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Mechanistic model of cardiac energy metabolism predicts localization of

glycolysis to cytosolic subdomain during ischemia

Lufang Zhou,'* Jennifer E. Salem,>* Gerald M. Saidel,"* William C. Stanley,>* and Marco E. Cabrera!->>*

Departments of 'Biomedical Engineering, >Physiology and Biophysics, and >Pediatrics and “Center
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Zhou, Lufang, Jennifer E. Salem, Gerald M. Saidel, William C.
Stanley, and Marco E. Cabrera. Mechanistic model of cardiac
energy metabolism predicts localization of glycolysis to cytosolic
subdomain during ischemia. Am J Physiol Heart Circ Physiol
288: H2400-H2411, 2005. First published January 28, 2005;
doi:10.1152/ajpheart.01030.2004.—A new multidomain mathemat-
ical model of cardiac cellular metabolism was developed to simulate
metabolic responses to reduced myocardial blood flow. The model is
based on mass balances and reaction kinetics that describe transport
and metabolic processes of 31 key chemical species in cardiac tissue.
The model has three distinct domains (blood, cytosol, and mitochon-
dria) with interdomain transport of chemical species. In addition to
distinguishing between cytosol and mitochondria, the model includes
a subdomain in the cytosol to account for glycolytic metabolic
channeling. Myocardial ischemia was induced by a 60% reduction in
coronary blood flow, and model simulations were compared with
experimental data from anesthetized pigs. Simulations with a previous
model without compartmentation showed a slow activation of glyco-
gen breakdown and delayed lactate production compared with exper-
imental results. The addition of a subdomain for glycolysis resulted in
simulations showing faster rates of glycogen breakdown and lactate
production that closely matched in vivo experimental data. The
dynamics of redox (NADH/NAD™) and phosphorylation (ADP/ATP)
states were also simulated. These controllers are coupled to energy
transfer reactions and play key regulatory roles in the cytosol and
mitochondria. Simulations showed a similar dynamic response of the
mitochondrial redox state and the rate of pyruvate oxidation during
ischemia. In contrast, the cytosolic redox state displayed a time
response similar to that of lactate production. In conclusion, this novel
mechanistic model effectively predicted the rapid activation of gly-
cogen breakdown and lactate production at the onset of ischemia and
supports the concept of localization of glycolysis to a subdomain of
the cytosol.

redox state; computer simulation; cytosol; mitochondria; metabolic
channeling

THE PRIMARY EFFECT of myocardial ischemia is impaired oxida-
tive phosphorylation due to decreased oxygen delivery to the
mitochondria (68). Reduced aerobic ATP production stimu-
lates glycogen breakdown and ATP formation from glycolysis
in the cytosol and results in lactate accumulation in the tissue
(52, 68). Various metabolites related to energy transfer (e.g.,
NADH-NAD™" and ADP-ATP) act as modulators of key reac-
tions in the cytosol and mitochondria but have different con-
centrations in these cellular domains. For example, under
aerobic conditions, 5—-10% of total ATP (10, 62) and 90% of
the NAD™ and NADH (61) are in the mitochondria. On the
basis of this evidence, it is inappropriate to assume the same

concentrations of these metabolites in the cytosol and mito-
chondria when studying mechanisms controlling glycolysis
and lactate metabolism from normal to ischemic conditions.
Furthermore, it has been observed that key glycolytic enzymes
are bound together in specific intracellular structures to form a
multienzyme complex near the sarcolemma and sarcoplasmic
reticulum (8, 19, 42). Because the glycolytic enzymes are not
freely distributed, glycolysis can be considered localized in a
subdomain within the cytosol.

Unfortunately, at present, it is not feasible to measure
dynamic changes in the fluxes and concentrations of key
cytosolic and mitochondrial species in the transition from
normal to ischemic conditions with current experimental tech-
niques. As an alternate approach to conducting experimental
measurements and as a framework for quantitative analysis of
in vivo myocardial cellular metabolism, a physiological-based
mathematical model that incorporates mechanistic details can
be used to predict nonobservable variables. A previous model
(59) of cardiac metabolism predicted many of the key species
concentration and flux changes observed during moderate is-
chemia. Because the model structure consisted of a single
cellular compartment, processes in the cytosol could not be
distinguished from those in the mitochondria. This model was
able to simulate steady-state responses to ischemia that were in
agreement with experimental observations from large animal
models, such as the changes in oxygen consumption. However,
it poorly predicted the dynamics of glycogen breakdown,
glycolysis, and the switch from myocardial lactate uptake to
release observed at the onset of ischemia in validation studies
performed in swine (59).

To simulate these observations and predict other responses,
a more general multidomain model was developed that 1)
distinguishes cytosol and mitochondria with species transport
across the sarcolemmal and mitochondrial membranes, 2) in-
cludes additional chemical species that participate in the reg-
ulation of energy metabolism (e.g., P;), and 3) incorporates
more detail in metabolic pathways [e.g., glycolysis and the
tricarbocylic acid (TCA) cycle]. Furthermore, to simulate the
activation of glycolysis in response to ischemia, we postulated
a subcellular region within the cytosol that permits metabolic
channeling to occur in the glycolytic pathway. By simulating
cytosolic and mitochondrial species concentration dynamics,
this model provided the basis for quantifying the mechanisms
controlling the rate of glycogen breakdown and glycolysis as
well as lactate formation and exchange during the transition
from normal to ischemic conditions. Therefore, to test the
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MODELING CARDIAC CELLULAR METABOLISM

existence of an intracellular structure that contains all the key
glycolytic enzymes bound together forming a multienzyme
complex, we added a subdomain within the cytosol in our
current model of myocardial metabolism. In the following
sections, the model development is described and computer
simulations are compared with data from in vivo experiments
performed in a well-characterized swine model (58, 65). The
covariations of key cytosolic and mitochondrial concentrations
and flux rates are then analyzed to elucidate the mechanisms of
regulation and to suggest future critical experiments.

