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Abstract—A complex sequence of electrical and mechanical processes at different levels of the heart
organization provides its pumping function. The force generation by the contractile proteins of
cardiomyocytes requires energy expenditure. In addition, some ion transport mechanisms in the
cell consume ATP to redistribute ions between various cell structures and transfer them to the
extracellular space during the excitation�contraction of the cardiomyocyte. Intracellular
mitochondria are involved in ATP synthesis. We have developed an integrative mathematical
model of a human left ventricular cardiomyocyte, which describes the processes of
electromechanical coupling in the cell, the process of ATP synthesis in mitochondria in the
tricarboxylic acid cycle, and the utilization of ATP by the activities of various pathways. The
integrative model shows that a change in the mechanical conditions of cardiomyocyte contraction
in the normal state (for example, a change in its initial length or applied load) not only affects the
time course of the action potential in the cell but also modulates the processes associated with the
ATP production and utilization. The mechano�dependence of mitochondrial energetics is
provided by a complex system of mechano�electric, mechano�calcium and mechano�metabolic
direct links and feedbacks. Our simulations reveal that despite the mechano�dependent changes,
the ATP level remains within the range of values characteristic of healthy myocardium.
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INTRODUCTION

The mechanisms of excitation�contraction
coupling (ECC) and mechano�electrical feedback
(MEF) are widely studied at different levels of
heart organization, both in physiological and
numerical experiments. Intracellular mecha�
nisms of ECC provide cardiomyocyte contraction
and force generation in response to an electrical

stimulus. The sequence of the excitation�contrac�
tion processes in the heart cell is well studied. It
includes a change in the amplitude of membrane
currents, the redistribution of calcium ions in the
cell, the formation of calcium complexes with
calcium�binding proteins, and the attachment/
detachment of force�generating cross�bridges
between actin and myosin filaments.

MEF mechanisms provide the effect of
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mechanical conditions of myocardial contraction
on electrical processes in the heart muscle. For
example, a change in preload and afterload in the
cardiac cycle leads to a change in the duration of
the action potential (AP) in cardiomyocytes [1]. It
is well known that even in a healthy heart the
myocardial tissue is very heterogeneous. The het�
erogeneity of the myocardium is manifested in the
different structural and functional properties of
the cardiomyocytes. The mechanisms of ECC
and MEF ensure effective excitation of heteroge�
neous myocardial tissue, coordinated contraction
of cardiomyocytes and generation of mechanical
stress [2, 3].

The function of cardiac tissue significantly
depends on the energy of ATP consumed during
the force generation by the cardiomyocyte and in
the pump� and carrier�mediated ion transport
processes. The study of metabolic processes in the
myocardium is necessary for the complex investi�
gation of normal and pathologically damaged
myocardium. It is especially important in cases
where pathological changes are directly related to
the insufficient blood supply to the heart tissue
(hypoxia or ischemia) resulting in a decrease in
the ATP level in the cardiomyocyte.

Electro�mechano�metabolic relationships in
cardiomyocytes are very complex. Their integra�
tive contribution to myocardium work is hard to
assess even in the most comprehensive experi�
mental study. Attempts are being made to clarify
these relationships for local interactions. For
example, Cortassa et al. simultaneously studied
the effect of the frequency of contraction on the
rate of oxygen absorption and the force developed
by the trabecula of rats [4].

Brandes and Bers investigated the effect of
muscle work increase after sarcomere lengthening
and stimulation frequency rise on a fall in mito�
chondrial NADH concentration [5]. Numerous
studies have been conducted on the effect of the
activation of ATP�dependent potassium current
on cellular function and its role in pathological
conditions of the myocardium (see review [6]).

With the help of mathematical models tested on
the available experimental data, we can follow the
direct and inverse relationships between the
observed phenomena, predict the effects of
changes in external conditions on the behaviour

of a cardiomyocyte, and put forward hypotheses
for further experimental verification.

