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Abstract
Background: The alterations in skeletal muscle structure and function after prolonged periods of
unloading are initiated by the chronic lack of mechanical stimulus of sufficient intensity, which is the
result of a series of biochemical and metabolic interactions spanning from cellular to tissue/organ
level. Reduced activation of skeletal muscle alters the gene expression of myosin heavy chain
isoforms to meet the functional demands of reduced mechanical load, which results in muscle
atrophy and reduced capacity to process fatty acids. In contrast, chronic loading results in the
opposite pattern of adaptations.

Methods: To quantify interactions among cellular and skeletal muscle metabolic adaptations, and
to predict metabolic responses to exercise after periods of altered loading states, we develop a
computational model of skeletal muscle metabolism. The governing model equations – with
parameters characterizing chronic loading/unloading states- were solved numerically to simulate
metabolic responses to moderate intensity exercise (WR ≤ 40% VO2 max).

Results: Model simulations showed that carbohydrate oxidation was 8.5% greater in chronically
unloaded muscle compared with the loaded muscle (0.69 vs. 0.63 mmol/min), while fat oxidation
was 7% higher in chronically loaded muscle (0.14 vs. 0.13 mmol/min), during exercise. Muscle
oxygen uptake (VO2) and blood flow (Q) response times were 29% and 44% shorter in chronically
loaded muscle (0.4 vs. 0.56 min for VO2 and 0.25 vs. 0.45 min for Q).

Conclusion: The present model can be applied to test complex hypotheses during exercise
involving the integration and control of metabolic processes at various organizational levels
(cellular to tissue) in individuals who have undergone periods of chronic loading or unloading.

Background
Living organisms have the inherent capacity to adapt to
their environment by altering the structural and func-

tional properties of their tissues and/or organ systems.
The adaptive process starts by having specific genes and
their products undergo altered expression in order to meet
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the demands imposed by the environmental conditions.
In particular, skeletal muscle adapts by altering the con-
tractile protein myosin heavy chain (MHC) in quantity
and type of isoform in response to the chronic mechanical
perturbation (loading/unloading) imposed on it [1-5].
Thus, skeletal muscle is capable of adapting to interven-
tions involving a chronic mechanical stress which is either
increased (e.g., endurance or resistance exercise) or
reduced (e.g., chronic inactivity, limb immobilization, or
microgravity exposure) by regulating the expression of key
enzymes and transport proteins.

Chronically increased physical activity (loading) at levels
requiring 70–80% of maximal aerobic capacity, typical of
endurance training, has shown to increase muscle capil-
larization and mitochondrial density and to upregulate
the mitochondrial enzyme systems of the Krebs cycle and
the electron transport chain [6-11]. Endurance training or
chronic loading also lowers glucose uptake and the rate of
glycogen breakdown leading to reduced rates of glycolyti-
cally-derived pyruvate, pyruvate oxidation, and lactate
production [12-14]. In addition, chronic loading
increases the expression of the enzymes involved in fatty
acid activation, translocation, and oxidation leading to an
increased rate of fatty acid oxidation [15-18]. As a conse-
quence, chronically-loaded individuals rely more on fats
as the main source of fuel for ATP synthesis, which is off-
set by a reduction in the relative contribution of intramus-
cular glycogen [16,19,20].

In contrast, when skeletal muscle is continuously
unloaded – as it occurs during microgravity exposure or
bed rest, or during chronically reduced physical activity
(e.g., limb immobilization or detraining) – the opposite
patterns of transformation in muscle metabolic character-
istics occur. Chronic unloading induces small reductions
in muscle capillarization and mitochondrial density
[8,21], as well as a 20–50% reduction in the maximal
activities of oxidative enzymes [22,23]. Unloading also
leads to an increased contribution from intra-muscular
carbohydrates for ATP production, resulting in a greater
rate of lactate formation during exercise [22,24]. Associ-
ated with this increased reliance in glycogen breakdown is
the reduced production of acetyl-CoA from fatty acid oxi-
dation, which is accentuated during periods of increased
physical activity [18,22,24]. In addition to these meta-
bolic alterations, chronic unloading results in a significant
reduction in fibers cross sectional area in the quadriceps
muscle, which leads to a decline in whole muscle volume
[8,21], as well as reduced muscle strength and endurance
[21,23,25]. Prolonged chronic unloading enhances these
alterations leading to further deterioration in muscle func-
tion until complete adaptation to physical and energetic
demands of the new environment is established
[21,23,25].

Skeletal muscle adaptations to chronic loading and
unloading also result in different dynamic metabolic
responses to acute exercise. Even though the amount of
oxygen taken up by muscle cells during the steady-state
response (VO2 ss) of a sub-maximal constant work rate
exercise bout of moderate intensity (WR ≤ 40% VO2 max)
remains the same regardless of conditioning status of the
muscle [26,27], the transient response is different in indi-
viduals who have undergone chronic unloading vs. load-
ing. While chronic unloading increases the time needed to
reach VO2 ss when compared to controls, endurance train-
ing or chronic loading decreases this response time [27].
The dynamic response of phosphocreatine (PCr) break-
down at exercise onset shows similar behavior, with the
loaded muscle buffer ATP changes and deplete PCr stores
faster [6,11].

The changes in the time profiles of step-responses of vari-
ous metabolic variables elicited by periods of chronic
loading or unloading illustrate the significance of (i) col-
lecting and analyzing dynamic information in the evalua-
tion and characterization of physiological responses to
exercise under conditions representing altered loading
states, and (ii) linking cellular alterations to the metabolic
responses observed in contracting skeletal muscle. Unfor-
tunately, limited dynamic physiological data have been
collected under chronic unloading (e.g., space travel, bed
rest, limb immobilization) and loading (e.g., endurance
or resistance exercise) conditions at the cellular and tissue
levels. Moreover, it is not clear how the chain of events
involved in the adaptive process is linked to manifesta-
tions of altered protein expressions in response to altered
loading states in skeletal muscle.

To predict dynamic information on the effects of chronic
unloading/loading states on skeletal muscle cellular met-
abolic responses to constant work rate exercise, a vali-
dated physiologically-based computational model of
skeletal muscle bioenergetics is required that accounts for
the instantaneous increase in ATP turnover rate (acute
response) and tight coupling between energy demand-
energy supply systems and integrates alterations induced
by chronic loading/unloading states (chronic adaptation)
from the cellular to the tissue level. The objectives of the
present study are therefore (i) to extend a previously
developed mathematical model of skeletal muscle metab-
olism under normal conditions [28,29] by adding neces-
sary biochemical elements which have been documented
to be altered after periods of loading or unloading, and
(ii) to predict the metabolic responses to constant work
rate exercise of moderate intensity in both chronic loaded
and unloaded states. Specifically, by simulating these
responses under loaded, unloaded, and control states, we
investigated whether feedback activation by ADP, Pi and
NADH is sufficient to match ATP supply to demand at the
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onset of exercise or a parallel activation mechanism is
required for such matching. In addition, we investigated
whether specific changes in skeletal muscle enzyme con-
tent/activity induced by a chronic increase or decrease in
mechanical loading can lead to alterations in the patterns
of fuel oxidation during acute exercise.

Method
Model development
The mathematical model of skeletal muscle metabolism is
developed here by extending a previously published
model [28,29], which was primarily developed in the con-
text of whole-body metabolism. In the current model, we
identified and included many more key intermediate
metabolites and regulatory enzymes along the biochemi-
cal pathways (Fig 1) and redefined the metabolic reaction
flux expressions following Michaelis-Menten formalism
[30] to better mimic the reality of saturable enzyme kinet-
ics. In addition, we incorporated into the model informa-
tion on enzyme kinetics, which is altered after periods of
chronic loading or unloading. Changes in these parameter
values – from their control values representing enzyme
activity/affinity in normal sedentary muscle – alter the
flux expressions and mass balance equations resulting in
changes in the dynamics of specific metabolites and flux
rates in response to an input. A simplified map of the bio-
chemical pathways in skeletal muscle is schematized in
Figure 1. The lumped reactions in the pathways were gen-
erated by stoichiometrically coupling many elementary
reactions. These include the energy controller pairs ATP-
ADP and NADH-NAD+ (co-substrate co-product pairs),
the ratios of which modulate the associated reaction
fluxes [31,32]. Many lumped reactions were considered
irreversible as the corresponding regulatory enzymes in
vivo usually have large equilibrium constants in favor of
the product formation [33].

By linking changes in the work rate on a cycle ergometer
to the rate of ATP turnover and by inducing parallel acti-
vating changes in several key variables (e.g., blood flow,
active muscle volume, enzyme activities), we anticipate to
successfully simulate exercise responses with our phe-
nomenological model of skeletal muscle metabolism.
This empirical parallel activation mechanism has also
been described in other phenomenological models in the
literature [29,34-37] for simulating acute exercise
responses and matching ATP supply to ATP demand dur-
ing exercise. Though the mechanism of parallel activation
has not been proven or disproved experimentally, it is
attributed to the stimulation of the activities of key regu-
latory enzymes by the levels of free calcium [Ca2+] and/or
hormones (catecholamine, epinephrine) [29,34-37],
which are control by neural stimulation [38-40]. In this
model, the active muscle volume is expressed as a func-
tion of work rate in order to accurately simulate the extent

of muscle recruitment with increased work rate [41,42]. In
addition, we assume that, during exercise at work rates
ranging from 30–45% VO2 max, the arterial substrate con-
centrations remain unaffected by the venous effluent due
to the reestablishment of homeostasis by other organ sys-
tems such as heart, liver, or non-active muscle [29,43-45].

The governing model equations are developed here by
assuming a multi-compartmental model structure for
skeletal muscle as schematized in Figure 2. It consists of a
spatially-lumped capillary blood domain which
exchanges micro-nutrients and metabolic waste products
with a spatially-lumped domain of tissue cells (cytosol
and mitochondria); these two domains are separated by a
spatially-lumped interstitial fluid (ISF) domain. Due to
lack of information on metabolite concentrations and
enzyme activities at sub-cellular level, we do not differen-
tiate between the cytosolic and mitochondrial species in
this model, that is, we assume that the metabolites and
enzymes are uniformly distributed throughout the cellu-
lar domain.

It is noteworthy to mention here that the capillary blood
and tissue ISF volumes (Vb and Visf) are very small com-
pared to the tissue cells volume (Vc); typically, Vb and Visf
are only about 7% and 13% of Vtot, whereas Vc is about
80% of Vtot, where Vtot denote the total muscle volume
(e.g., see Ref. [46] and the related references therein). Fur-
thermore, the rate of species transport across the capillary
and tissue cell membranes are usually very fast (i.e., the
inter-domain transport fluxes Jb↔isf,j and Jisf↔c,j are very
large), so that the three parallel compartments can be
assumed to be in equilibrium almost instantaneously.
These lead to the following approximations:

Vb(dCb, j/dt) << 1 and Visf (dCisf, j/dt) << 1 (1a)

Q(Ca, j - Cv, j) ≈ Jb↔isf, j ≈ Jisf↔c, j ≈ Jb↔c, j (1b)

Cb, j = Cv, j = σcap, jCisf, j  and  Cisf, j = σc, jCc, j (1c)

where Cb,j, Cisf,j and Cc,j are the species concentrations in
capillary blood, ISF and tissue cells; Ca,j and Cv,j are the
input arterial and output venous species concentrations;
σcap,j and σc,j are the partition coefficients across the capil-
lary and tissue cell membranes; Q is the blood flow.