MODEL DEVELOPMENT

Although physiological modeling of the heart began over 40
years ago, this field still lacks a comprehensive model of
cardiac energy metabolism. Existing models incorporate some
aspects of glycolysis, the TCA cycle, and oxidative phosphor-
ylation, but none of them integrate all these pathways (1, 15,
16). Several comprehensive models of metabolism exist for
other systems rather than the heart. Joshi and Palsson (35)
developed a model of red blood cell metabolism that included
glycolysis, the pentose pathway, and nucleotide metabolism.
Cabrera et al. (13, 14) developed a model of muscle metabo-
lism that included glycolysis, glycogenolysis and glycogenesis,
and pyruvate oxidation and oxidative phosphorylation using a
whole body top-down approach and studied the effects of
hypoxic and ischemic conditions. These models all contained
some aspects that are necessary to be included in a model of
myocardium metabolism, such as reactions considered, control
mechanisms, or the modeling technique. However, they are
limited to the study of glycolysis and the TCA cycle with
carbohydrate as the sole fuel substrate. Salem et al. (59)
developed a comprehensive model of cardiac metabolism that
included glycolysis and fatty acid oxidation as well as oxida-
tive phosphorylation; however, this model still missed some
key regulatory metabolites (e.g., P;) and lumped the cytosol
and mitochondria. Therefore, the goal of this study was to
extend a previous developed and validated model of cardiac
metabolism (59) and to improve its predicting power by in-
cluding essential subcellular compartments and appropriate
transport processes across their membranes. Our approach was
to combine the development of a comprehensive mathematical
model of human cardiac metabolism and in vivo experimental
measurements in large mammals (e.g., swine) that have been
demonstrated to have similar responses as the human heart.
Models with similar approaches have been used previously to
describe complex metabolic systems with species transport and
biochemical reactions (13, 14, 39, 59).

Model domains. To simulate the metabolic processes that
occur inside the heart during ischemia, a general mathematical
model was developed that represents the heart as perfused
tissue with a characteristic cell having distinct cytosolic and
mitochondrial domains (Fig. 1). In the perfused tissue, convec-
tive mass transport occurs in the blood capillaries, whereas
passive transport occurs between blood plasma and interstitial
fluid. Typically, the characteristic time for capillary-interstitial
transport is much shorter than that for convection through the
capillaries (28) so that local chemical equilibrium between
plasma and interstitial fluid is approximately valid. Therefore,

H2401

we considered the perfused tissue to have one extracellular
domain consisting of blood plasma and interstitial fluid, which
for simplicity is called “blood.” Within the extravascular tissue
cells, we distinguished two domains: the cytosol and mitochon-
dria. Between domains (blood-cytosol and cytosol-mitochon-
dria), molecular transport can occur by passive diffusion or
carrier-mediated transport (9, 32, 38). This multidomain model
diagram is shown in Fig. 2. Furthermore, a smaller region of
the cytosol is considered as the subdomain of the reactions in
the glycolytic pathway, and equilibrium is assumed between
the subdomain and cytosol for the related metabolites, e.g.,
glucose, lactate, and pyruvate. The detailed biochemical reac-
tions in each domain are described in Table 1.

Metabolic system components. Many chemical species are
essential for simulating accurately the dynamic metabolic re-
sponse of myocardium to ischemia. Under normal conditions,
the main fuels of the heart are free fatty acids and carbohy-
drates, primarily glucose and lactate. Other key metabolites
include glycogen, glucose-6-phosphate, glyceraldehyde-3-
phosphate, 1,3-bisphospho-glycerate, pyruvate, triglyceride,
glycerol, fatty acyl-CoA, acetyl-CoA, and free CoA. Species
involved in the TCA cycle are citrate, a-ketoglutarate, succi-
nyl-CoA, succinate, malate, and oxaloacetate. The species
involved in tissue-gas exchange are O, and CO,, whereas those
involved in energy transfer and metabolic regulation are P;,
creatine, phosphocreatine, NAD*, NAD, ATP, and ADP.

Dynamic mass balances. The concentration dynamics of
chemical species in the blood, cytosol, and mitochondria can
be described by a mathematical model based on mass balances,
passive and carrier-mediated transport processes, and distinc-
tive chemical reactions, especially those involved in energy
transfer processes. In the “blood” domain, arterial blood carries
fuels and oxygen, whereas venous blood takes away metabolic
products (e.g., CO,) from the heart. The dynamic mass balance
equation for species j can be written as (14, 59):

dGy,

Vb ? - Q(Caj - Cvj) - Jb—>cJ (])
where Vy, is the domain volume, Q is blood flow, C,(?) is the
arterial concentration of species j, C,(?) is the venous concen-
tration of species j, and Jy—; is the mass transport rate of
species j from the blood to cytosol. For cardiac metabolism,
only some of the species are considered to be exchanged
between blood and cytosol (Fig. 1); for those that exist only in
the cell, this equation disappears.

The average “blood” concentration Cy;(#) can be approxi-
mated as a linear combination of the arterial and venous
concentrations (47):

C, =FC, + (1 - F)IC,; —C,; = :

2)

where F is the mixing fraction. For perfect mixing, F = 1 and
Cy; = Cy;; with no mixing, F = 0 and Cy; = C,;. Substituting
Eq. 2 into Eq. 1, we obtain

v 4Gy _QC,~Cy)

* dr F Foe 3

In the cytosolic domain, the concentration of species j may
change as a result of metabolic reactions and mass transfer
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Fig. 1. Detailed biochemical pathway map of cardiac metabolism. It is a complex
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network of biochemical reactions and pathways including glycolysis, pyruvate

oxidation, fatty oxidation, the tricarboxylic acid (TCA) cycle, and oxidative phosphorylation. It also includes species transport across cellular and mitochondrial
membranes. GOP, glucose-6-phosphate; GAP, glyceraldehyde-3-phosphate; BPG, 1,3-bisphospho-glycerate; Cr, creatine; PCr, phosphocreatine.

across the cellular membrane and mitochondrial membrane
(59):

dc,
V2 =R,

¢ dr T Jb%c,j - Jc~>m,j (4)

where V; is the effective volume of species j in the cytosol and
C,;j is the concentration is species j in the cytosol. R; is the
metabolic reaction rate of species j, and J.—nmj is the mass
transport rate of species j from the cytosol to mitochondria. For
those species that are not transported across the cellular and/or
the mitochondrial membrane, the corresponding transport
term(s) vanish.

In the mitochondrial domain, the dynamic mass balance
equation for species j is (59)

dC,,
ij -

= Ry + T 5
dr o/ )

where V,; is the effective volume of species j in the mitochon-
drial domain, Cy, is the concentration of species j in the
mitochondiral domain, and Ry, is the net reaction rate of
species j. For those species that exist in the mitochondria only,
the last term in the right side vanishes.

