,TG→FA 0.08
Vmax,PY→LA 5.72
Vmax,PY→AC 2.92
Vmax,LA→PY 2.02
Vmax,AC→CO2 2.48
Vmax,02→H20 2.83
Vmax,CR→PC 44.0
Vmax,PC→CR 44.0

Vmax,AC→CoAPool 0.21
Vmax,CoAPool →FC 0.043
Vmax,ATPhydrolysis 58.5



14C-glucose, and 14C-lactate concentrations were immediately deproteinized in ice-cold 1 M
perchloric acid (1:2 vol/vol). They were then analyzed for glucose and lactate using enzymatic-
spectrophotometric assays (12; 13; 15). The specific radioactivity of [14C]glucose was measured on
deproteinized blood samples using ion-exchange resin chromatography and blood 14CO2

concentration was assessed by trapping it in hyamine hydroxide, as previously described (19-21).
Plasma fatty acid and 3H-oleate concentrations were measured as previously described (22; 23).
3H2O was measured by determining the difference in dpm/mL of water distilled from plasma using
a Hickman still (Kontes Glass, Custom Shop) (24). The enrichment of lactate with 1-13C-lactate was
measured in plasma deproteinized with salicylic acid using GC-MS analysis of the tert-
butyldimethylsilyl (TBDMS) derivative as previously described (25).
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Figure 2. Study protocols.
(A) Protocol for step
reduction in flow. (B)
Protocol for ramp reduction
in blood flow. Blood plasma
samples, CO2 vials, and
saturated salicylic acid
(SSA) samples were
collected at six different
blood sample time points.



The tissue biopsies taken during the initial state and after 7 min, 25 min, and 60 min of the 60%
reduction in flow were used to measure the tissue levels of ATP, ADP, glycogen, and lactate. Tissue
levels of ATP and ADP were measured luminometrically by methods previously described (26).
Tissue glycogen was measured with perchloric acid extracts using the amyloglucosidase method by
methods previously described (27). Tissue lactate measurements were completed with an enzymatic
spectrofluorometric assay, using modified technique similar to that of the blood lactate assay. The
3-gram punch biopsy taken at the conclusion of each experiment was used to measure NAD+ and
triglyceride levels. Tissue was extracted in ice-cold chloroform/methanol (2:1 vol/vol) and
triglyceride levels were measured using an enzymatic spectrophotometric assay (Triglyceride E kit,
Wako Chemicals, Richmond, VA). NAD+ was measured spectrophotometrically using a previously
described method (28).

Calculations

The net uptakes (µmol g wet weight-1 min-1) for glucose, lactate, and free fatty acids were
calculated based on the product of the arterial and coronary venous substrate difference and the
normalized myocardial blood flow (ml g wet weight-1 min-1). The rates of exogenous glucose and
fatty acid oxidation were calculated as the product of the release of either 14CO2 or 3H2O (dpm/ml)
and normalized myocardial blood flow, divided by the arterial specific radioactivity of glucose or
free fatty acids (dpm/µmol) (23). Simultaneous lactate uptake and release were calculated from the
13C-lactate enrichment and blood lactate concentrations as previously described (12; 20). The rates
of glucose and fatty acid uptake and oxidation, and the rates of lactate uptake and production were
used in determining the initial flux values (Table 3). Myocardial blood flow was measured from the
calibrated pump flow of the perfusion circuit and normalized by dividing by the weight of the heart
being perfused by the LAD (17).

The LVP-segment length loop area was calculated off-line from approximately 30 consecutive
heartbeats by using software developed in Matlab. This was used as an index of the external work
of the anterior free wall of the left ventricle and was expressed as a fraction of the initial state
values. The LVP-segment length loop area multiplied by the heart rate was used as an index of the
external power of the anterior wall.

Statistical Analysis

Triglyceride, and NAD+ concentrations were compared between the LAD and circumflex (CFX,
control) bed and between step and ramp groups using a two-way analysis of variance. Uptakes of
glucose, lactate, and free fatty acid; all hemodynamic parameters; regional anterior wall work and
power indices; and glycogen and ATP concentration were compared using a two-way repeated
measure analysis of variance, using a Student-Newman-Keuls test for post hoc comparisons. All
tests for significance were performed at the 0.05 level of significance and all values are reported as
means ± SE.