The dynamic mass balance equation for the chemical spe-
cies j in the well-mixed tissue cells domain [28,29] can
then be written as

V
dC

dt
Q C C j Nc

c j
j p p

p
j u u

u
a j j c j S

,
, , , , , , ,...,= − + −( ) =∑ ∑β φ β φ σ 1 2      

(2)
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Schematic diagram of biochemical pathways depicting various chemical reactions and species involved in the cellular metabo-lism of skeletal muscleFigure 1
Schematic diagram of biochemical pathways depicting various chemical reactions and species involved in the cellular metabo-
lism of skeletal muscle. The pathways involve 26 lumped reactions among 30 species out of which 9 species undergo the blood-
tissue exchange.

HK

1

ADP

PFK

ATP ADP

Pi

Pi 

GLY SYN

GLY PHOS Pi 

GAP-DH

NADH

PK
ATP

LDH
NAD+

NADH

NADH
PDH

CO2
NADH

CoA

HAD

Pi
CAT

Pi HSL

ADK

NADH

NAD+

CO2

ISO-DH

CO2

KG-DH

CoA

ATP PiCoA

NADH

NADH

MAL-DH 

SUC-DH

CoA

4
2

3

5

6

7

8

109

13

12

11

25

26

24

14

18

17

1620

15

NAD+

ATP 

H2O

21

CS 

Pi 

CoA

ADP

ADP

ATP

CK23

22
ADP

ADP

ADP

ADP

19
NADH

AMP ADP ADP

Pi ADP

Phosphocreatine (PCr) Creatine (Cr) Glucose (GLU) 

Glucose 6-Phosphate (G6P) Glycogen (GLY) 

Glyceraldehyde 3-Phosphate (GA3P) 

1,3-Biphosphateglycerate (BPG) 

Pyruvate (PYR) 

Lactate (LAC) 

Alanine (ALA) 

Fatty Acyl-CoA (FAC) 

Glycerol (GLC) 

Citrate (CIT) 

Ketogluterate (AKG) 

Succinyl-C SCoA) Succinate (SUC) 

Oxaloacetate (OXA) 

Malate (MAL) 

Oxygen (O2)

Triglycerides (TGL) 

Free Fatty Acid (FFA) 

Acetyl-CoA (ACoA) 

SUC-CoA SYN

ATP

ATP 

NAD+ ATP

ATP

NAD+

NAD+

NAD+

NADH

Pi ADP
COX 

ATP

CoA

ATP

NAD+

NAD+



BioMedical Engineering OnLine 2007, 6:14 http://www.biomedical-engineering-online.com/content/6/1/14
where σj = σcap,jσc,j is the effective partition coefficient
across the blood and tissue cell exchange barrier; φp and φu
are the metabolic reaction fluxes of the reactions processes
that produce and utilize the species j, and βj,p and βj,u are
the corresponding stoichiometric coefficients; NS = 30 is
the total number of chemical species in the cellular
domain. The first two terms in Eq. (2) define the net met-
abolic reaction rate of the chemical species j inside the tis-
sue cells (Rj = Pj - Uj, where Pj is the production of species
j and Uj is the utilization of species j), whereas the term
Q(Ca,j - σjCc,j) defines the net uptake or release of the
chemical species j by the tissue cells. The dynamic mass
balance equations of all the 30 chemical species are given
in Appendix A.

The underlying viewpoint in modeling complex in vivo
metabolic systems, such as skeletal muscle, is based on a
top-down systems approach [28,29,32,47,48]. To define
the metabolic reaction fluxes using such an approach, we
consider a general irreversible bi-bi substrate to product
enzymatic reaction coupled with energy controller pairs
associated with the reaction as co-substrates and co-prod-
ucts:

where E1 and E2 are the ATP and ADP or vice-versa (PS±:
phosphorylation state) or NADH and NAD+ or vice versa
(RS±: redox state). Any biochemical conversion process
that is coupled to ATP ↔ ADP or NAD+ ↔ NADH inter-
conversions, such as pyruvate oxidation or oxidative
phosphorylation, can affect the dynamics of these control
metabolites. So, even though E1 and E2 are co-substrates

and co-products, their ratios have been proven to play
major roles in the modulation of the associated reaction
fluxes [28,29,32,47,48] (see the flux expressions: Eqs. 4
and 5). Though not all, many of the lumped reactions in
the metabolic pathways in Figure 1 are special cases of this
general reaction. As part of a general formalism, reversible
reactions are decomposed into two irreversible reactions.
Considering Michaelis-Menten formalism of a rapid equi-
librium, random binding, bi-bi enzymatic irreversible
reaction [30,49,50], and accounting for product inhibi-
tion [31], the reaction flux can be phenomenologically
expressed as

where the effective reaction velocity due to the coupling of
the energy controller pairs is given by a phenomenologi-
cal expression of the form

VX+Y→V+W is the maximal velocity or flux of the reaction
and K's are the phenomenological Michaelis-Menten con-
stants for the associated reactants or the coupled energy
controller ratios E1/E2: ATP/ADP, ADP/ATP, NADH/
NAD+, or NAD+/NADH. So, the in vivo effective velocity of
the reaction is controlled by the coupled energy controller
ratios CE1/CE2 (if coupled). As in our previous models
[28,29,47,48], we choose to express controllers in ratio
form to increase the sensitivity of their regulatory proper-
ties on actual in vivo reaction velocities. While AMP is not
directly involved in any reaction outside of the adenylate
kinase system, we coupled the energy controller ratio
CAMP/CATP to the reaction flux describing glycogen break-
down, since it is well-known that AMP has important
allosteric control over the enzymes catalyzing the above
lumped reaction [49-51]. Even though the reaction flux
expressions are "phenomenological", expressing the
fluxes in the Michaelis-Menten form serves two purposes:
(i) it best describes the kinetic behavior of enzymatic reac-
tions seen experimentally, and (ii) it establishes upper
and lower bounds for the fluxes [30].

It is to be noted here that Eqs. (4) and (5) serve as the gen-
eral flux expression for the lumped metabolic reaction
(3). If the energy controller pair E1 and E2 is not coupled
to the reaction under consideration as co-substrate/co-
product, then the reaction flux does not depend on the
ratio CE1/CE2. Therefore, not all, but only those reactions
stoichiometrically associated with changes in phosphor-
ylation (CATP/CADP or CADP/CATP) and/or redox (CNADH/
CNAD+ or CNAD+/CNADH) ratios have their flux rate modu-
lated by these controllers. The phenomenological meta-
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Schematic diagram of the structure of the model for blood-tissue exchange and cellular metabolism in skeletal muscleFigure 2
Schematic diagram of the structure of the model for blood-
tissue exchange and cellular metabolism in skeletal muscle. 
The model accounts for 30 chemical species in tissue cells. A 
total of 9 species (glucose, lactate, pyruvate, alanine, triglyc-
erides, glycerol, free fatty acid, carbon dioxide, and oxygen) 
undergo blood-tissue exchange.
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bolic reaction flux expressions of all the 26 lumped
reactions considered in this model are given in Appendix B.

As modeled, a biochemical conversion process coupled to
NAD+ ↔ NADH interconversions affects the redox state
CNAD+/CNADH and indirectly modulates the flux of any
other reaction process coupled to NAD+ ↔ NADH inter-
conversions. Similar interrelationships exist among all
processes coupled to ATP ↔ ADP interconversions. In the
control of energy metabolism, ATP acts as an inhibitor,
while ADP acts as a stimulator. This approach of modeling
the regulation of metabolic processes provides not only a
feedback control of specific conversion processes, but also
integrates various metabolic pathways for energy (ATP)
generation. As described below, the feedback controls by
the products ADP, Pi and NADH may not alone be suffi-
cient to match ATP supply to ATP demand during exercise,
in which case, a parallel activation of different metabolic
pathways is required for such matching.

Parallel activation scheme during exercise
The rate at which ATP is utilized is set by the increase in
mechanical power needed to perform a particular physical
task. During exercise at a constant work rate, a proportion-
ate recruitment of muscle fibers occurs, and steady con-
traction can be maintained only if the ATP demand is
matched. As the ATP turnover rate increases, flux through
the energy-providing pathways of carbohydrates and fats
rises to increase the rate of ATP production in order to
match the rate of ATP utilization [8,52]. This increase in
the ATP turnover rate is met through (i) increased delivery
of arterial species by increased blood flow and (ii) feed-
back and/or feedforward activation of latent enzyme mol-
ecules associated with various reactions. The feedback
control mechanisms (though not mechanistically
detailed) are built-in into the flux expressions through
phosphorylation (CATP/CADP or CADP/CATP) and/or redox
(CNADH/CNAD+ or CNAD+/CNADH) ratios. So we discuss here
and incorporate into the model the feedforward control
mechanisms in an empirical/implicit fashion to simulta-
neously activate different metabolic pathways leading to
ATP generation (glycolysis and glycogenolysis, pyruvate
oxidation, beta oxidation, TCA cycle, and oxidative phos-
phorylation) through external effectors such as [Ca2+]
and/or hormones.

Initiation of an exercise bout is implemented here by
increasing the rate of ATP hydrolysis in a stepwise manner
[29] to a value proportional to the effective external work
rate (WR + WRunload) applied by the cycle ergometer:

φATP→ADP(WR) = φATP→ADP, rest + γ1[WR + WRunload]
(6)

where ΦATP→ADP,rest is the resting muscle ATP turnover rate,
γ1 is the conversion factor relating the effective external

work rate to the units of ATP hydrolysis, and WRunload ≈
25W is the WR equivalent of unloaded cycling. Once the
desired WR has been selected, ATP utilization rate
increases and parallel changes occur in several physiolog-
ical variables.

The ATP demand is primarily met by the recruitment of
motor units. At rest, there is a minimal level of contraction
occurring throughout various areas of skeletal muscle tis-
sue [41,42]. Due to the fact that not all muscle is engaged
simultaneously over the period of time, we assume that in
the resting state, the volume of active muscle is only a frac-
tion of the total muscle volume. During exercise, the
amount of muscle mass actively participating in muscular
contraction is linearly related to the work rate [41,42].
Therefore, in our model, the active muscle tissue cells vol-
ume Vc is expressed in terms of the work rate (WR) as:

Vc(WR) = Vc, rest + γ2[WR + WRunload] (7)

where γ2 is the slope ∆Vc/∆(WR+WRunload) and Vc,rest is the
active muscle tissue cells volume at rest; γ2 can be different
for different loading conditions. In contrast, the skeletal
muscle blood flow response to a step change in work rate
(WR) is expressed as [53]:

Q(t, WR) = Qrest + γ3[WR + WRunload][1 - exp-t/τ]
(8)

where γ3 is the slope ∆Q(t = ∞)/∆(WR+WRunload), τ is the
time constant of response, and Qrest the resting skeletal
muscle blood flow; τ can be different for different muscle
conditions, while γ3 can be assumed constant, as the
steady-state blood flow rate during exercise can be inde-
pendent of the muscle condition.