AJP-Heart Circ Physiol « VOL 288 «

Interdomain transport. Some species are transported be-
tween domains “x” and “y” by passive diffusion, and the

transport rate (J'_, ), is glven by (63a)
I A;Hy,j(cx,j - Gx%y,jcy,j) (6)

xX=y,J]
where A\, ; is the membrane transport coefficient that incor-
porates membrane permeability and effective surface area and
Oy, 18 the partition coefficient. Passive diffusion through a
membrane is a nonsaturable process that is linearly related to
substrate concentrations on both sides of the membrane. The
transport of other substrates (e.g., glucose), however, displays
saturation kinetics associated with a carrier-mediated mecha-
nism (37). The rate of carrier-mediated transport can be ex-
pressed using a Michaelis-Menten equation that characterizes
enzyme kinetics (32)

S ey
M+ C

x=y.j

(7)

where T, ; is the transport rate coefficient and M, ., ; is the
affinity coefficient.

Metabolic reaction rates. The net reaction rate of species j in
domain x, R,j, can be represented as the difference of rates of
species production P,; and utilization U,; (59):

MAY 2005 » www.ajpheart.org
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MODELING CARDIAC CELLULAR METABOLISM

T I
1 [ Blood & Interstitial Space } | Q
Q i |
—_— —)
] |
Cj i C, j i Cyj

P mj
Mitochondria

Fig. 2. Blood-cell transport processes and metabolic reactions. Reversible
arrow indicates species transport between domains. The transport can be either
passive diffusion (viz., fatty acid, O», and CO) or carrier mediated (viz.,
glucose, ATP/ADP, P;, NADH/NAD, lactate, pyruvate oxalocaetate, malate,
and fatty acyl CoA). Q, blood flow; C,;, arterial concentration of species j; Cy;,
venous concentration of species j; Cyj, concentration of species j in the blood;
Jo—cj, mass transport rate of species j from the blood to cytosol; Cgj,
concentration of species j in the cytosol; P.;, rate of species j production in the
cytosol; Uy, rate of species j utilization in the cytosol; Cry, concentration of
species j in the mitochondria; Py, rate of species j production in the mito-
chondria; Umj, rate of species j utilization in the mitochondria.

Table 1. Biochemical-reactions

H2403

R,=P,—U,;= E Bk,j(bk,j - E Bj,k(bj,k €)
k=1 k=1

where ¢y is the reaction flux from species k to species j, B
is the corresponding stoichiometric coefficient, n is the number
of reaction fluxes forming species j from species k, and m is the
number of reaction fluxes that consume species j to produce
species k. The net reaction rate for each chemical species in the
cytosol and mitochondria are listed in Table 2. As a general
reaction, we consider reactants X and Y and products Z and W
with the corresponding metabolic controllers E; and E»:

E, E,
4

X+Y——Z+ W

The corresponding reaction flux is assumed to have a general
Michaelis-Menten form (32)

Vv z-wCxCy ( PS* )( RS™ ) 9
Ky yz-w+ CCy lJat +PS™/ \v" + RS"

where Kx—.yz-w and Vx_.yz .w are Michaelis-Menten coef-
ficients specific to the reaction process. In this model, the two
coupled controllers are the phosphorylation state PS™ = Carp/
Capp and the redox state RST = Cnapu/Cnap, Where C
indicates the concentration. Here, ADP represents free (or
active) ADP. In the cytosol, most ADP is bound to macromol-
ecules (e.g., actin monomer) to form the bound ADP, but only
free ADP participates in metabolic reactions. For some reac-

bxoy.w=

Overall Reaction

Substrate Reaction

Coupled Reaction

Reactions in cytosol
GLU utilization
GLY synthesis
GLY utilization
GO6P breakdown
GAP breakdown
PYR formation
PPYR reduction
LAC oxidation
TG lipolysis
TG synthesis
FFA activation
PCr breakdown
PCr synthesis
ATP utilization
ADP conversion

Reactions in mitochondria
B-Oxidation
PYR oxidation
CIT formation
«-KG formation
SCA formation
SUC formation
MAL formation
OAA formation
Oxidative

phosphorylation

GLU + ATP — G6P + ADP + H*

G6P + ATP — GLY + ADP + 2P;

GLY + P; — G6P

G6P + ATP — 2GAP + ADP

GAP + NAD" + P; — BPG + NADH + H"
BPG + 2ADP — PYR + 2ATP

PYR + NADH + H" — LAC + NAD™"
LAC + NAD" — PYR + NADH + H*

TG — 3FA + GLR

3FA + GLR + 3ATP — TG + 3ADP + 3P;
FA + CoA + 2ATP — FAC + 2ADP + 2P;
PCr + ADP + H* — Cr + ATP

Cr + ATP — PCr + ADP + H*

H>O + ATP — ADP + H + P;

ADP < bADP

FAC + 7CoA + ¥NAD* — 8ACoA + 3NADH + 7H*
PYR + CoA + NAD* — ACoA + NADH + CO, + H*
ACo0A + OAA + H,0 — CIT + CoA + H*
CIT + NAD" — o-KG + NADH + CO, + H*
a-KG + CoA + NAD* — SCA + NADH + CO, + H*
SCA + ADP + P; — SUC + ATP + CoA
SUC + (2/3)NAD* — MAL + (2/3)NADH
MAL + NAD* — OAA + NADH + H*
0.50, + 3ADP + 3P; + NADH + H* — H,0 +

3ATP + NAD*

GLU — G6P + H*
G6P — GLY + P;

G6P — 2GAP
GAP + P; — BPG
BPG — PYR
PYR — LAC
LAC — PYR

3FA + GLR — TG
FA + CoA — FAC
PCr + H* — Cr
Cr — PCr + H*

FAC + 7CoA — 8ACoA + 7TH*
PYR + CoA — ACoA + CO2

CIT — a-KG + CO>

a-KG + CoA — SCA + CO2

SCA — SUC + CoA
SUC — MAL
MAL — OAA
0.50, + H* — H,0

ATP — ADP
ATP — ADP + P;