The aim of our work was to develop an integra�
tive mathematical model that allows the study of
the electro�mechano�metabolic relationships in
human ventricular cardiomyocytes in a healthy
and pathologically altered myocardium. To
develop a new model, we used modules that are
well�verified models describing electromechanical
coupling and metabolic processes in cardiomyo�
cytes (see next section for more details). At the first
stage of our research, we studied the activity of car�
diomyocytes under normal conditions. To clarify
the electro�mechano�metabolic relationships in
this model, we altered the mechanical conditions
of cardiomyocyte contraction. In particular, we
examined how the initial length of the cardiomyo�
cyte altered the time course of intracellular pro�
cesses during stationary contractions under
periodic stimulation (steady�state contractions)
and how the applied load under which cardiomyo�
cyte shortening occurs alters cardiomyocyte activ�
ity in a contraction cycle. The integrative model
makes it possible to draw conclusions about the
mechanisms of changes observed when mechanical
conditions change.

INTEGRATIVE MATHEMATICAL MODEL

The developed integrative mathematical model
of the cardiomyocyte of the human left ventricle
consists of modules describing calcium handling,
electrical, metabolic and mechanical processes.
The modules are interconnected by the descrip�
tion of the mechanisms that provide direct and
feedback links between them. The electrome�
chanical module is represented by the recently
developed human cardiomyocyte model TP+M
[7], which, in turn, combines the electrophysio�
logical model of human cardiomyocyte ten
Tusscher�Panfilov�2006 [8] and the previously
developed module of mechanical activity of the
heart muscle and calcium kinetics in cardiomyo�
cytes [9]. The description of metabolic processes
in mitochondria and intracellular ATPases is
taken from the integrative model Cortassa�2006
[4], the species specificity of which has not been
determined. The integration of the human cardio�
myocyte TP+M model and the metabolic module
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was performed by replacing the description of
electrical and mechanical intracellular processes
inherited in the Cortassa�2006 model from the
Rice model [10, 11] with the equations of the elec�
tromechanical TP+M model. For a full list of
model equations, a rheological scheme of the
mechanical module of the model, as well as a list
of parameters and initial values of phase variables
see the Supplementary Material.

The electrophysiological module describes
potassium, calcium and sodium ion membrane
currents and membrane potential (V) in the car�
diomyocyte. The rate of change of the membrane
potential is defined as follows:

(1)

where the first term is the sum of all potassium ion
currents through the cell membrane (including
the ATP�dependent potassium current iK,ATP
added when combining the models; the latter is
necessary for further use of the suggested mathe�
matical model to study effects of cardiac isch�
emia); the second term is the sum of all sodium
ion currents through the cell membrane; the third
term is the sum of all calcium ion currents
through the cell membrane (including the current
of the ATP�consuming membrane calcium pump
ipCa); iNaK is the current of the ATP�consuming
sodium�potassium membrane pump; iNaCa is the
current of the sodium�calcium exchange mecha�
nism on the cell membrane; istim is the stimulating
current simulating the arrival of excitation from a
neighboring cell.

The kinetics of calcium in cardiomyocytes is
directly related to both the AP generation (equa�
tion (1)) and the force generation. The change in
intracellular calcium concentration (Cai) is
described by the differential equation:

(2)

where the multiplier  occurs with a quasi�

stationary description of the total calcium concen�
tration associated with intracellular buffer ligands
other than troponin C in the TP+M model (for
more details, see [12]). The total concentration of
intracellular buffer ligands was reduced if compared
with the TP+M model since calcium exchange with
mitochondria is extracted in a separate module in

the new integrative model; ,  are the flow
of ATP�dependent calcium uptake by the pump
on the membrane of the sarcoplasmic reticulum
(SR) and the flow of passive leakage from SR into
the cytosol; Ixfer is the diffusion of calcium from
the dyadic space, into which calcium enters
through L�type calcium channels during cell exci�
tation (see the Supplementary Material); ibCa is
the background calcium current through the cell

membrane; is the rate of the binding of

calcium to troponin C; is the calcium flow
through the sodium�calcium exchanger on the
mitochondrial membrane (the term was added
during integration with the metabolic

model); is the calcium flow through the cal�

cium uniporter on the mitochondrial membrane
(the term added during integration with the meta�
bolic model); VC, VSR are cytoplasm and SR vol�

umes;  is the ratio of the volumes of

mitochondria and cytoplasm (from the Cortassa�
2006 model); F is the Faraday constant.