To account for a tight coupling of energy demand-energy
supply pathways that is known to occur in exercising mus-
cle, the metabolic reaction fluxes were expressed in terms
of the work rate (WR). Anticipating that the feedback con-
trols by ADP, Pi and NADH (through cofactors CATP/CADP
or CADP/CATP and CNADH/CNAD+ or CNAD+/CNADH) may not
alone be enough to achieve the tight coupling of ATP sup-
ply-ATP demand systems during exercise, we chose to
upregulate the effective enzyme activity for each reaction
by multiplying each Vmax in the flux expressions by the rel-
ative metabolic rate (RMR):

where η is the mechanical coupling efficiency [29,54] and
MRrest the resting metabolic rate; η converts WR from the
units of mechanical to metabolic watts. If no external
work is performed, RMR = 1 and the Vmax values remain

RMR
MR WR WR

MR

rest unload

rest

=
+ +[ ]1

η (9)
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unchanged. To implement a feedforward control during
exercise, the effective enzyme activities – characterized by
the Vmax parameters- of the energy producing pathways are
increased in proportion to the relative increase in meta-
bolic rate [29,34,35,37]. This way, the metabolic reaction
fluxes are implicitly expressed in terms of the ATP turno-
ver rate through the variable WR. The model physiological
parameters in Eqs. (6) – (9) are given in Table 1.

Parameter estimation and model validation
The model kinetic parameters for a normal sedentary indi-
vidual were obtained and the model was validated by
comparing model simulation results with experimental
data at (i) rest, (ii) during severe ischemia, and (iii) during
moderate-intensity exercise. Most initial parameter esti-
mates for the loaded and unloaded states were obtained
from the literature. Parameter values were then tuned
manually by comparing model simulated dynamic
responses to moderate-intensity exercise with available

Table 1: The values of model physiological parameters characterizing the moderate intensity exercise conditions (30–45% VO2 max, 
WR = 65W) for different loading states (if available)

Parameter Value Unit Equation Reference

Vc,rest, 4.0 L 7 [42,78]

3.5 L 7 [21]

γ1, , 2.25 mmol/(min × W) 6 [29]

γ2, 0.0375 L/W 7 [42,78]

0.043 L/W 7 [21]

γ3, , 0.0575 L/(min × W) 8 [29,70]

Qrest 0.9 L/min 8 [45]

τQ 0.35 min 8 [53]

0.25 min 8 [53]

0.45 min 8 [79]

η 0.5 unitless 9 [54,71]

MRrest 20.6 W 9 [71]

WR 65.0 W 6, 7, 8, 9 [29]

WRunload 25.0 W 6, 7, 8, 9 [29]

RQ 0.785 unitless Vco2/VO2 [67,68]

Vc,rest
LD

Vc,rest
UL

γ1
LD γ1

UL

γ 2
LD

γ 2
UL

γ 3
LD γ 3

UL

τQ
LD

τQ
UL
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experimental data. The model consists of a system of non-
linear ordinary differential and algebraic equations
(Appendix A and B), which are solved numerically as an
initial value problem with a well-developed FORTRAN
implicit integrator DLSODES (Livermore Solver for Ordi-
nary Differential Equations) [55].

Information on skeletal muscle metabolism in humans
was gathered from various studies on sedentary healthy
individuals [43,51,56-61]. Information corresponding to
the chronically-loaded muscle was obtained from (i)
intervention studies where physiological parameters were
evaluated in sedentary subjects who took part in endur-
ance-training programs [6,12,13,15,62] and (ii) related
studies that compared sedentary and trained individuals
[16,18,20]. In regards to the chronic unloading muscle,
most available data was obtained from (i) bed rest studies
ranging from 1–4 weeks [21,23,63] and (ii) detraining
studies in athletes lasting 4–12 weeks [8,22,24,64]. Values
for arterial and venous species concentrations and muscle
blood flow were obtained from the femoral bed in human
studies [12,43,65,66], while the values for intracellular
species concentrations were obtained from muscle biop-
sies of the quadriceps [6,56,57]. Most substrate concentra-
tions were the same at rest for all loading states with the
exception of intramuscular triglyceride and glycogen con-
centrations and several metabolite concentrations in arte-
rial blood. Tables 2 and 3 list arterial and intracellular
concentrations, respectively, of all included species in
each state. Blood-tissue partition coefficients were esti-
mated from the blood-tissue exchange term (uptake-
release rates). The coefficients for the nine species that are
either taken up or released by skeletal muscle are dis-
played in Table 2.

Flux balance analysis is done to determine the reaction
flux rates at resting steady states. In the first step, we esti-

mated the relative contribution of carbohydrates and fats
as fuels from the measurements of respiratory quotient
(RQ) across the quadriceps muscle at rest [67,68]. Then,
we determined the rate of CO2 production at rest from the
known values of muscle VO2 at rest in combination with
resting RQ value. Assuming carbohydrates (CHO, RQCHO
= 1.0) and fats (FFA, RQFFA = 0.7) are the only fuels, we
calculated the relative contributions from CHO and FFA
towards the muscle CO2 production under resting, steady-
state conditions. Then, we determined the reaction flux
rates through the oxidative pathways of both CHO and
FFA using appropriate stoichiometric relationships. The
information derived from tracer studies was used to deter-
mine the flux rates of the forward- and reverse-contribu-
tions of reversible reactions such as the lactate
dehydrogenase system and glycogen breakdown and syn-
thesis systems [13]. The estimated reaction flux rates are
displayed in Table 4.

The kinetic parameters (Vmax and Km) were obtained from
information available on the specific enzyme kinetics. For
enzymes catalyzing oxidative phosphorylation, hexoki-
nase, and ATP hydrolysis, the Km's were set to values much
smaller than the corresponding intracellular reactants
concentrations because of their high affinity for the
respective reactants [9,30,34]. The remaining Km's were
assumed to have values very close to those of the corre-
sponding reactants [30]. After setting the Km values, the
Vmax values were estimated from known flux rates from
flux balance analysis. Fine tuning of several kinetic param-
eters was needed by comparing model responses with
experimental data during different physiological condi-
tions, particularly during severe muscle ischemia [58,61]
and moderate-intensity exercise [12,13,43,45,60,65,69]
(e.g., see Figures 3, 4, 5, 6). Since the number of unknown
model parameters was too large, without enough bound/
physiological/thermodynamic constraints, a formal

Table 2: Arterial species concentrations (mM) and blood-tissue partition coefficients (unitless) estimated from resting conditions for 
three different loading states.

Species Arterial Species Concentrations Blood-Tissue Partition Coefficients

Sedentary Loaded Unloaded Sedentary Loaded Unloaded

GLU 4.2 4.2 4.2 7.62 7.62 7.62
PYR 0.068 0.068 0.068 1.3 1.3 1.3
LAC 0.7 0.7 0.7 0.471 0.471 0.471
ALA 0.192 0.192 0.24 0.182 0.182 0.219
TGL 0.99 0.86 1.26 0.0667 0.0492 0.0679
GLC 0.06 0.06 0.04 1.02 1.02 0.7
FFA 0.59 0.59 0.43 0.867 0.867 0.587
CO2 21.7 21.7 21.7 1.02 1.02 1.02
O2 8.0 8.0 8.0 1.65 1.65 1.65

The species concentrations are obtained from a variety literature sources on skeletal muscle metabolism (for references, see the text in Method 
section). The partition coefficients σ is calculated from the formula Cb,j = Cv,j = σj Cc,j, where Cb,j, Cv,j and Cc,j are the blood, venous and tissue cells 
species concentrations
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parameter estimation algorithm would provide non-
unique estimations. Therefore, the model parameters
were not estimated through optimization. Instead, only
those parameters, which are directly linked to the meas-
ured output variables were estimated manually through
an ad hoc trial-and-error method. For example, the Km val-
ues associated with the flux expression of the hexokinase
reaction would directly influence the concentrations of
glucose (GLU) and glucose-6-phosphate (G6P), and
therefore for fitting the model to the data on [GLU] and
[G6P], those Km parameters need to be tuned first. Though
a formal parameter sensitivity analysis would be helpful
in identifying the most or least sensitive model parame-
ters for estimation, it needs special attention, as the model
involve many unknown parameters, and therefore it is
beyond the scope of the present study. Tables 4 and 5 list
the maximal reaction velocities (Vmax) and Michaelis-
Menten constants (Km) for each reaction under the three
muscle conditioned states.

The conversion factor relating work rate to ATP turnover
rate is derived from known relationships between muscle
VO2 and work rate [29]. The relationship between muscle
volume recruitment and work rate was determined from
MRI studies quantifying the amount of active muscle for
different work rates [41,42]. Parameters characterizing the
dynamics of blood flow response to exercise were esti-
mated from known relationships between muscle blood
flow and work rate [29,70] and studies using Doppler
ultrasound to measure the femoral artery blood velocity
[53]. The steady-state blood flow for a particular work rate
is found using the known relationship between muscle
blood flow and work rate [29,70]. Finally, the relative
metabolic rate term that links processes of ATP synthesis
to ATP hydrolysis is a function of mechanical efficiency
and resting metabolic rate. The mechanical efficiency,
which converts external work into units of metabolic
watts, is determined from studies that measure the
mechanical work output as a result of free energy change
through ATP hydrolysis [54,71].

Table 3: Muscle tissue cells species concentrations at rest for the three different loading states (concentrations are in the units of 
mM).

Species Sedentary Loaded Unloaded

GLU 0.525 0.525 0.525
GLY 95.0 110.0 110.0
G6P 0.253 0.253 0.253

GA3P 0.08 0.08 0.08
BPG 0.08 0.08 0.08
PYR 0.0475 0.0475 0.0475
LAC 1.75 1.75 1.75
ALA 1.3 1.3 1.3
TGL 14.8 17.4 18.5
GLC 0.062 0.062 0.062
FFA 0.57 0.57 0.57
FAC 0.00348 0.00348 0.00348

ACoA 0.00223 0.00223 0.00223
CIT 0.103 0.103 0.103
AKG 0.0125 0.0125 0.0125
SCoA 0.123 0.123 0.123
SUC 0.095 0.095 0.095
MAL 0.0975 0.0975 0.0975
OXA 0.003 0.003 0.003
CO2 23.6 23.6 23.6
O2 3.0 3.0 3.0
PCr 20.0 20.0 20.0
Cr 10.0 10.0 10.0
Pi 2.7 2.7 2.7

CoA 0.0255 0.0255 0.0255
NADH 0.05 0.05 0.05
NAD+ 0.45 0.45 0.45
ATP 6.3 6.3 6.3

ADP (free) 0.02 0.02 0.02
AMP (free) 6.0E-5 6.0E-5 6.0E-5

The species concentrations are obtained from a variety literature sources on skeletal muscle metabolism (for references, see the text in Method 
section)
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To differentiate between different loading states, parame-
ter values characterizing these states were used in simula-
tions, namely the maximal reaction velocities (Vmax) of
the enzymes and time constant characterizing the blood
flow response. These parameters are directly linked to
adaptations occurring as a result of either chronic loading
or unloading. Indeed, in the model representing loading,
significant modifications were made to the Vmax values of
the oxidative enzymes according to relative percent
changes measured experimentally. This change reflects the
considerable increases in both mitochondrial size and
density within the tissue [10]. Also, the time constant for
blood flow (τQ) was reduced in the loading model to
account for the increase in muscle capillarization [53]; τQ
in the unloading model was accordingly increased to
reflect the presence of fewer capillaries perfusing muscle
fibers [8,63]. In regards to the unloading model, experi-
mental data shows that more emphasis is placed on car-
bohydrate metabolism for ATP production, in particular
glycogenolysis. Therefore, the Vmax values for glycogen
phosphorylase and glucose phosphorylation were
increased with accompanying decreases in oxidative
enzymes' maximal reaction velocities [22,23].