ATP — ADP

NAD* — NADH + H*
2ADP — 2ATP

NADH + H* — NAD™"
NAD* — NADH + H*

3ATP — 3ADP + 3P;
2ATP — 2ADP + 2P;
ADP — ATP
ATP — ADP

BNAD+ — BNADH
NAD* — NADH + H*

NAD* — NADH + H*
NAD* — NADH + H*
ADP + P; — ATP
INAD* — 2NADH
NAD* — NADH + H*
NADH — NAD*

3ADP + 3P; — 3ATP

GLU, glucose; G6P, glucose-6-phosphate; GLY, glycogen; GAP, glyceraldyhe-3-phosphate; BPG, 1,3-bisphosphate-glycerate; PYR, pyruvate; LAC, lactate;
TG, triglyceride; FA, fatty acid; GLR, glycerol; FFA, free FA; FAC, fatty acyl-CoA; PCr, phosphocreatine; Cr, creatine; CIT, citrate; a-KG, a-ketoglutarate;
SCA, succinyl-CoA; SUC, succinate; MAL, malate; OAA, oxaloacetate; ACoA, acety-CoA; bADP, bound ADP.
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Table 2. Species net reaction rates

MODELING CARDIAC CELLULAR METABOLISM

Species in Cytosol or Mitochondria Only

RcGLu
Recep
ReGLy
Recap
RcBrG
ReLac
Rertc
RecLr
Rcrra
Rc.PCr
Rc,Cr
Rm,ACoA
Rm.crr
Rmvo‘-KG
Rumsca
Rm suc
Rcpapp

— dcrLu—acep

berLu—cer + GoLy—cep —
boep—cLy — oLy —Gep

2 X dbcep—car — GpGap—BGP

bear—srG — dBPG—PYR

bpyr—LAC — dLac—pYR

boLrR—>TG — HTG-GLR

br6—GLR — PGLR—TG

3 X drg—cLr — 3 X dGLr—T1G — PrA—FAC
- ¢PCr~>Cr + ¢Cr~>PCr

¢PCr—>Cr - ¢Cr—>PCr

bpyr—acoa T 8 X drac—acoa — bacoa—crr
bacoa—crr — derr—a-kG

berr—akG — Pa-kGosca

ba-kc—sca — dsca—suc

bsca—suc — dsuc—maL

brapP—bADP — PbADP—FADP

beep—cLy — dcep—Gar

Species in Both Cytosol or Mitochondria
Cytosol domain (Re))

Mitochondria domain (Rum))

PYR bBPG—PYR T dLAC—PYR — dPYR—LAC — dpPYR—ACOA
FAC bra—FAC —drac—acoa
MAL be.oaa—MAL dsuc—sMAL — GmMAL—-0AA
OAA — $e.oaA—MAL bmmar—oaa — bacoa—crr
ATP —cLu—cer — Pcer—GLY — Ppcep—car T 2 X bppc—pYR — dscassuc + 6 X dbo,—H,0
boLr—1G — Ora—rac — GATP—ADP TP + bepor—cr —
¢’c,Cr—>PCr
ADP borLu—cer T doep—cLy T daep—car — 2 X dppg—pyYr T —dsca—suc — 6 X bo,—H,0
boLr—1G T Pra—rac T Patp—appP T — beper — or +
be.cr—per — dGrapp—bapp T GbaDP—ADP
NAD — boap—srG + dpyr—LAC — PLACsPYR T (eoAar—MAL
2 X $o, 1,0 — 3 X brac—ACoA — 3 X bsuc—maL
— darr—a-kG — PakGoscA — GmMAL—0AA — PPYR—ACOA
NADH boap—BrG — PpyR—LAC T PLACPYR — Peoar—sMAL 35
3 X brac—acoa — 2 X $bo,—H,0 + 3 X bsuc—mAaL
+ darr—akG T Pakcosca + Gmmar—oaa + GpyrR—acoa
P: 2 X dbgep—cLy — doLy—cer — deap—srG + dbarp—app + — dsca—suc — 6 X dbo,—H0
brac—Fa
CoA — bra—FAC bacoa—arr + dscassuc — dpyr—sacoa — 7 X drac—acoa
— pakGoscA
(073 — $o,—H,0
CO2 bpyr—acoa T GorT—akG T PakGosca

R, reaction rate; subscripts ¢ and m, cytosol and mitochondria, respectively; ¢, reaction flux; subscript j; species;, fADP, free ADP.

tion processes, the controller kinetics go in the opposite direc-
tion, for which we define PS™ = 1/PS™ and RS~ = 1/RS™.

Flux balance analysis. Flux balance analysis (FBA) refers to
a methodology for calculating intracellular fluxes using a
stoichiometric model for the major intracellular reactions and
applying mass balances in the steady state on intracellular
metabolites (69, 71). FBA consists mainly of three stages.
First, a network model of the biochemical pathways to be
analyzed is formulated (Fig. 1). The flux values are then
estimated either from the literature or from our experiments.
Finally, metabolic fluxes not available in the literature are
obtained indirectly from experimental data and mathematical
relationships derived from reaction stoichiometry and bio-
chemistry. For example, in this model, all of the fluxes affect-
ing pyruvate metabolism were available except pyruvate oxi-
dation; therefore, the flux of pyruvate to acetyl-CoA was
calculated from known fluxes using FBA. The flux of fatty

acyl-CoA to acetyl-CoA was then determined by assuming that
40% of the production of acetyl-CoA comes from pyruvate
oxidation and the rest from fatty acid oxidation. In this way, we
can obtain all metabolic flux values included in our model.