RESULTS

Simulation Results and Experimental Data

Ramp ischemia was induced by decreasing flow from 100% to 40% (0.76 ±
0.04 ml g-1 min-1 to 0.31 ± 0.002 ml g-1 min-1) of normal coronary blood flow in
a linear manner over 30 min while step ischemia was induced by decreasing the
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flow the same magnitude (0.73 ± 0.025 ml g-1 min-1 to 0.29 ± 0.001 ml g-1 min-1)
over 1 min. To test the robustness of our computational model with updated
initial conditions and parameter values, we compared the concentrations and
flux rates that were measured experimentally with the corresponding model-
simulated results.

With the introduction of ischemia, there was an immediate decrease in
myocardial oxygen consumption (MVO2) (Figure 3 A) and a proportionate
decrease in ATP (Figure 3 B). The model simulations for both the step and ramp
show a 50% decrease in MVO2 while experimentally the decreases were 54% ±
2% and 58% ± 2%, respectively (Table 6). These results show that the two
different flow reduction profiles result in similar steady-state decreases in MVO2.
The decreases in ATP for step were 40% and 41% for experimental and
simulated, respectively, while those for ramp ischemia were 69% and 42%.
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Table 6.  Hemodynamic values from in vivo swine experiments.  

  Ramp Reduction in Blood 
Flow 60% Reduction in Blood Flow 

 Baseline -15 -5 6 30 60 

HR (beats/ min)       

Step 111 ± 3.3   113 ± 5.5 120 ± 9.3 112 ± 6.3 

Ramp 115 ± 4.8 118 ± 9.3 119 ± 9.9 114 ± 7.1 119 ± 8.5 127 ± 9.4 

Peak LVP (mm Hg)       

Step 88 ± 3.4   83 ± 4.7* 80 ± 5.2* 79 ± 4.1* 

Ramp 87 ± 2.0 82 ± 2.5 79 ± 4.6 80 ± 5.4* 79 ± 5.2* 75 ± 3.5* 
dP/dt max (mm 
Hg/s)       

Step 2341 ± 105   2014 ± 132 2008 ± 137 2101 ± 175 

Ramp 2503 ± 212 2453 ± 211 2065 ± 104 2052 ± 154 2180 ± 239 2032 ± 149 

dP/dt min (mm Hg/s)       

Step -1978 ± 137   -1764 ± 211 -1628 ± 178 -1548 ± 141 

Ramp -2101 ± 114 -1733 ± 89 -1481 ± 64 -1638 ± 159 -1530 ± 109 -1482 ± 73 

MVO2 (µmol/g/min)       

Step 2.43 ± 0.11   1.12 ± 0.08* 0.95 ± 0.09* 0.88 ± 0.06* 

Ramp 2.75 ± 0.12 2.51 ± 0.26 1.58 ± 0.14 1.14 ± 0.09* 1.09 ± 0.13* 1.03 ± 0.09* 

Work (mm Hg•mm)       

Step 1.00   0.65 ± 0.11 0.65 ± 0.15 0.56 ± 0.12* 

Ramp 1.00 0.84 ± 0.10 0.64 ± 0.10 0.56 ± 0.11 0.45 ± 0.12 0.35 ± 0.12* 
Power 
(mm Hg•mm/s) 

      

Step 1.00   0.68 ± 0.12 0.69 ± 0.16 0.61 ± 0.15 

Ramp 1.00 0.83 ± 0.08 0.62 ± 0.08 0.53 ± 0.09 0.43 ± 0.10 0.37 ± 0.13 

 
Values are means ± SE with 7 pigs in the ramp group and 9 pigs in the step group.  HR,
heart rate; dP/dt, first derivative of pressure; LVP, left ventricular pressure; MVO2,
myocardial O2 consumption.  Work and power are expressed as the fraction of the
baseline value.  * P < 0.05 compared to baseline. 