Results
We first compared computer-simulated responses with
experimental data obtained in healthy individuals during
a 10-min moderate-intensity exercise bout (30–45% VO2

max, WR = 65W) on a cycle ergometer. Then, the steady-
state and dynamic responses of individuals who have
under-gone chronic interventions involving marked
enhancements (loading) or reductions (unloading) in
physical activity to a step change in ATP turnover rate,
equivalent to the same change in work rate (WR = 65W),
were compared to those obtained in healthy sedentary
subjects. From these results, we determined quantitatively
the effects of loading and unloading adaptations on fuel
preference during submaximal exercise.

Dynamic responses to submaximal exercise in sedentary 
state
A moderate-intensity exercise bout (30–45% VO2 max) for
a normal, sedentary individual was simulated for 10 min
by inducing changes in ATP turnover rate and other phys-
iological variables equivalent to a step increase in work
rate WR from 0 to 65 W. Active muscle mass increased
instantaneously from 4 to 7.5 kg ww (Eq. 7), while muscle
blood flow increased exponentially (τQ ≈ 0.35 min) from
0.9 to 6.0 L/min (Eq. 8). The rates of ATP production and

Table 4: Metabolic reaction fluxes (mmol/min) estimated under resting steady-state conditions from flux balance analysis and reaction 
maximal velocities (mmol/min) estimated under resting steady-state conditions from reaction fluxes for three different loading states.

Reaction Fluxes Resting Flux Values Maximal Velocities Sedentary Loading Unloading

φGLU→G6P 0.182 VGLY→G6P 0.46 0.557 0.557
φG6P→GLY 0.258 VG6P→GLY 2.58 3.42 2.58
φGLY→G6P 0.258 VGLY→G6P 1.72 1.72 2.08
φG6P→GA3P 0.182 VG6P→GA3P 1.63 1.45 1.91
φGA3P→BPG 0.363 VGA3P→BPG 48.0 48.0 48.0
φBPG→PYR 0.363 VBPG→PYR 25.4 25.4 25.4
φPYR→LAC 0.294 VPYR→LAC 8.81 6.86 8.81
φLAC→PYR 0.182 VLAC→PYR 1.09 0.85 1.09
φPYR→ALA 0.04 VPYR→ALA 0.12 0.12 0.16
φPYR→ACoA 0.217 VPYR→ACoA 15.2 15.2 15.2
φTGL→GLC 0.13 VTGL→GLC 0.65 0.823 0.65
φGLC→TGL 0.127 VGLC→TGL 1.78 2.31 1.78
φFFA→FAC 0.095 VFFA→FAC 1.33 1.73 1.06
φFAC→ACoA 0.095 VFAC→ACoA 0.951 1.2 0.768
φACoA→CIT 0.978 VACoA→CIT 6.84 9.54 5.71
φCIT→AKG 0.978 VCIT→AKG 9.78 14.2 8.22
φAKG→SCoA 0.978 VAKG→SCoA 13.7 19.1 11.4
φSCoA→SUC 0.978 VSCoA→SUC 13.7 19.1 11.4
φSUC→MAL 0.978 VSUC→MAL 5.87 8.8 4.89
φMAL→OXA 0.978 VMAL→OXA 5.87 8.8 4.89
φO2→H2O 2.75 VO2→H2O 24.6 35.2 20.3
φPCR→CR 667.0 VPCR→CR 4000.0 4000.0 4000.0
φCR→PCR 667.0 VCR→PCR 4000.0 4000.0 4000.0
φATP→ADP 16.0 VATP→ADP 16.2 16.2 16.2
φAMP→ADP 50.0 VAMP→ADP 250.0 250.0 250.0
φADP→AMP 50.0 VADP→AMP 250.0 250.0 250.0

The maximal velocities differ between different muscle states due to different Km values
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Simulated dynamic responses of glucose uptake and lactate release during a 10-min moderate-intensity exercise bout (WR = 65W) of a sedentary personFigure 6
Simulated dynamic responses of glucose uptake and lactate 
release during a 10-min moderate-intensity exercise bout 
(WR = 65W) of a sedentary person. Positive values corre-
spond to GLU uptake while negative values correspond to 
LAC release from skeletal muscle. The solid and dashed lines 
signify the model simulation results with the symbols repre-
senting experimental data points [mean ± SD] [12,13,43,45]. 
Both glucose uptake and lactate release have the biphasic 
behavior/transients.
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Simulated dynamic responses of oxygen uptake and carbon dioxide release during a 10-min moderate-intensity exercise bout (WR = 65W) of a sedentary individualFigure 4
Simulated dynamic responses of oxygen uptake and carbon 
dioxide release during a 10-min moderate-intensity exercise 
bout (WR = 65W) of a sedentary individual. Positive values 
correspond to O2 uptake (VO2 = Q(Ca,O2 - σO2Cc,O2)) while 
negative values correspond to CO2 release (VCO2 = 
Q(Ca,CO2 - σCO2Cc,CO2)) from skeletal muscle. The time con-
stant of O2 uptake (τVO2) is about 0.5 min and that of CO2 
release (τVCO2) is about 0.6 min. The respiratory quotient 
(RQ = VCO2/VO2) increases from 0.785 at rest to 0.832 
during exercise.
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Dynamic responses of ATP and NADH concentrations dur-ing a 10-min moderate intensity exercise period (WR = 65W) of a sedentary individualFigure 3
Dynamic responses of ATP and NADH concentrations dur-
ing a 10-min moderate intensity exercise period (WR = 
65W) of a sedentary individual. The left y-axis corresponds 
to changes in [ATP] while the right y-axis indicates the 
changes in [NADH]. Steady state responses are present from 
time -5 min to time 0 min when the step change in work rate 
(WR) is initiated. The solid and dashed lines represent the 
model simulation results with the symbols representing 
experimental data points [mean ± SD] [60,69]. [ATP] 
remains fairly constant while [NADH] drops 40% during 
exercise.
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Dynamic concentration profiles of phosphocreatine (PCr) and inorganic phosphate (Pi) during a 10-min moderate-intensity exercise period (WR = 65W) of a sedentary individ-ualFigure 5
Dynamic concentration profiles of phosphocreatine (PCr) 
and inorganic phosphate (Pi) during a 10-min moderate-
intensity exercise period (WR = 65W) of a sedentary individ-
ual. The steady state responses are present from time -5 min 
to time 0 min when the step change in work rate (WR) is ini-
tiated. The solid and dashed lines represent the model simu-
lation results with the symbols representing experimental 
data points [mean ± SD] [65]. The time constants of both 
[PCr] drop and [Pi] rise are approximately equal (τPCr ≈ τPi ≈ 
0.5 min). The dynamics of [PCr] match very well with the 
dynamics of muscle VO2 [72-74].
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Table 5: Phenomenological Michaelis-Menten kinetic constants for chemical species and energy controller ratios in 26 reactions for 
three different loading states (SED, LD, UL). These are estimated as discussed in the Method section

Glucose Utilization: Glycogen Synthesis:
GLU + ATP → G6P + ADP G6P + ATP → GLY + ADP 2 + Pi

SED LD UL SED LD UL
KGLU 0.07 0.07 0.14 KG6P 0.253 0.843 0.253
KG6P 0.253 0.084 0.253 KGLY 95 367 110

315 315 315 KPi 2.7 9 2.7

315 315 315

Glycogen Utilization: Glucose 6-Phosphate Breakdown:
GLY + Pi → G6P G6P + ATP → 2 GA3P + ADP
SED LD UL SED LD UL

KGLY 95 110 132 KG6P 0.253 0.169 0.38
KPi 2.7 2.7 3.24 KGA3P 0.08 0.053 0.12

KG6P 0.253 0.253 0.304 1.9e – 5 1.9e – 5 1.9e – 5

3.2e – 6 3.2e – 6 3.2e – 6

Glyceraldehyde 3-Phosphate Breakdown: Pyruvate Production:
GA3P + NAD+ + Pi → BPG + NADH BPG + 2 ADP → PYR + 2 ATP

SED LD UL SED LD UL
KGA3P 0.8 0.8 0.8 KBPG 0.4 0.4 0.4

KPi 27 27 27 KPYR 0.238 0.238 0.238

KBPG 0.8 0.8 0.8 0.029 0.029 0.029

0.09 0.09 0.09

Pyruvate Reduction: Lactate Oxidation:
PYR + NADH → LAC + NAD+ LAC + NAD+ → PYR + NADH

SED LD UL SED LD UL
KPYR 0.0475 0.016 0.0475 KLAC 1.75 0.583 1.75
KLAC 1.75 0.583 1.75 KPYR 0.0475 0.016 0.0475

1 1 1 9 9 9

Alanine Production: Lipolysis:
PYR → ALA TGL → GLC + 3 FFA

SED LD UL SED LD UL
KPYR 0.0475 0.0475 0.095 KTGL 14.8 52.2 18.5
KALA 1.3 1.3 2.6 KGLC 0.062 0.186 0.062

KFFA 0.57 1.71 0.57

Pyruvate Oxidation: Triglyceride Synthesis:
PYR + CoA + NAD+ → ACoA + NADH + CO2 GLC + 3 FFA + 7 ATP → TGL 7 + ADP + 7 Pi

SED LD UL SED LD UL
KPYR 0.0475 0.0475 0.0475 KGLC 0.062 0.083 0.062
KCoA 0.0255 0.0255 0.0255 KFFA 0.57 0.76 0.57
KACoA 2.2e – 3 2.2e – 3 2.2e – 3 KTGL 14.8 23.2 18.5

K ATP
ADP

K ATP
ADP

K AMP
ATP

K AMP
ATP

K ADP
ATP

K NAD+
NADH

K NADH
NAD+

K NAD+
NADH
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KCO2 23.6 23.6 23.6 KPi 2.7 3.6 2.7

81 81 81 315 315 315

Free Fatty Acid Utilization: Fatty Acyl-CoA Oxidation:
FFA + CoA + 2 ATP → FAC + 2ADP + 2Pi FAC + 7 CoA + (35/3) NAD+ → 8 ACoA + (35/3) NADH

SED LD UL SED LD UL
KFFA 0.57 0.76 0.43 KFAC 3.5e – 3 4.35e – 3 2.78e – 3
KCoA 0.026 0.034 0.019 KCoA 0.0255 0.0319 0.02
KFAC 3.5e – 3 4.6e – 3 2.6e – 3 KACoA 2.2e – 3 2.8e – 3 1.8e – 3

KPi 2.7 3.6 2 9 9 9

315 315 315

Citrate Production: α-Ketoglutarate Production:
ACoA + OXA → CIT + CoA CIT + NAD+ → AKG + NADH + CO2