MODEL SIMULATIONS

Parameter estimation. Our first objective was to determine
parameter values for our model such that numerical solutions
of the model equations corresponded to experimental data.
Because these data are very sparse relative to the large number
of model parameters, standard optimization procedures are not
feasible for parameter estimation. The first stage of this param-
eter estimation process is to use FBA to determine the meta-
bolic fluxes under normal resting conditions. The second stage
of the estimation process for the model parameters assumes
that the equilibrium parameters in the metabolic fluxes have
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MODELING CARDIAC CELLULAR METABOLISM

values comparable to the steady-state concentrations under
normal conditions. These values and the flux values determine
the values of the rate coefficients. The third stage of the
estimation process requires that model simulations agree with
limited experimental data available from human and pig hearts.
Parameter values are tuned as needed around their initial
estimates to obtain model outputs consistent with known phys-
iological qualitative behavior and in agreement with available
experimental data from similar conditions. Consequently, this
estimation strategy requires many repeated simulations.
Model simulations of myocardial metabolism should yield
outputs that match measured chemical species concentrations
and flux changes during the transition from normal to ischemic
conditions. The literature and our current research provided a
reasonable range of species concentrations under normal, rest-
ing steady-state conditions in arterial blood and tissue (Tables
3 and 4). All species concentrations in myocardial tissue and
flux values are expressed per gram wet weight of myocardium.
In addition, species concentrations in the blood (including
interstitial fluid), cytosol, and mitochondria (Table 5) were
estimated taking into account the relative volumes (effective
volume in the model) of these domains (Vy:V.:Vy, = 13:70:17)
(6). The mass balance equations (Egs. 3—5) were divided by the
tissue volume, which were incorporated into the rate coeffi-
cients (T or V). We estimated transport fluxes and parameters
(Table 6) as well as reaction fluxes and parameters (Table 7)
either by using FBA or by simulating various segments of the
metabolic pathways and comparing steady-state output values
to corresponding experimental data from either the literature or
our experiments. We chose M and K values of the same
magnitude of the corresponding concentration values; because

Table 3. Species concentration in tissue

Species Concentration Reference
GLU 1.0 78

G6P 0.171 Estimated
GLY 33.0 17, 37, 44, 63, 65
GAP 0.01 73, 74

BPG 0.04 Estimated
PYR 0.2 7, 40, 50
LAC* 3.88 17, 50

TG 3.12 17

GLR 0.015 Estimated
FFA 0.021 78

FAC 0.014 33

CoA 0.012 30, 66

PCr 8.3 7, 34, 44, 52, 59
Cr 3.5 34

NAD* 0.4

NADH* 0.045

ATP* 3.4 17, 18, 34, 44
ADP 0.02 34

bADP 1.51 34

P 1.66 11, 34

OAA 0.003 26

MAL 0.168 50, 51, 67
ACoA 0.0012 29, 30

CIT 0.6 41, 67

aKG* 0.03

SCA 0.0056 30

suc 0.11 50, 51, 67
(673 0.963 27, 50

CO2 20.0 27

Vaues are in pwmoles per gram wet weight. *From current research.

H2405

Table 4. Species concentration in arterial blood

Species Concentration Reference

GLU 4.75 2, 3,12, 25, 44, 46, 55, 78, 80
LAC 0.78 2,3,25,55,78

FFA 0.62 2, 3, 25, 44, 50, 55, 78

PYR 0.068 3

CO2 18.0 29

0> 8.8 48

GLR 0.059 2,3,55

TG 0.99 70

Values are in millimolar.

flux values are constrained by the physiological conditions
imposed by the whole network (56, 72, 75), all parameters
were determined within reasonable ranges. For comparison to
experimental data, the model parameters on a volume basis
were converted to a mass basis assuming the tissue density is
1 g/ml.

Simulation strategy. After obtaining a consistent set of
parameter values under normal, resting steady-state conditions,
we simulated responses to ischemia induced by a 60% reduc-
tion in coronary blood flow from 1.0 to 0.4 ml-g !'min~!
occurring over 1 min. The mathematical model consists of a
system of 46 nonlinear differential equations together with a
large number of algebraic flux equations. To simulate
the dynamic responses, the equations were solved using
DLSODE, a robust implicit integrator for stiff and sparse
systems (CASC; http://www.lInl.gov/CASC/odepack/software/
dlsode.f). The model system parameters are listed in Table 8.
Because the mass balance equations were divided by the tissue
volume, the domain volumes were represented as relative
volume (V; = V;/Vissue, Where j represents blood, cytosol, or
mitochondria and Vssue 1S the tissue volume). In particular, we
simulated the rates of glycogen breakdown and lactate uptake
as well as lactate accumulation in the cytosol. These responses
provided information necessary for choosing the appropriate
cytosolic subdomain volume for glycolysis. Having developed
confidence in the model’s power to predict responses in agree-
ment with experimental data, we examined the time profiles of
the cytosolic and mitochondrial redox states and the dynamics
of various fluxes and concentrations that are modulated by
these redox states. Specifically, the lactate-to-pyruvate ratio
and the rates of fatty acids and pyruvate oxidation were
simulated to investigate the correspondence of their time pro-
files to the dynamics of cytosolic and mitochondrial redox.
Finally, we simulated the responses of creatine-to-phosphocre-
atine and cytosolic and mitochondrial ADP-to-ATP ratios.

Simulation results. To verify that the mathematical model
chosen was accurate and reliable from a numerical standpoint,
a convergence study of its numerical solution was conducted
for a given set of output variables (lactate and glycogen
concentrations, net glycogen breakdown, and net lactate out-
put). Because the numerical integrator used in this work
(DLSODE) changes step size automatically to maximize effi-
ciency while maintaining prescribed accuracy, the bound of the
time step and the error tolerance were changed from 10! to
107° and 0.01 to 1 min, respectively. On the basis of the
convergence study results, it was concluded that convergence
of simulations in the present study is assured because they were
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Table 5. Species concentration in blood, cytosol, and mitochondria

Blood and Interstitial Fluid Domain Cytosolic Domain Mitochondrial Domain

Concentration, Concentration,
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Species Concentration, mM Mass, % wmol/g wet wt Mass, % wmol/g wet wt Mass, %
GLU 4.67 61.3 0.56 38.7 0
G6P 0 0.17 100 0
GLY 0 47.14 100 0
GAP 0 0.014 100 0
BPG 0 0.04 100 0
PYR 0.068 1 0.2 80 0.2 19
LAC 0.62 2.2 5.42 97.8 0
TG 0.99 4.1 4.27 95.9 0
GLR 0.06 15.7 0.015 84.3 0
FFA 0.57 279 0.022 72.1 0
FAC 0 0.0084 42 (8, 33) 0.048 58 (8, 33)
CoA 0 0.002 10 0.069 90%*
PCr 0 11.8 100 0 0

Cr 0.14 0 5 100 0 0
NAD 0 0.057 10 2.12 90
NADH 0 0.0064 10 0.24 90
ATP 0 4.5 92 (4, 34) 1.61 8 (4, 34)
ADP 0 0.051 (4, 67) 12 1.6 (8, 23) 88

P 0 1.89 80 2.0 20
OAA 0 0.001 5 0.017 95%
MAL 0 0.012 5 0.94 95%
ACoA 0 0.0013 23 (8, 33) 0.0016 77 (8, 33)
CIT 0.23 2 2 0.042 3.39 96
aKG 0 0.002 5 0.17 95%
SCA 0 0 0.033 100
SucC 0 0 0.65 100
(073 7.15 52.6 0.963 38.1 0.963 9.3
CO, 19.48 12.7 20.0 70.2 20.0 17.1

References are listed in parentheses. *From current research.

performed with an error tolerance of 107 !°

bound of 6 s (0.1 min).