Values are means ± SE with 7 pigs in the ramp group and 9 pigs in the step group.  HR, heart rate;
dP/dt, first derivative of pressure; LVP, left ventricular pressure; MVO2, myocardial O2

consumption.  Work and power are expressed as the fraction of the baseline value.  * P < 0.05
compared to baseline.

Table 6. Hemodynamic values from in vivo swine experiments
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Figure. 3. Myocardial oxygen consumption (MVO2) (A) and ATP concentration changes (B).
Dashed lines represent model-simulated responses from ramp induction of ischemia while solid
lines represent responses from step induction of ischemia. The open circles represent experimental
data from the step group with the filled circles represent experimental data from the ramp group. *
p<0.05 between the step vs. ramp groups. 
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Another consequence of ischemia is an acceleration of glycolysis that results
in increased utilization of glycogen, accumulation of lactate in the heart, and a
switch from net lactate uptake to net lactate release by the heart. In the step group,
glycogen content decreased -after 60 minutes of ischemia- by 83% ± 4% in the
animal experiments and by 76% in the simulations (Figure 4 A). In the ramp
group, glycogen content decreased by 83% ± 3% in the experiments while the
model predicted an 88% decrease (Figure 4 A). Even though the steady-state
glycogen concentration values were similar in all four cases (step vs. ramp and
experiments vs. simulations) after 60 minutes of ischemia, the transient behavior
was different when experiments were compared to computer simulations.
Experimentally, glycogen concentration decreased in a hyperbolic or exponential
manner while the model predicted a linear decrease in glycogen concentration
regardless of flow-reduction pattern. Thus, the experimental rate of glycogen
utilization increased more rapidly initially and tapered off quicker than that
predicted by the computer model (Figure 4 A).

Lactate accumulation and the switch from net uptake to net release of lactate
by the heart results from the increased rate of glycolysis observed during
ischemia. The model simulated results for tissue lactate fit within the standard
error bars of the measured concentrations, and increased two to three fold above
initial values in both groups (Figure 4 B). As was the case with glycogen
breakdown, the model-simulated time course of lactate accumulation to a step
reduction in blood flow was slower than seen experimentally. The model
simulated results showed a delay in the switch from net lactate uptake to net
release, and a greater rate of lactate release from 10 to 60 minutes of ischemia
compared to the experimental data (Figure 5). While both the simulated and
experimental results showed decreased glycogen concentration, accumulation of
lactate, and net lactate release with ischemia, the onset of the rate of increase of
glycogenolysis and the switch to lactate efflux occurred sooner and more rapidly
in the experiments than in the simulations. Thus, the experimental rate of
glycogen utilization and lactate production increased more rapidly initially and
tapered off quicker than that predicted by the computer model.

Many changes induced by ischemia, including the increased rate of glycolysis
and decreased rates of oxygen consumption and electron transport chain flux,
result in a decrease in the concentration of NAD+ and an increase in the redox
state (NADH/NAD+). The myocardial NAD+ contents were 0.41±0.02 and
0.39±0.01 µmols/g in the nonischemic CFX perfusion territory for the step and
ramp groups, respectively; and they were reduced by 22% ± 4% and 25% ± 6%
in the ischemic LAD territory. The model simulation results predicted decreases
were 40% and 44% for step and ramp, respectively, which followed a time course
similar to MVO2. The experimental results and the model-simulated results both
show a decrease in the concentration of NAD+ and the model predicts a seven-
fold increase in the redox ratio.
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Figure 4. Glycogen (A) and lactate (B) concentration changes. Dashed lines represent model-
simulated responses from ramp induction of ischemia while solid lines represent responses from
step induction of ischemia. The open circles represent experimental data from the step group with
the filled circles represent experimental data from the ramp group.  