SED LD UL SED LD UL
KACoA 2.2e – 3 3.2e – 3 1.8e – 3 KCIT 0.103 0.412 0.0824
KOXA 3.0e – 3 4.3e – 3 2.4e – 3 KAKG 0.0125 0.05 0.0125
KCIT 0.103 0.147 0.082 KCO2 23.6 94.4 23.6

KCoA 0.0255 0.0364 0.02 9 9 9

Succinyl-CoA Production: Succinate Formation:
AKG + CoA + NAD+ → SCoA + NADH + CO2 SCoA +ADP + Pi → SUC + CoA + ATP

SED LD UL SED LD UL
KAKG 0.0125 0.0179 0.01 KSCoA 0.123 0.176 0.0984
KCoA 0.0255 0.0364 0.02 KPi 2.7 3.9 2.2
KSCoA 0.123 0.176 0.0984 KSUC 0.095 0.136 0.076
KCO2 23.6 33.7 18.9 KCoA 0.0255 0.0364 0.02

9 9 9 3.2e – 3 3.2e – 3 3.2e – 3

Malate Production: Oxaloacetate Production:
SUC + (2/3) NAD+ → MAL + (2/3) NADH MAL + NAD+ → OXA + NADH

SED LD UL SED LD UL
KSUC 0.095 0.238 0.0475 KMAL 0.0975 0.244 0.0488
KMAL 0.0975 0.244 0.0488 KOXA 3.0e – 3 7.5e – 3 1.5e – 3

9 9 9 9 9 9

Phosphocreatine Breakdown: Phosphocreatine Synthesis:
PCR + ADP → CR + ATP CR + ATP → PCR + ADP

SED LD UL SED LD UL
KPCR 20 20 20 KCR 10 10 10
KCR 10 10 10 KPCR 20 20 20

3.2e – 3 3.2e – 3 3.2e – 3 315 315 315

Oxygen Utilization: ATP Hydrolysis
O2 + 5.63 ADP + 5.63 Pi + 1.88 NADH → 2 H2O + 5.63 ATP + 1.88 NAD+ ATP → ADP + Pi

SED LD UL SED LD UL

Table 5: Phenomenological Michaelis-Menten kinetic constants for chemical species and energy controller ratios in 26 reactions for 
three different loading states (SED, LD, UL). These are estimated as discussed in the Method section (Continued)

K NAD+
NADH

K ATP
ADP

K NAD+
NADH

K ATP
ADP

K NAD+
NADH

K NAD+
NADH

K ADP
ATP

K NAD+
NADH

K NAD+
NADH

K ADP
ATP

K ATP
ADP
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KO2 0.01 0.01 0.01 KATP 0.063 0.063 0.063
KNADH 0.07 0.09 0.06

KPi 3.8 4.9 3.2

0.63 0.81 0.54

6.3e – 3 6.3e – 3 6.3e – 3

AMP Utilization: AMP Production:
AMP + ATP → 2 ADP 2 ADP → AMP + ATP

SED LD UL SED LD UL
KAMP 6e – 5 6e – 5 6e – 5 KADP 0.02 0.02 0.02
KATP 6.3 6.3 6.3 KAMP 6e – 5 6e – 5 6e – 5
KADP 0.02 0.02 0.02 KATP 6.3 6.3 6.3

Table 5: Phenomenological Michaelis-Menten kinetic constants for chemical species and energy controller ratios in 26 reactions for 
three different loading states (SED, LD, UL). These are estimated as discussed in the Method section (Continued)

K
NAD+

K ADP
ATP
utilization were closely matched, as the ATP concentra-
tion was stable throughout the exercise bout. In contrast,
exercise caused a 40% drop in NADH concentration, from
0.05 to 0.03 mM [60,69]; this decline occurred in an expo-
nential fashion, with the new steady-state in [NADH]
reaching within 1 min of exercise onset, as depicted in Fig-
ure 3.

Model-simulated muscle oxygen uptake (VO2 = Q(Ca,O2 –
σO2Cc,O2)) increased exponentially (τVO2 ≈ 0.5 min) from
2.75 mmol/min at rest to 36.5 mmol/min during exercise
while muscle CO2 release (VCO2 = Q(Ca,CO2 - σCO2Cc,CO2))
increased slightly slower (τVCO2 ≈ 0.6 min) from 2.16 to
30.4 mmol/min, as depicted in Figure 4. The respiratory
quotient (RQ = VCO2/VO2) increased from 0.785 at rest
to 0.832 during 10-min moderate-intensity exercise bout.
The [PCr] dynamic response closely mirrored that of VO2
[72-74] decreasing about 10% from its resting value of 20
mM to about 16 mM during exercise with a τPCr ≈ 0.5 min,
as depicted in Figure 5. Therefore, the model supports one
of the key hypotheses in muscle bioenergetics that the
muscle [PCr] and VO2 dynamics match very well during
moderate-intensity exercise [72-74]. The model also pre-
dicts linear relationships between the steady-state [PCr]
and WR and steady-state VO2 and WR during submaximal
exercise bouts (0 ≤ WR ≤ 100 Watts), indicating that the
model successfully mimic the linear relationship between
[PCR] and VO2 at steady-state (not shown), seen experi-
mentally [75]. The concentration of Pi (inorganic phos-
phate) increased from 2.7 mmol/kg ww at rest to about
4.6 mmol/kg ww during exercise with a τPi equivalent to
τPCr (Fig 5).

Muscle glucose uptake increased from 0.18 to 1.76 mmol/
min within the first 30 seconds of exercise onset, and then
decreased to its steady-state value of 1.38 mmol/min, as
shown in Figure 6. The net glycogen breakdown increased

rapidly from 0.0 to 0.15 mmol/min, resulting in a linear
decrease in glycogen concentration from 95 to 93.5 mM
during 10-min moderate-intensity exercise bout. Concen-
trations of both glucose 6-phosphate and pyruvate
increased ~ 35% from their resting values in an exponen-
tial manner (τ ≈ 0.85 min). The lactate release from mus-
cle increased abruptly from 0.11 to 0.63 mmol/min
before reaching its steady-state value of 0.32 mmol/min,
as shown in Figure 6. Both glucose uptake and lactate
release were seen to have a biphasic behavior.

During 10-min exercise bout, the concentration of acetyl-
CoA increased 50% from its resting value of 2.23 µM, with
the carbohydrates contributing a larger portion toward
the increased acetyl-CoA production, as shown in Figure
7. At rest, approximately 22% of the acetyl-CoA produced
came from pyruvate oxidation, with the remaining 78%
coming from fat oxidation. However, during exercise, the
pyruvate oxidation contributed about 38% towards total
acetyl-CoA production, with the fats contributing about
62%. This causes an increase in the muscle respiratory
quotient (RQ) from 0.785 at rest to 0.832 at the end of 10-
min exercise, though not significantly, but within the
experimental range for moderate-intensity exercise
[67,68].

Dynamic responses to submaximal exercise after chronic 
loading or unloading

The dynamic responses of selected metabolite concentra-
tions and reaction fluxes to 10 min of moderate-intensity,
constant work rate exercise (WR = 65W) were compared
for the chronic loading (LD) and unloading (UL) states.
The simulations previously described for the sedentary
(SED) state served as the control state. The pattern of mus-
cle mass recruited at the onset of exercise was assumed the
same in all three groups (Eq. 7, Table 1). Muscle blood
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flow for LD and UL states was increased in an exponential
manner (input) towards the same steady-state value, with

LD reaching it faster than UL (  ≈ 0.25 min vs.  ≈

0.45 min; Eq. 8, Table 1), as shown in Figure 8. Similar
transient profiles were predicted from model simulations
for muscle oxygen uptake (VO2), with differences between

LD and UL states occurring only in the transient phase, as
shown in Figure 9. In the first minute, the muscle VO2 for

a LD individual reached steady state sooner than a UL

individual (  ≈ 0.4 min vs.  ≈ 0.55 min). As a

result of this faster delivery of arterial O2 to the tissue in

LD muscles, the LD intramuscular O2 stores are spared,

and the increase in VO2(LD) is more gradual after the first

minute of exercise onset until a new steady-state is
reached. In UL muscles, with a larger reliance on tissue O2

during the initial minute of exercise, VO2(UL) increases

more rapidly from minute one until the new steady-state
is reached. However, in both states, the muscle VO2

dynamics was slower than the muscle blood flow dynam-
ics, which indicates that O2 delivery to the tissue was lim-

ited due to the availability of stored O2 in the tissue.

At exercise onset, the phosphorylation ratio [ADP]/[ATP]
increases exponentially, while the creatine ratio [PCr]/
[Cr] decreases exponentially with the similar time con-

stant (  ≈  ≈ 0.3 min and  ≈

 ≈ 0.45 min), as shown in Figures 10 and 11. So

the model supports the hypothesis that the dynamics of
[ADP]/[ATP] and [PCr]/[Cr] ratios match very well during

τQ
LD τQ

UL

τVO2
LD τVO2

UL

τADP/ATP
LD τPCr/Cr

LD τADP/ATP
UL

τPCr/Cr
UL

Simulated dynamic oxygen uptake responses during a 10-min moderate-intensity exercise bout (WR = 65W) for seden-tary and chronically-loaded/unloaded individualsFigure 9
Simulated dynamic oxygen uptake responses during a 10-min 
moderate-intensity exercise bout (WR = 65W) for seden-
tary and chronically-loaded/unloaded individuals. The range 
of the x-axis is reduced in order to amplify the transient 
changes between loading states. The vertical bar located at 
time = 1 min divides the response into two phases. The initial 
muscle VO2 responses at the onset of exercise (phase I) are 
largely functions of the blood flow response. In phase II, the 
responses are dependent on the intramuscular oxygen 
stores. The time constant of muscle VO2 (τVO2) for loaded, 
sedentary and unloaded muscles was about 0.4, 0.5 and 0.56 
min, respectively.
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Simulated relative contributions from carbohydrates and fats towards the steady-state acetyl-CoA production at rest and during a 10-min moderate-intensity exercise bout (WR = 65W) of a sedentary individualFigure 7
Simulated relative contributions from carbohydrates and fats 
towards the steady-state acetyl-CoA production at rest and 
during a 10-min moderate-intensity exercise bout (WR = 
65W) of a sedentary individual.
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Skeletal muscle blood flow responses to a moderate-inten-sity exercise bout (WR = 65W) for three different muscle statesFigure 8
Skeletal muscle blood flow responses to a moderate-inten-
sity exercise bout (WR = 65W) for three different muscle 
states. The range of the x-axis is reduced in order to amplify 
the transient changes between the chronically-loaded and 
unloaded states. The time constant of blood flow (τQ) for 
loaded, sedentary and unloaded muscles was set as 0.25, 0.35 
and 0.45 min, respectively (Table 1).