The results of the simulations showed that ischemia reduced
oxygen uptake (59) and accelerated the rate of glycolysis,
which led to a significant decrease in glycogen concentration
(from 47 to 8.2 pmol/g) with a time profile in good agreement

and a time step

Table 6. Transport rates and model parameter values under
normal, resting steady state

with experimental data when the relative volume of the glyco-
Iytic subdomain (Ve,gLy/Veen, Wwhere Ve is the cell volume)
is 0.1 (Fig. 3A). Figure 3A also shows the effects of this relative
volume on the dynamics of glycogen breakdown. For clarity,
only simulated values of 0.2, 0.1, and 0.05 are shown. With the
increase of relative volume from 0.05 to 0.2, the time for
glycogen breakdown to reach steady state increased from 10 to
>50 min. However, exclusion of intracellular compartmenta-
tion from the model (59) led to very slow dynamics that did not
match experimental data from our lab. The best fit of the

Species Flux Value Parameters experimental data for glycogen concentration was with a sub-
GLU o =004 Mo ot = 4% Toe orw = 045 dqmain pool size of 0.1 (10% of the cellular. space) (Fig. 3A);
LAC = 0.66 Mo tac = 0.27%, Toe Lac = 0.95 this value also gave the best fit for myocardial lactate concen-

T oiac = 041 Me—v,Lac = 150, Tesv,Lac = 11.7 tration and uptake. The simulated ischemic response also
PYR Jem e = 0.73 Mo pyr = 0.2, Teom, pyr = 1.46 shows that lactate concentration increased from 5.4 pwmol/g at
FFA o = 014 Obese. FFA = 6.74, Nooc, Fra = 0.32 rest to a maximal value of 22.6 wmol/g after 7 min and then
2‘22 j}mvmc - 8' 113 %Hmv ez 8;3’ ;Hm'z/\f - 115’;’ decreased gradually to 13.5 wmol/g (Fig. 3B). Corresponding
0, Ul s 4 U::C'i)z": 1.0,')“);::2'“‘: 154 experimental data for lactate concentration are too imprecise to
o, Jﬁ‘*""z = 443 oo cor = 1.0 o co = 8.48 judge whether tl}g model with the gl.ycolyt{c subdomain im-
P, J:”“’ — 315 MH; Pf: 021 TH,;. P_2: 15.0 proves predlqtablllty over t.he model w1thqut it. Under.the same
ATP F =315 More At = 161, Tooc atp = 63.1 conditions, simulations with the glycolytic subdomain model
ADP J e = 315 Me—m, app = 1.61, T, app = 63.1 showed that with the onset of ischemia there was a rapid switch
NADHY  JL,, wapu = 0.73 Me—m, napn = 0.01, Tewsm napn = 501 from lactate uptake to lactate release, with a close fit between
NADf =073 Mim—c.nap = 0.01, Time, nap = 5.01

m—c, NAD

J, transport rate (in pwmol'min~'-g wet wt™'); M, affinity coefficient (in
pmol/g wet wt or *mM); 7, normalized transport rate coeffient (in
wmol-min~!-g wet wt—'); N, membrane permeability coefficient (in min~1); o,
partition coefficient. $The transport rates of NADH and NAD equal the
transport rate of MAL from cytosol to mitochondria, which is the rate of the
MAL-asparate shuttle (not listed).

simulated results and experimental data (Fig. 3C).

Model simulations can also predict distinct transient re-
sponses to ischemia of species concentrations in the cytosol
and mitochondria for which no in vivo experimental data are
available. There are clear distinctions between the cytosol and
mitochondria in changes in the redox state (NADH/NAD™) in
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MODELING CARDIAC CELLULAR METABOLISM

H2407

Table 7. Reactions fluxes and model parameter values under normal steady state

Parameters

Reactions Flux Values Vx —vz-w Kx —zv-w ne v
beru, Gep 0.24 (78) 1.21 4.0 0.01 (+) 0
baop, GLY 0.2 (78) 0.22 0.009 441 (+) 0
deLy-p,. Gep 0.2 (78) 3.92 53.29 0.03 (—) 0
daep, Gar 0.24 1.45 0.86 0.88 (+) 0
dGAaPp, BGP 0.48 2.90 0.13 0 0.089 (—)
PG, PRY 0.48 2.90 0.2 0.00011 (=) 0
bPYR, LAC 0.26 (58) 3.04 0.06 0 0.9 (+)
dLac, PYR 0.51 (58) 2.17 8.13 0 6.22 (—)
DPYR-CoA, ACoA 0.73 1.48 0.00014 0 8.89 (—)
b16, GLR 0.02 (17, 18) 0.06 1.71 0 0
DGLR-FFA, TG 0.02 (17, 18) 0.30 0.001 0.88 (+) 0
brFa-coa, FAC 0.14 0.16 0.00001 0.88 (+) 0
DFAC-CoA, ACoA 0.14 2.97 0.066 0 0.089 (—)
dacoa, It 1.85 14.8 0.00019 0 0
dart, «kG 1.85 14.8 10.14 0 8.89 (—)
daKG-Coa. SCA 1.85 14.8 0.51 0 8.89 (—)
dsca, suc 1.85 14.8 0.099 0.011 (—) 0
dsuc, MAL 1.85 14.8 1.74 0 8.89 (—)
dMAL, 0AA 1.85 14.8 2.82 0 8.89 (+)
bo, 4o 5.41 98.19 13.48 0.0011 (—) 0.011 (+)
baTP, ADP 31.48 157.36 18 0 0
drer, or 2.0 88 47.2 0.0013 (—) 0
ber, per 2.0 88 20 8.82 (+) 0
bapP, bADP 10 19 0.046 0 0