Comparison of Step and Ramp

Values for the measured hemodynamic variables are presented in Table 6.
There were no significant differences between the step and ramp groups
regarding any of these values. Peak left ventricular pressure (LVP) for both
groups combined was significantly higher at baseline than at any time point
during the 60 min of 60% reduction in blood flow. However LVP values were not
significantly different from each other beyond 6 min (Table 6). Work and power
at 6 min were significantly different from those at 60 min. Myocardial oxygen
consumption was significantly different between baseline values and values
during the 60% reduction in blood flow.

Peak lactate release was greater in the step group (0.90 ± 0.12 µmol/g/min) than
in the ramp group (0.69 ± 0.10 µmol/g/min), P < 0.05. However, no difference was
seen between the groups in tissue lactate concentration, lactate production, and
steady-state lactate release at the end of the 60 min of 60% reduction in blood flow.
The tissue ATP concentration was lower in the ramp group (P < 0.05). There was
no difference in glucose oxidation, fatty acid oxidation, glycogen concentration, or
any of the other measured species concentrations or fluxes.
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Figure 5. Net lactate uptake by the heart. The positive values represent net lactate uptake while the
negative values show net lactate release by the heart. The peak lactate release by the heart was
significantly different between the step and ramp groups (p<0.05).



DISCUSSION

We previously presented model simulations for 60 min at a 60% reduction in
blood flow and validated the simulations with retrospective experimental data (8).
In the present study, we prospectively compared model-simulated and
experimental results from two different flow-reduction profiles, showing the
robustness and limitations of the model. The two different induction patterns of
60% ischemia resulted in the same decrease in steady-state MVO2 and in similar
steady-state values for metabolite concentrations and fluxes. Model simulations
in response to step and ramp blood flow reductions agreed well with some of the
experimental data (e.g. lactate concentration, final glycogen concentration) while
some of the results had different changes in magnitude and time courses (e.g.
MVO2, lactate release, glycogen depletion).

We have developed the first computational model of myocardial energy
metabolism that incorporates the key carbon substrates of human myocardial
metabolism. In this study we tested the model with two different inductions of
ischemia. For both flow reductions used, our model-simulated results agreed
relatively well with the experimental data we collected from the corresponding in
vivo animal studies and other previously published data. The time courses for the
decreases in MVO2, ATP, NAD+, and glycogen differed between the step and
ramp groups although their measured and model-simulated steady-state values
were similar. The same relationships held for the accumulation of lactate and the
switch from net lactate uptake to net release.

We selected the two different flow-reduction profiles in order to show the
ability of the model, to accurately predict changes occurring from both flow-
reductions using a single set of parameter values. The step flow-reduction profile
was selected because it is the most commonly used method of flow-reduction in
experimental studies of ischemia, and it results in a rapid reduction in MVO2,
oxidative phosphorylation, and activation of glycolysis. In addition, previous
studies showed that the ramp flow reduction profile results in less activation of
glycolysis (1; 7}. As seen in Figure 3 A, the results agreed with our hypothesis
that the two methods of blood flow reduction result in similar decreases in MVO2

although with different time courses. The experimental results (55 and 58%
decreases in MVO2 for step and ramp, respectively) showed a larger decrease than
predicted by the model (50%). The initial experimental MVO2 values (2.6 and 2.8
µmol/g wet wt for step and ramp, respectively) from our current study were
substantially lower than previously published experimental values, which ranged
from 7.5 to 2.5 µmol/g wet wt/min, with an average of 4.8 µmol/g wet wt/min and
a median value of 4.7 µmol/g wet wt/min (2; 5-7; 13; 17; 29-33). Three previous
studies involving a 60% reduction in blood flow resulted in 46, 49, and 50%
decreases in MVO2 due to ischemia (5; 6; 30; 31). Our model-simulated results,
with a 50% reduction in MVO2, are comparable with these previous results.
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Another difference between our experimental data and published data from
other in vivo pig studies is the baseline blood flow values. The range of normal
blood flow values reported ranged from 0.70 to 1.43 ml/g/min (1; 2; 5-7; 13; 17;
30-35) and our experimental blood flow was 0.73 and 0.76 ml/g/min for step and
ramp groups, respectively. Although our measured experimental values for MVO2

and blood flow are lower than some published values with similar preps, these
current values agree with those recently published using the same preparation
(29). Furthermore, during these experiments the swine were not ischemic or
stressed during the initial state, as evidenced by the lack of net lactate production,
the relatively low heart rates, and stable LV pressures.