0

1

2

3

4

5

6

7

-0.5 0 0.5 1 1.5 2 2.5 3

Time (min)

M
u

sc
le

 B
lo

o
d

 F
lo

w
 (

l/m
in

)

Detrained

Sedentary

Trained

0

1

2

3

4

5

6

7

-0.5 0 0.5 1 1.5 2 2.5 3

Time (min)

M
u

sc
le

 B
lo

o
d

 F
lo

w
 (

l/m
in

)

Detrained

Sedentary

Trained
Page 15 of 28
(page number not for citation purposes)



BioMedical Engineering OnLine 2007, 6:14 http://www.biomedical-engineering-online.com/content/6/1/14
moderate-intensity exercise [74], even in LD and UL mus-
cles. The steady-state [ADP]/[ATP] ratio during exercise for
the UL muscle was about 7% higher than that for LD mus-
cle (Fig 10), suggesting a larger uncoupling between ATP
utilization and ATP formation in the UL muscle. A 7%
greater decline in steady-state [PCr]/[Cr] ratio occurred
during exercise in the UL muscles compared with the LD
muscles as a result of increased reliance on PCr (Fig 11).

Figure 12 shows the net glycogen breakdown rates for the
three conditioned muscle states during a 10-min moder-
ate-intensity exercise bout. In each case, the glycogenoly-
sis initially increases rapidly before slowly decreasing
towards a new steady-state level. It is seen that the net gly-
cogen breakdown rate for UL muscle increases from 0 at
rest to 0.18 mM/min over the 10-min exercise period,
while in the LD muscle, the response shows an increase
from 0 to 0.13 mM/min. Thus, the chronically loaded
muscle utilizes less glycogen for a submaximal exercise
bout.

The increased reliance on glycogen for the unloading state
results in a 10% higher rate of glycolysis during moderate-
intensity exercise compared with the loading state. This
difference ultimately leads to higher concentrations of gly-
colytic intermediates such as glucose 6-phosphate and
pyruvate for the unloading state. Since there were no dif-
ferences in the redox ratio between conditioned states
during exercise, the higher rates of net lactate formation
seen (Fig 13) for chronically-unloaded compared with the
loaded muscle is mainly due to the increase in pyruvate

production from glycolysis during exercise, similar to
what has been seen experimentally [65].

The lactate production rate in muscle tissue during exer-
cise was seen to have a triphasic behavior. At the onset of
exercise, the production of lactate increases rapidly to lev-

Simulated dynamic responses of the net glycogen breakdown in muscle tissue during a 10-min moderate-intensity exercise period (WR = 65W) for sedentary and chronically-loaded/unloaded individualsFigure 12
Simulated dynamic responses of the net glycogen breakdown 
in muscle tissue during a 10-min moderate-intensity exercise 
period (WR = 65W) for sedentary and chronically-loaded/
unloaded individuals. The steady state responses are present 
from time -5 min to time 0 min when the step change in 
work rate (WR) is initiated.
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Simulated dynamic responses of the phosphorylation ratio [ADP]/[ATP] during a 10-min moderate-intensity exercise period (WR = 65W) for sedentary and chronically-loaded/unloaded individualsFigure 10
Simulated dynamic responses of the phosphorylation ratio 
[ADP]/[ATP] during a 10-min moderate-intensity exercise 
period (WR = 65W) for sedentary and chronically-loaded/
unloaded individuals. The steady state responses are present 
from time -5 min to time 0 min when the step change in 
work rate (WR) is initiated.
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Simulated dynamic responses of the creatine ratio [PCr]/[Cr] during a 10-min moderate-intensity exercise period (WR = 65W) for sedentary and chronically-loaded/unloaded individ-ualsFigure 11
Simulated dynamic responses of the creatine ratio [PCr]/[Cr] 
during a 10-min moderate-intensity exercise period (WR = 
65W) for sedentary and chronically-loaded/unloaded individ-
uals. The dynamics of [PCr]/[Cr] ratio matches well with the 

dynamics of [ADP]/[ATP] ratio, with  ≈  ≈ 

0.3 min,  ≈  ≈ 0.35 min, and  ≈ 

 ≈ 0.45 min.
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els around 5-fold higher than that at rest, followed by a
swift drop to resting levels. This transient response occurs
within the first minute, and is the same for all conditioned
states, as depicted in Figure 13. After that, there is an expo-
nential increase, with the new steady-state values reached
by 3 min. The early large production of lactate is consist-
ent with the previous experimental finding by Connett et
al. [44]. The steady-state net lactate production in the
chronically unloaded muscle is about 20% higher when
compared with the loaded muscle. The dynamic
responses for net lactate release from muscle tissue during
exercise for loading and unloading states are displayed in
Figure 14. Initially, the net lactate release (negative of the
shown flux) increased rapidly, with largest changes seen
in the loading state (0.11 to 0.68 mM/min). In about 45
seconds, the net lactate release increased exponentially in
all conditioned states to its new steady-state levels, which
were reached in 4 min. The difference in steady-state lac-
tate release values between chronically unloaded and
loaded muscles was around 17%, as depicted in Figure 14.

The rate of free fatty acid uptake increased exponentially

during exercise, with  = 0.3 min and  = 0.4 min.

The chronically loaded muscle had a 7% higher rate of
free fatty acid uptake compared to the unloaded muscle.
The steady-state rates of acetyl-CoA production during
exercise were similar in all three muscle conditions but the
relative contributions differed from carbohydrates and
fats. Figure 15 shows the relative contribution towards
acetyl-CoA production from carbohydrate and fat oxida-
tions during exercise in sedentary vs. chronically loaded/
unloaded muscle. It is seen that carbohydrates have a

larger contribution to the formation of acetyl-CoA in
unloaded muscle (40% vs. 36%), while fats contribution
is higher in chronically loaded muscle (64% vs. 60%).
Both chronically loaded and -unloaded muscles at rest
have similar tissue respiratory quotients (RQ) of 0.785.
However, during exercise, the RQ for loaded muscle rises
to 0.827, while the RQ for unloaded muscle increases to
0.836.

τFFA
LD τFFA

UL

Simulated relative contributions from carbohydrates and fats towards the steady-state acetyl-CoA production during a 10-min moderate-intensity exercise period (WR = 65W) for sedentary and chronically-loaded/unloaded individualsFigure 15
Simulated relative contributions from carbohydrates and fats 
towards the steady-state acetyl-CoA production during a 10-
min moderate-intensity exercise period (WR = 65W) for 
sedentary and chronically-loaded/unloaded individuals.
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Simulated dynamic responses of the net lactate formation in muscle tissue during a 10-min moderate-intensity exercise period (WR = 65W) for sedentary and chronically-loaded/unloaded individualsFigure 13
Simulated dynamic responses of the net lactate formation in 
muscle tissue during a 10-min moderate-intensity exercise 
period (WR = 65W) for sedentary and chronically-loaded/
unloaded individuals. The net lactate formation has tri-phasic 
behavior.
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Simulated dynamic responses of the net lactate release from muscle tissue during a 10-min moderate-intensity exercise period (WR = 65W) for sedentary and chronically-loaded/unloaded individualsFigure 14
Simulated dynamic responses of the net lactate release from 
muscle tissue during a 10-min moderate-intensity exercise 
period (WR = 65W) for sedentary and chronically-loaded/
unloaded individuals. Negative values correspond to a net 
lactate release from skeletal muscle which has bi-phasic 
behavior.
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Discussion
In this paper, we successfully extended a previously devel-
oped mathematical model of skeletal muscle metabolism
[28,29] by adding necessary biochemical components
that are altered after periods of chronic loading or unload-
ing to quantify some of the underlying key mechanisms
associated with the metabolic responses to constant work
rate, moderate-intensity exercise in these loading states.
The model was first validated with published experimen-
tal data obtained from quadriceps muscle under condi-
tions of moderate-intensity exercise in sedentary
individuals. Once validated, the model was used to simu-
late and predict metabolic responses to moderate-inten-
sity exercise in contracting muscle of individuals who
have been subjected to a period of chronic loading or
unloading.

Parallel activation of metabolic pathways during exercise
We conducted extensive computer simulations using this
model of skeletal muscle metabolism in response to
changes in metabolic rate (simulating work rate changes
in the cycle ergometer) to predict changes in metabolite
concentrations and reaction flux rates during increased
metabolic demand. The aim of these simulations has been
to investigate various mechanisms of respiratory control
to gain understanding on how the cell adjusts its meta-
bolic machinery and processes to activate enhanced deliv-
ery of reducing equivalents (NADH) to the mitochondria
for a sudden increase in the rate of ATP synthesis. During
voluntary muscle contraction, cellular metabolism is
altered and oxygen and fuel delivery is stimulated through
adjustments in convection/diffusion reaction processes by
the ventilatory, cardiovascular, and muscular systems.
Since the current in vivo techniques, such as indirect calor-
imetry, near-infrared spectroscopy, and A-V difference
measurements, can only provide information at the pul-
monary or muscular level, we are limited in deriving infer-
ences about the metabolic control solely based on this
information. Specifically, these techniques can neither
provide reliable measurements of the rate of mitochon-
drial oxygen consumption (VO2 m) nor provide a quanti-
tative relationship of the dependence of VO2 m on ADP, Pi,
NADH and available cellular O2, especially at the onset of
exercise in an in vivo contracting skeletal muscle.

The computational model of skeletal muscle metabolism
that we developed permits quantitative evaluation of cur-
rent hypotheses of pathway activation with increase in
work rate (ATP demand). Specifically, we investigated two
mechanisms of pathway activation: (i) feedback activa-
tion via the products ADP, Pi and NADH and (ii) feedfor-
ward activation through parallel activation of each
reaction in the pathways of ATP formation. Accordingly,
we investigated the effect of increased [ADP] and [Pi]
induced by an increased ATP hydrolysis rate – equivalent

to a change in work rate (WR) – on the activation of gly-
cogenolysis, glycolysis, pyruvate oxidation, fatty acid oxi-
dation, Krebs cycle, and oxidative phosphorylation.
Simulations revealed that the increases in [ADP] and [Pi]
were not sufficient to increase the reaction flux rates of the
reaction processes involved in providing the correspond-
ing amount of reducing equivalents per unit time to the
mitochondria in proportion to the rates of O2 utilization
and ATP turnover (results not shown). We then investi-
gated the effect of simultaneously increasing maximal
reaction velocities (Vmax) of most catalytic reactions par-
ticipating in energy metabolism in proportion to the
increase in metabolic rate (parallel activation as described
in the Methods section). Simulations indicated that only
by altering simultaneously the Vmax parameters of the
reaction flux expressions, it is possible to obtain physio-
logically meaningful predictions of the metabolic
responses to exercise (see Figures 3, 4, 5, 6). Though the
exact mechanisms of "parallel activation" have not been
clearly elucidated, it may in part be attributed to the stim-
ulation of the activities of mitochondrial dehydrogenases
by the levels of free calcium [Ca2+] and/or other enzymes
by catecholamines [29,34-37], which are in fact activated
by neural stimulation [38-40]. The mechanism may also
be attributed to other regulatory mechanisms (known or
unknown), such as the regulation of TCA cycle and oxida-
tive phosphorylation fluxes through phosphates [76], that
have not been accounted for in this phenomenological
model of skeletal muscle bioenergetics.

Muscle oxygen uptake dynamics
Different model-simulated time courses of the increase in
muscle oxygen uptake (VO2) toward its steady-state in
response to a step change in work rate were obtained in
chronically-loaded and unloaded muscle (Fig. 8). There is
evidence that pulmonary VO2 reaches steady-state faster in
a well-trained individual than in a sedentary individual at
the same absolute work rate [27]. However, at moderate
exercise intensities (WR ≤ 40% VO2 max), significant differ-
ences are not seen between trained or loaded and sedentary
subjects until approximately 30 seconds into the exercise
bout [27]. Our simulations show similar findings in muscle
VO2 dynamics, with minor differences between loaded and
unloaded responses earlier in the exercise period.