0
bbaDP, ADP 10 90 12.1 0

Vx — v, z — w, maximal reaction rate (umol-g wet wt™!min~!); Kx — v, z - w, reaction coefficient (wmol-g wet wt~ *min~')", n = 1, 2; w*, v* associate with
Catp/Capp O Cnape/Cnap; i, v associate with Capp/Catp or Cnap/Cnapn. Number in parentheses are References.

response to ischemia. From the dynamics of NADH and
NAD™ concentrations in the cytosol and mitochondria, we can
compute the changes of the redox state, RS* = NADH/NAD™,
in both domains (Fig. 4A). Whereas the cytosolic RS; in-
creases quickly by over an order of magnitude and then falls to
a stable level at fivefold above the preischemic control value
(Fig. 4A), the mitochondrial RS, increases quickly to about
double its resting value (Fig. 4B). The dynamic response of the
ratio of lactate to pyruvate concentrations in the cytosol (Fig.
4A) corresponds closely with the cytosolic RS, but not to the
mitochondrial RS;, (Fig. 4B). The mitochondrial RS, regulates
the reaction flux of pyruvate to acetyl-CoA (dbpyr-acoa) and
effects the reaction flux of fatty acetyl-CoA to acetyl-CoA
(brac-acoa), both of which decrease markedly as RS in-
creases (Fig. 4B).

Simulated responses of ADP and ATP concentrations in the
cytosol and mitochondria in response to ischemia differ sig-
nificantly in magnitude. This is evident by changes in the
phosphorylation state, PS™ = ADP/ATP. The increase of
mitochondrial PS, is almost five times that of the cytosolic
PS. (Fig. 5). Also, the response of the simulated cystolic
creatine state, CS. = creatine/phosphocreatine, is almost iden-
tical to the response of the cytosolic PS_.

Table 8. System parameters used in model

Q, ml'g~"*min~"' F Vi Ve Vm

1.0 0.33% 0.13 0.7 0.17

Q, blood flow; F, mixing fraction; V%, V%, and V'm, relative volume in
blood, cytosol, and mitochondria, respectively. *Estimated.

DISCUSSION

A novel aspect of this mathematical model of chemical
species transport and metabolism in cardiac tissue is the dis-
tinction of blood-interstitial fluid, cytosolic, and mitochondrial
domains as well as a glycolytic subdomain in the cytosol. This
multidomain model successfully simulated the activation of
glycogen breakdown and the switch to lactate production
induced by reduced blood flow in an in vivo experimental
system. This finding adds further support to the experimental
observation that glycogenolytic and glycolytic enzymes are
localized in the vicinity of the sarcolemmal membrane and are
not uniformly distributed throughout the cytosol (24, 53, 76,
79). In addition, our simulations show that not distinguishing
species values between these domains leads to a relatively poor
agreement with the dynamics of glycogen breakdown and
lactate production observed experimentally during the transi-
tion from normal to ischemic conditions (Fig. 3). A key to this
success is the recognition that some chemical species are
present at significantly different levels in the cytosol and
mitochondria and specifically modulate processes present in
the corresponding intracellular compartments. This is evident
by analyzing the dynamics of key controllers, NADH/NAD™*
and ADP/ATP, under normal and ischemic conditions. Be-
cause only some chemical species can be measured and data
from biopsies of myocardium and blood samples can be ob-
tained only at relatively few time points during an experiment,
model simulations provide a more complete quantitative pic-
ture of the underlying metabolic processes.

Model simulations compared with experimental data. Model
predictions corresponded closely with our recently published
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Fig. 3. Metabolic responses to a 60% reduction in coronary blood flow. Data
points are from in vivo experimental studies in anesthetized swine (see Ref.
54). The lines represent simulated results (see text for details). A: glycogen
concentration dynamics. B: lactate concentration dynamics. C: lactate uptake
dynamics. Vgrye, glycogen volume.

experimental data (58) on myocardial glycogen content and
lactate uptake/release (Fig. 3) when blood flow was reduced by
60% in the left anterior descending coronary artery of anes-
thetized pigs. The venous effluent was sampled from the
anterior interventricular vein, and repeated myocardial biopsies
were sampled from the anterior left ventricular free wall.
Ischemia reduces the delivery of oxygen to the tissue, which
causes mitochondrial metabolic dysfunction by slowing down
oxidative phosphorylation and by inhibiting fatty acid and
pyruvate oxidation. As a result, mitochondria produce less
ATP and anaerobic glycolysis increases using glycogen as its
main fuel (65, 68). Two minutes after the onset of ischemia,
glycogen breakdown increases rapidly leading to a higher rate
of pyruvate production. However, under ischemic conditions,
pyruvate produced by anaerobic glycolysis does not readily
enter mitochondria and undergo oxidation to acetyl-CoA be-
cause this reaction is inhibited by the increase in mitochondrial
NADH/NAD™" secondary to reduced oxygen consumption
(68). In the cytosol, the high NADH/NAD™ drives the conver-
sion of pyruvate to lactate and leads to a rise in the concen-

MODELING CARDIAC CELLULAR METABOLISM
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Fig. 4. Computer-simulated values from the multiple-domain model (glycol-
ysis relative volume is 0.1). A: cytosolic NADH-to-NAD™ ratio and the
lactate-to-pyruvate ratio. B: reaction flux rate of pyruvate to acetyl-CoA
(ACoA) and fatty actyl CoA (FAC) to ACoA and the mitochondrial NADH-
to-NAD™ ratio.

tration of lactate (Fig. 3B), which causes a switch from net
lactate uptake to net lactate release (Fig. 3C). As glycogen
stores are depleted and the rate of glycolysis falls, the NADH-
to-NAD™ ratio also falls, and both tissue lactate concentration
and its rate of efflux decrease and reach new steady states
(Figs. 3 and 4). These simulated results also agree with exper-
imental studies by other researchers (7, 65).

ADP/ATP
Cr/PCr

0.0-F T T T T T
-5 5 15 25 35 45 55

Duration of Ischemia (min)

Fig. 5. Model-simulated values of ADP-to-ATP ratios in the mitochondria and
cytosol and the cytosolic Cr-to-PCr ratio generated from the multiple-domain
model (glycolysis relative volume is 0.1).
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MODELING CARDIAC CELLULAR METABOLISM

Comparison of model simulations from current multidomain
and previous one-domain models (59) show a great improve-
ment in predicting the dynamics of glycolysis and lactate
uptake during ischemia with our new multidomain model. On
the basis of the reaction kinetics used in our model, separation
of the cytosol and mitochondria decreases the volume of
distribution of most metabolites reducing thereby the time
constants of the processes affected, thus accelerating the re-
sponse of glycolysis to the changes of glycogen concentration
and ratio of cytosolic ADP/ATP.