The concentration of NAD+ is expected to decrease with an increase in NADH
concentration during ischemia. Unfortunately, there is limited data available on
the concentrations of NAD+ and NADH due to the difficulty of measuring them.
Our model-simulated results reflect these changes and we attempted to measure
them both using the terminal punch biopsies collected during the experiments.
The measured decreases in NAD+ were less than those predicted by the model and
there was no difference between the step and ramp groups. In order to set the
initial concentration value for NADH in the model, we used a baseline ratio for
NADH to NAD+ from previously published values (0.11) (Table 1) (36; 37) and
our measured NAD+ values to calculate the corresponding NADH concentration.
Although our measurements of NAD+ provide useful insight into the possible
changes in the pyridine nucleotide pool with the introduction of ischemia, the lack
of other experimental data in the area makes it difficult to draw clear conclusions
from our data.

While the steady-state experimental values for tissue glycogen and lactate
content at 60 minutes of ischemia agreed reasonably well with simulated results,
the model-simulated time courses during the transition to 60% ischemia lagged
behind for both metabolites. Specifically, the model did not predict the rapid burst
in glycogen depletion and lactate production during the initial minutes of ischemia,
nor the decline from ~15 to 60 min. In this case, experimental data suggests the
model components that need to be revised by incorporating more biochemical
detail or control mechanisms (e.g., reactions or controllers). This could lead to a
better correspondence between model simulations and experimental results during
the dynamic phase of the response. However, since muscle biopsies to measure
glycogen content in the myocardium are difficult to take frequently, other methods
of model validation need to be implemented to provide enough in vivo data to
describe the time course of glycogen depletion. The sluggishness of some of the
responses likely occurs because known controllers of glycogenolysis and
glycolysis are missing in the current model. The addition of inorganic phosphate
(Pi), cytosolic Ca2+ and the adenine nucleotides (AMP, adenosine, IMP, inosine),
which control key regulatory enzymes in these pathways, should help speed up
these time courses. They are not included in the model due to lack of reliable data
and analytical measurements applicable to our in vivo experimental preparation. In
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order to accurately model the responses of Pi, Ca2+ and adenine metabolites it
would be necessary to increase the complexity of the reactions included the model
and to obtain some realistic experimental values. In addition, our model does not
separate the cytosolic compartment from the mitochondria; addition of a cytosolic
compartment would increase the sensitivity of glycolysis to regulatory metabolites
in the cytosol. Cortassa et al recently developed an integrated thermokinetic model
describing control of cardiac mitochondrial bioenergetics, and demonstrated the
importance of mitochondrial matrix Ca2+ in matching energy supply with demand
in cardiac myocytes (38). While this important model is very useful for
understanding cardiac mitochondrial function, it does not include glycolysis or
fatty acid oxidation, and it cannot be directly applied to in vivo conditions. Clearly,
future model development and subsequent validation studies should aim to
incorporate these key metabolites and multiple cell compartments.

In summary, we present a computational model of human-like myocardial
energy metabolism that incorporates both fatty acid and carbohydrate
metabolism. We tested the model with two different inductions of 60% ischemia,
a ramp reduction (completed over 30 min) and a step reduction (completed over
1 min). The results agreed with our hypotheses that the two methods of blood
flow reduction result in similar steady-state metabolite values, although the time
courses are different. The steady-state experimental values for tissue glycogen
and lactate content at 60 minutes of ischemia agreed well with simulated results,
however the model-simulated time courses during the transition to 60% ischemia
lagged behind for both substrates. In conclusion, this study demonstrates the
utility of computer models for predicting experimental outcomes in studies of
metabolic regulation under physiological and pathological conditions. Future
models, however, need to incorporate more complex control mechanisms to more
accurately predict dynamic changes.
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