The differences in the dynamics of muscle VO2 between
loading states at exercise onset may be due to a faster mus-
cle blood flow dynamics and thus increased rate of O2
delivery [25,53], or due to a higher oxidative capacity of
chronically-loaded muscle [70]. Initially, we hypothe-
sized that the differences in muscle VO2 between loading
states were due to the faster blood flow response to exer-
cise in chronically-loaded muscle as observed experimen-
tally [53]. The faster delivery of O2 to contracting muscle
in trained individuals would allow improvements in the
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transient metabolic responses to exercise, thus permitting
a closer coupling between the rates ATP production and
ATP utilization and a decreased reliance on anaerobic
energy sources such as phosphocreatine and glycogen. A
smaller glycogenolytic flux would lead to lower produc-
tion rates of pyruvate and, ultimately lactate, in chroni-
cally loaded muscle.

By performing in silico experiments (i.e., computer simu-
lations), it was possible to examine quantitatively the
source of the differences in muscle VO2 dynamic
responses in the three different loading states. By increas-
ing the rate of muscle blood flow at the onset of exercise,
with different time profiles but same steady-state value,
we could determine if the rate of O2 delivery to contract-
ing muscle is limiting. Model simulation showed that,
during moderate exercise, regardless of the time profile of
blood flow, muscle VO2 increased exponentially with sim-
ilar time constants, τVO2. This suggests that differences in
muscle VO2 dynamics characteristic of these loading states
– during moderate exercise – may be due to cellular adap-
tations in oxidative machinery (i.e., levels of metabolic
controllers and/or enzyme activation) and not to the
kinetics of muscle blood flow.

Phosphorylation ratio differences among muscle loading 
states during exercise
Various experimental studies have observed smaller
increases in [ADP]/[ATP] ratio for trained compared with
sedentary individuals during exercise [62,65]. The differ-
ence in this ratio between chronically loaded and
unloaded muscle in our model is even more drastic (Fig.
9). The increased levels of resting maximal enzyme activ-
ity for the oxidative phosphorylation pathway in trained
muscle are associated with a greater capacity for increasing
reaction velocity and reducing ADP/ATP ratio. In our sim-
ulations, the steady-state oxidative phosphorylation flux
is the same regardless of the conditioned state of the mus-
cle during moderate-intensity exercise; however, in chron-
ically loaded muscle, a lower ADP/ATP ratio is needed in
order to reach this steady-state level. Since this control
ratio plays a major role in fine-tuning the flux rates of gly-
colysis, fat oxidation, and phosphocreatine breakdown, a
lower ADP/ATP ratio would result in a tighter coupling of
the processes of ATP production and utilization and spar-
ing of fuels and energy stores. For instance, phosphocrea-
tine acts as a buffer to maintain ATP homeostasis and the
creatine kinase reaction rate is highly sensitive to changes
in ADP/ATP. Simulations showed a smaller decline in ATP
concentration and less phosphocreatine breakdown at
exercise onset in chronically-loaded muscle during exer-
cise, similar to what is seen experimentally [62,65].

ATP also plays a key role in the activation of both exoge-
nous glucose and fatty acids and in controlling the rates of

glycogen synthesis. Glycogen synthase, the enzyme
responsible for the synthesis of glycogen from G6P, is acti-
vated by ATP. In chronically loaded muscle, there is a
lower net glycogen breakdown when compared with
unloaded muscle during exercise due to increased rates of
glycogen formation as a result of increased ATP levels. A
lower rate of glycolysis leads to a lower rate of lactate pro-
duction as seen in chronically-loaded muscle compared
with unloaded muscle during exercise [13,65]. Since lac-
tate concentrations in muscle were similar during moder-
ate exercise regardless of loading state, the increased
production of lactate was coupled with higher net release
rates in chronically unloaded muscle. This result is in
agreement with experimental observations [13,65,77].

Transient lactate metabolic responses to exercise
A noteworthy observation from our simulations is the
transient response of net lactate production during exer-
cise. At the onset of exercise, net lactate production
increases dramatically, and then declines rapidly to a
value near its resting value before increasing again in an
exponential fashion to its elevated steady-state level (Fig.
13). This is a triphasic behavior. The early large produc-
tion of lactate is consistent with the previous experimental
finding by Connett et al. [44]. The reason for this is
unknown; however, one explanation may be a delay in
the activation of the enzyme lactate dehydrogenase
(LDH). The activation of intracellular enzymes occurs at
the beginning of exercise, and all reaction fluxes increase
proportionately as per parallel activation hypothesis. Lac-
tate and pyruvate are substrates in an equilibrium reaction
catalyzed by the enzyme LDH, which is also coupled to
the redox ratio NADH/NAD+. As exercise starts, NADH
drops rapidly to its new steady-state value, causing the
LDH reaction to shift towards pyruvate production. As
glycolysis increases towards its new steady state, the pro-
duction of pyruvate from carbohydrates increases which
overrides the decrease of NADH, shifting the LDH equilib-
rium back towards lactate production. A more extensive
experimental look at this profile is required to try to deter-
mine the causes of the behavior of this transient response,
or to refute its existence entirely.

Acetyl-CoA production during exercise
Increased flux through fat oxidation pathway leads to
higher rates of acetyl-CoA production from fatty acids in
chronically loaded muscle compared to unloaded muscle
during exercise. Chronically unloaded muscle, with its
higher flux through glycolytic pathway, produces more
pyruvate, which leads to increased levels of acetyl-CoA
from carbohydrates than chronically loaded muscle (Fig.
15). Studies have shown that following endurance train-
ing, insignificant changes are measured both in the total
and active concentrations for pyruvate dehydrogenase
(PDH), the enzyme responsible for oxidizing pyruvate to
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acetyl-CoA [65]. In our model, PDH maximal reaction
velocity was the same for all three loading states. Thus,
reductions in pyruvate oxidation for chronically loaded
muscle during exercise are most likely due to the
decreased availability of pyruvate from glycogenolysis and
glycolysis. Additional inhibition of this reaction by its
product may also play some role, as increased levels of
acetyl-CoA from fat oxidation may inhibit its production
from carbohydrates. While experimental techniques may
not be sensitive enough to measure these fuel differences
between chronically-loaded and unloaded states, espe-
cially at the exercise intensities performed in these simu-
lations, our model predicts that the respiratory quotients
for trained and detrained muscle during moderate-inten-
sity exercise are 0.826 and 0.835, respectively, corre-
sponding to 36% and 40% contributions from
carbohydrates towards the production of acetyl-CoA.

Effect of enzyme activation on reaction flux regulation
We have distinguished the roles of various species and
controllers in regulating flux rates through various meta-
bolic pathways (Appendix B). While each species and con-
troller does serve key functions, we feel it is important to
emphasize that they are responsible only for fine-tuned
regulation. The main regulatory control is achieved
through both the alterations in the ratio of active/inactive
enzyme molecules and different enzymatic adaptations to
training and detraining, as proposed by Hochachka and
Matheson [52]. As we have shown earlier, the maximal
velocity for each enzymatic reaction in our model is cou-
pled with a relative metabolic rate (RMR) term that
increases in parallel with increases in ATP turnover rate.
For our simulated exercise bout (WR = 65W), we could
induce a 14-fold increase in the ATP hydrolysis rate that
we feel is representative of moderate-intensity exercise. In
order for us to closely match this increased rate of ATP-uti-
lization, the ATP-producing pathways must increase its
flux turnover capacity to similar levels. As was mentioned
earlier, it is not possible for this to be achieved strictly
through changes in species concentration only (e.g., feed-
back activation by ADP, Pi and NADH), and thus we felt
it was appropriate to increase the Vmax for each reaction in
parallel by some factor similar for all states (parallel acti-
vation). This approach has been done in other in silico
research that has attempted to study the regulation of ATP
turnover rates during exercise [29,34-37].

Model limitations and future developments
In this model of skeletal muscle metabolism, the cytosolic
and mitochondrial regions were not distinguished. Con-
sequently, for some physiological stresses such as heavy-
intensity exercise, the model may not accurately predict
the dynamics of several metabolite concentrations and
reaction fluxes that are critical in the regulation of cellular
respiration and fuel (carbohydrate, fat and lactate) metab-

olism. For example, the modulators of several key meta-
bolic reactions in cytosol and mitochondria ([ATP]/[ADP]
and [NADH]/[NAD+]) have different concentrations in
these subcellular domains [48]. Another limitation in this
model is that most of the lumped enzymatic reactions in
the cellular biochemical pathways were considered irre-
versible in the direction of product formation. In princi-
ple, almost all cellular metabolic reactions are essentially
reversible [31,33] and are governed by thermodynamic
equilibrium conditions [30,50]. Under typical physiolog-
ical conditions, which are far from the equilibrium, how-
ever, most metabolic fluxes are typically dominant in one
direction although their magnitudes can change during
some pathological conditions.

A more physiologically and biochemically mechanistic
model of skeletal muscle metabolism should include the
distinction of cytosol and mitochondrial domains within
the tissue cells. Also, the subcellular compartmentation
could account for distinct regions of metabolite distribu-
tion, for example, associated with glycolysis [48]. Further-
more, alternative kinetic flux expressions can be based on
Michaelis-Menten formalism for reversible enzymatic
reactions satisfying Haldane relationship that apply for
thermodynamic equilibrium [30,31,49,50]. This would
provide additional thermodynamic constraints on maxi-
mal reaction velocities.