Metabolic channeling of glycolysis. The scientific basis for
the improvement in predictive power to simulate dynamic
changes in glycogen concentration, as well as in the rates of
glycolysis and lactate uptake with moderate ischemia, may be
attributed to the presence of multienzyme complexes and the
phenomenon of metabolic channeling (4, 24, 32, 45, 49, 53, 76,
77, 79). In an earlier model of cardiac metabolism (59), the
cytosol was assumed to be a homogeneous solution in which
the glycolytic pathway takes place by random motion of
individual enzymes, with free diffusion of reaction intermedi-
ates within the intact cell. However, recent studies suggested
that this assumption may not be correct. Developments in cell
biology have revealed an inhomogeneous cytoplasmic infra-
structure at the microscopic level (54, 60), in which enzymes
are highly organized (19-22, 43). In particular, it has been
demonstrated that glycolytic enzymes can bind together to
form a multienzyme complex (8, 19, 42) associated with
F-actin (8, 64) or other sites such as microtubules and the
cellular membrane (24, 36). The metabolic advantages of these
multienzyme complexes include metabolic channeling, which
refers to the transfer of products from an enzyme directly to an
adjacent active site without entering the bulk solution (4, 32,
45, 49). Metabolic channeling of glycolysis can vastly increase
the rate of glycolytic reaction sequences by decreasing the
transit times for intermediates between enzymes and by pro-
ducing local high concentration of intermediates. Model-sim-
ulated results showed that with the decrease of effective vol-
ume in the mass balance equations representing glycolysis, the
rate of glycogen breakdown becomes faster (Fig. 3A). The
physiological significance of metabolic channeling of glycol-
ysis is that it accelerates the rate of glycogen breakdown
induced by ischemia. As a major energy storage in the myo-
cardium, glycogen breakdown rapidly produces a large amount
of ATP through anaerobic glycolysis to compensate for the
reduced ATP production in the mitochondria and to support
cardiomyocyte function (e.g., ion homeostatis and sarcomere
shortening).

Control of cardiac metabolism during ischemia. The regu-
lation of myocardial metabolism is affected by many factors
including arterial substrates, blood flow, and intracellular pro-
cesses. Even though fatty acids are the dominant fuel for the
heart, optimal cardiac function during ischemia depends on
glycolysis and pyruvate oxidation (68). Model simulations
show a 28% decrease in fatty acid oxidation with a 60%
reduction of blood flow while a much larger (62%) decrease in
pyruvate oxidation (Fig. 4B). Pyruvate oxidation is catalyzed
by pyruvate dehydrogenase (PDH), which is a multienzyme
complex located on the inner mitochondrial membrane (57).
PDH is inactivated by phosphorylation catalyzed by pyruvate

H2409

dehydrogenase kinase and is reactivated by hydrolysis of its
phosphoserine residue catalyzed by pyruvate dehydrogenase
phosphatase (32). Therefore, the rate of pyruvate oxidation in
the heart depends on the degree of phosphorylation of PDH as
well as the concentrations of substrates.

In large animals, the primary regulator of metabolism
through PDH is the ratio of intramitochondrial NADH/NAD™
rather than inactivation by phosphorylation or the acetyl-CoA-
to-free CoA ratio (31, 68). It is important to note that the
cytosolic and intramitochondrial concentration changes of
NADH and NAD" during reduced blood flow in vivo are
unknown. Current measurements of these species by tissue
biopsies lump the cytosolic and mitochondrial compartments.
However, during ischemia, cytosolic and mitochondrial
NADH/NAD* may display different dynamic behaviors. In-
deed, simulations show that with the onset of ischemia, intra-
mitochondrial NADH/NAD™ increases very rapidly monoton-
ically in an almost step fashion, remaining constant afterward.
This is consistent with the fast decrease in the rate or pyruvate
oxidation (Fig. 4B). In contrast, cytosolic NADH/NAD™* dis-
plays a biphasic behavior; first, it increases several-fold very
rapidly and then decreases exponentially to a new level. This
dynamic behavior is similar to that of the lactate-to-pyruvate
ratio in the cytosol (Fig. 4A), which is largely dependent on
lactate dehydrogenase and the NADH-to-NAD™ ratio.

Model limitations and future directions. Although the model
distinguished three compartments in myocardial tissue and
included most of the key metabolites of intermediary metabo-
lism, it did not link substrate metabolism and ATP hydrolysis
with mechanical power generation and heat release. The addi-
tion of these parameters would allow for the calculation and
comparison of mechanical efficiency under normal and ische-
mic conditions. Furthermore, to analyze cardiac function dur-
ing ischemia more precisely, we should separate ischemic from
nonischemic tissue to mimic more closely the clinical situation
where only a portion of the heart is subjected to ischemia
(20~30% of left ventricular mass). Finally, experimental tech-
niques need to be developed to assess metabolite levels in the
mitochondrial and cytosolic compartments in vivo so that our
simulated results can be validated and hypotheses concerning
the regulation of glycolysis, lactate production, and relative
rates of pyruvate and fatty acid oxidation can be properly
tested. In addition, more powerful constrained optimization
methods for large-scale systems are needed to get the best
estimates of these parameters.

In conclusion, our multidomain model of myocardial cellu-
lar metabolism effectively simulates the dynamic metabolic
responses to reduced myocardial blood flow. Model simula-
tions show the importance of distinguishing processes between
the cytosol and mitochondria as well as of including a glyco-
Iytic subdomain in the cytosol in support of the concept of
localization of glycolysis to a subdomain of the cytosol. This
model not only simulates the dynamic responses in glycogen
depletion and lactate production to ischemia observed in large
animal experiments but also predicted changes in mitochon-
drial and cytosolic NADH/NAD™ and ADP/ATP. Simulations
generated with this model can serve as the basis for new critical
experiments to test the validity of mechanisms regulating
glycolysis and lactate metabolism during myocardial ischemia.
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