Conclusion
We successfully extended a previously developed model
of skeletal muscle metabolism and obtained agreement
with experimental data under several different physiolog-
ical conditions for sedentary muscle. By selecting kinetic
model parameter values in agreement with alterations in
enzymes contents/activities induced by chronic loading
and unloading, we were able to identify differences in fuel
preference and delivery of arterial species during moder-
ate-intensity exercise. In particular, we were able to exam-
ine – with computer simulations – the impact of cellular
metabolic adaptations induced by chronic unloading/
loading on the dynamics of various exercise responses.
Chronically loaded muscle displayed a faster muscle VO2
kinetic response to a step increase in work rate. Unloaded
muscle oxidized a larger percentage of carbohydrates for
ATP synthesis during exercise. This increase in carbohy-
drates utilization also leads to higher rates of intramuscu-
lar lactate formation. With the proposed enhancements
and with additional metabolic pathways similar to those
of the model of cardiac metabolism [48], a model of skel-
etal muscle metabolism could be applied to test complex
hypotheses involving the integration of cellular metabolic
networks and responses during exercise in individuals
who have undergone periods of training (loading) or
chronic physical inactivity (unloading).
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Appendix A: Dynamic mass balance equations

Table 6: 

Glucose (GLU)

Glucose 6-Phosphate (G6P)

Glycogen (GLY)

Glyceraldehyde 3-Phosphate (GA3P)

1,3-Biphospho glycerate (BPG)

Pyruvate (PYR)

Lactate (LAC)

Alanine (ALA)

Triglycerides (TGL)

Glycerol (GLC)

Free Fatty Acid (FFA)

Fatty Acyl-CoA (FAC)

Acetyl-CoA (ACoA)

Citrate (CIT)

α-Ketoglutarate (AKG)

Succinyl-CoA (SCoA)

V
dC

dtc
c,GLU

G= −φ

V
dC

dtc
c,G6P

GLU= →φ

V
dC

dtc
c,GLY

G6P= φ

V
dC

dtc
c,GA3P

G= 2φ

V
dC

dtc
c,BPG

GA3= φ

V
dC

dtc
c,PYR

BPG

PYR

=

−

→

→

φ

φ

V
dC

dtc
c,LAC

PYR= →φ

V
dC

dtc
c,ALA

PYR= φ

V
dC

dtc
c,TGL

GLC= →φ

V
dC

dtc
c,GLC

TGL= →φ

V
dC

dtc
c,FFA

TGL GL= →3φ

V
dC

dtc
c,FAC

FFA= φ

V
dC

dtc
c,ACoA

PY= φ

V
dC

dtc
c,CIT

ACo= φ

V
dC

dtc
c,AKG

CIT= φ

V
dC

dtc
c,SCoA

AK= φ
Q C CLU G6P a,GLU GLU c,GLU+ −→ σ( )

G6P GLY G6P G6P GLY G6P GA3P+ − −→ → →φ φ φ

GLY GLY G6P−→ →φ

6P GA3P GA3P BPG−→ →φ

P BPG BPG PYR−→ →φ

PYR LAC PYR PYR LAC PYR ALA

ACoA

+ − −

+

→ → →φ φ φ

QQ C C( )a,PYR PYR c,PYR− σ

Q C CLAC LAC PYR a,LAC LAC c,LAC− + −→φ σ( )

Q C CALA a,ALA ALA c,ALA+ −→ σ( )

Q C CTGL TGL GLC a,TGL TGL c,TGL− + −→φ σ( )

Q C CGLC GLC TGL a,GLC GLC c,GLC− + −→φ σ( )

Q C CC GLC TGL FFA FAC a,FFA FFA c,F− − + −→ →3φ φ σ( FFA )

FAC FAC ACoA−→ →φ

R ACoA FAC ACoA ACoA CIT+ −→ → →φ φ8

A CIT CIT AKG−→ →φ

AKG AKG SCoA−→ →φ

G SCoA SCoA SUC−→ →φ
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Succinate (SUC)

Malate (MAL)

Oxaloacetate (OXA)

CO2

O2

PCr

Cr

Pi

CoA

NADH

NAD+

ATP

ADP

AMP

Table 6:  (Continued)

V
dC

dtc
c,SUC

SCoA SUC SUC MAL= −→ →φ φ

V
dC

dtc
c,MAL

SUC MAL MAL OXA= −→ →φ φ

V
dC

dtc
c,OXA

MAL OXA ACoA CIT= −→ →φ φ

V
dC

dt
Q C Cc

c,CO2
PYR ACoA CIT AKG AKG SCoA a,CO2 CO2 c,C= + + + −→ → →φ φ σφ ( OO2)

V
dC

dt
Q C Cc

c,O2
O2 H2O a,O2 O2 c,O2= − + −→φ σ( )

V
dC

dtc
c,PCR

CR PCR PCR CR= −→ →φ φ

V
dC

dtc
c,CR

PCR CR CR PCR= −→ →φ φ

V
dC

dtc
c,Pi

G6P GLY GLC TGL FFA FAC ATP ADP GLY G6P= + + + −→ → → → →2 7 2φ φ φ φ φ

−− − −→ → →φ φ φGA3P BPG SCoA SUC O2 H2O5 64.

V
dC

dtc
c,CoA

ACoA CIT SCoA SUC PYR ACoA FFA FAC FAC A= + − − −→ → → → →φ φ φ φ φ7 CCoA

AKG SCoA− →φ

V
dC

dtc
c,NADH

GA3P BPG LAC PYR PYR ACoA FAC ACoA CI= + + + +→ → → →φ φ φ φφ 35
3 TT AKG

AKG SCoA SUC MAL MAL OXA PYR LAC O2 H2O

→

→ → → → →+ + + − −φ φ φ φ φ2
3 1 88.

V
dC

dtc
c,NAD+

PYR LAC O2 H2O GA3P BPG LAC PYR PYR= + − − −→ → → → →φ φ φ φ φ1 88. AACoA

FAC ACoA CIT AKG AKG SUC SUC MAL MAL OXA− − − − −→ → → → →
35
3

2
3φ φ φ φ φ

V
dC

dtc
c,ATP

BPG PYR SCoA SUC O2 H2O PCR CR ADP A= + + + +→ → → → →2 5 64φ φ φ φ φ. MMP

GLU G6P G6P GLY G6P GA3P GLC TGL FFA FAC

CR PC

− − − − −
−

→ → → → →

→

φ φ φ φ φ
φ

7 2

RR ATP ADP AMP ADP− −→ →φ φ

V
dC

dtc
c,ADP

GLU G6P G6P GLY G6P GA3P GLC TGL FFA FA= + + + +→ → → → →φ φ φ φ φ7 2 CC

CR PCR ATP ADP AMP ADP BPG PYR SCoA SUC

O2

2+ + + − −
−

→ → → → →

→

φ φ φ φ φ
φ

2

5 64. HH2O PCR CR ADP AMP− −→ →φ φ2

V
dC

dtc
c,AMP

ADP AMP AMP ADP= −→ →φ φ
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Table 7: 

1. Glucose Utilization GLU + ATP → G6P + ADP

2. Glycogen Synthesis G6P + ATP → GLY + ADP + 2 Pi

This is lumping of 4 reactions G6P ↔ G1P, G1P + UTP → UDP-GLC + 2 Pi, UDP-GLC + GLYn → UDP + GLYn+1, and UDP + ATP → UTP + ADP.
3. Glycogen Utilization GLY + Pi + G6P

This is lumping of 2 reactions GLY + Pi → G1P and G1P ↔ G6P. The activity of the enzyme glycogen phosphorylase is regulated by AMP and ATP 
[51]; AMP acts as a positive effector (activator) and ATP acts a negative effector (inhibitor) by competing with AMP. So the reaction is controlled by 
CAMP/CATP concentration ratio.
4. Glucose 6-Phosphate Breakdown G6P + ATP → 2 GA3P + ADP

This is lumping of 4 reactions G6P ↔ F6P, F6P + ATP → F16BP + ADP, F16BP ↔ DHAP + GA3P, and DHAP ↔ GA3P. The activity of the enzyme 
phosphofructo kinase in this reaction is assumed to be regulated by the energy metabolite concentration ratio CAMP/CATP.
5. Glyceraldehyde 3-Phosphate Breakdown GA3P + Pi + NAD+ → BPG + NADH

6. Pyruvate Production BPG + 2 ADP → PYR + 2 ATP

This is lumping of 4 reactions 13BPG + ADP ↔ 3PG + ATP, 3PG ↔ 2PG, 2PG ↔ PEP, and PEP+ADP → PYR + ATP.
7. Pyruvate Reduction PYR + NADH → LAC + NAD+

8. Lactate Oxidation LAC + NAD+ + PYR + NADH

φGLU G6P GLU G6P

ATP

ADP

ATP

ADP

ATP

ADP

GL

→ →=
+




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
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

















φG6P GLY G6P GLY

ATP

ADP

ATP

ADP

ATP

ADP

G6

→ →=
+





















V

C

C

K
C

C

C PP

G6P

G6P

G6P

GLY

GLY
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
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K
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C
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K
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1
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9. Alanine Production PYR → ALA

10. Pyruvate Oxidation PYR + CoA + NAD+ → ACoA + NADH + CO2

This reaction links between glycolysis and TCA cycle inside the mitochondrial matrix and contributes to ACoA formation from the carbohydrates.
11. Lipolysis TGL → GLC + 3 FFA

12. Triglyceride Synthesis GLC + 3 FFA + 7 ATP → TGL + 7 ADP + 7 Pi

This is lumping of 3 reactions GLC + ATP → G3P + ADP, G3P + 3FAC → TGL + 3CoA + Pi, 3FFA + 3CoA + 6ATP → 3FAC + 6ATP + 6Pi. For 
simplicity, TGL synthesis from DHAP or GA3P (glycolysis) and FAC has been ignored.
13. Free Fatty Acid Activation FFA + CoA + 2 ATP → FAC + 2 ADP + 2 Pi

This is lumping of 2 reactions FFA + CoA + ATP → FAC + AMP + 2Pi and AMP + ATP ↔ 2 ADP.
14. Fatty Acyl-CoA Oxidation FAC + 7 CoA + (35/3) NAD+ → 8 ACoA + (35/3) NADH

This reaction producing ACoA from the activated fatty acid inside the mitochondrial matrix is highly complex. It is the result of combining 7 cycles 
of reactions in which each cycle consists of 4 enzymatic reactions. For simplicity, FAD and FADH2 are considered equivalent to 2/3 NAD+ and 2/3 
NADH in terms of the amount of ATP production (though they consume equal amount of O2).
15. Citrate Production ACoA + OXA → CIT + CoA

16. α-Ketoglutarate Production CIT + NAD+ → AKG + NADH + CO2

Table 7:  (Continued)
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This is lumping of 2 enzymatic reactions CIT ↔ ICIT and ICIT + NAD+ → AKG + CO2 + NADH.
17. Succinyl-CoA Production AKG + CoA + NAD+ → SCoA + NADH + CO2

18. Succinate Production SCoA + ADP + Pi → SUC + CoA + ATP

Because the reaction GTP + ADP ↔ GDP + ATP is in fast equilibrium, we assume the GTP/GDP ratio proportional to the ATP/ADP ratio.
19. Malate Production SUC + (2/3) NAD+ → MAL + (2/3) NADH

This is lumping of 2 reactions SUC + FAD → FUM + FADH2 and FUM ↔ MAL. FAD and FADH2 are considered equivalent to 2/3 NAD+ and 2/3 
NADH.
20. Oxaloacetate Production MAL + NAD+ → OXA + NADH

21. Oxygen Utilization O2 + 5.64 ADP + 5.64 Pi + 1.88 NADH → 2 H2O + 5.64 ATP + 1.88 
NAD+

This is a sum of several enzymatic reactions at complex I – V that constitute the electron transport chain and oxidative phosphorylation in the 
mitochondrial matrix. FAD and FADH2 are considered equivalent to 2/3 NAD+ and 2/3 NADH. Unlike other reactions, here NADH and NAD+ are 
treated as substrates rather than controllers. Furthermore, 1 NADH is assumed to produce 3 ATP (i.e., P/O ratio = 3 for substrate NADH). To 
account for the proton leak, the stoichiometries for NADH and NAD+ are adjusted to 1.88 and that for ATP, ADP and Pi are accordingly adjusted 
to 3*1.88 = 5.64.
22. Phosphocreatine Breakdown PCR + ADP → CR + ATP

23. Phosphocreatine Synthesis CR + ATP → PCR + ADP

Table 7:  (Continued)
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24. ATP Hydrolysis ATP → ADP + Pi

25. AMP Utilization AMP + ATP → 2 ADP

26. AMP Production 2 ADP → AMP + ATP

Table 7:  (Continued)
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