In the integrative model, a link between elec�
trophysiological and metabolic blocks emerges
based on ATP dependence and competitive ADP

inhibition of ipCa, iNaK and  currents. To
implement these dependencies, the description of
the activity of each mechanism includes addi�
tional modulating multipliers represented in the
same form as in the original Cortassa�2006 model
[4].

The mechanical activity of a cardiomyocyte is
described by a rheological scheme that contains a
contractile element (CE) that simulates the activ�
ity of cardiomyocyte sarcomeres and elements
that represent the viscoelastic properties of the
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heart muscle [12] (Fig. 1 in Supplementary Mate�
rial). The contractile element is responsible for
the generation of the active force of cardiomyo�
cytes and sarcomere shortening due to the forma�
tion of cross�bridges during the attachment of
myosin heads to actin filaments. The formation of
cross�bridges during the contractile cycle of the
sarcomere is regulated by calcium, which forms
complexes with troponin C (CaTnC) located
along the thin filament. A key feature of the devel�
oped integrative model, inherited from the TP+M
model is the consideration of cooperative mecha�
nisms that make the kinetics of CaTnC dependent
on the number of attached force�generating
cross�bridges (NXB) [9]. In particular, the decay of
the CaTnC complex becomes slower with an
increase in the number of cross�bridges and/or
with an increase in the number of other CaTnC
complexes formed near this complex.

The force generated by the contractile element
(FCE) of the rheological scheme of the model is
proportional to the number of attached cross�
bridges NXB:

FCE = λ × ρυ × NXB, (3)

where λ is proportionality coefficient, ρυ is the
force generated by one cross�bridge, depending
on the sliding velocity of thin filaments along
thick filaments.

In isometric contractions, the length of the car�
diomyocyte (Lsample) remains constant:

Lsample = const. (4)

At the same time, the lengths of all elements of
the rheological scheme, including the contractile
element, elastic and viscous elements, change due
to differences in their biomechanical properties.

The total force developed by the cardiomyocyte
(Fsample) is determined by the forces that develop
the elements of the rheological scheme during its
shortening and lengthening. In isometric mode
(Fig. 2 in Supplementary Material), this force can
be written based on the structure of the rheologi�
cal scheme, as equal to the force of an external in�
series elastic element (FXSE) whose length (l3) is
changed due to the deformation of other ele�
ments:

(5)

where α3 and β3 are coefficients characterizing
the elastic force of the external in�series element
XSE.

Isotonic afterloaded contractions of a cardio�
myocyte (Fig. 2 in Supplementary Material) are
characterized by the constancy of the generated
force, which is equal to some fixed value :

Fsample = . (6)

Lsample varies under isotonic conditions
depending on the applied load.

A link between mechanical and metabolic
block is implemented in the integrative model
similar to the Cortassa�2006 model. An ATP
dependence of the sarcomere force generation
process is not considered in the new integrative
model. Experimental data indicate a low sensitiv�
ity of force generation to changes in ATP in a wide
range [13]. Nevertheless, the model takes into
account the ATP consumption by actomyosin
ATPase in the overall change in the ATP cytosolic
concentration (ATPi) (see equation (8) below). In
the Cortassa�2006 model, the rate of ATP hydro�
lysis by actomyosin ATPase is proportional to the
normalized rate of formation of cross�bridges at
several stages of their attachment to functional
units A7+Tn+Tm (7 monomers of actin + tropo�
nin + tropomyosin). The description of the pro�
cess of formation of cross�bridges in the Cortassa�
2006 model is adopted from the Rice model [14].
Our mechanical module of the TP+M model
describes the kinetics of cross�bridges cycling by a
simpler scheme than in the Rice model. There�
fore, we postulated that the rate of ATP hydrolysis
by actomyosin ATPase (VAM) is proportional to
the number of detachments of the cross�bridges,
which, in turn, is proportional to the number of
cross�bridges at any given moment:

 (7)

where  is the half�saturation constant;

Ki,AM is the inhibition constant of actomyosin
ATPase by cytosolic ADP (ADPi).

The coefficient of the maximum rate of ATP

hydrolysis by actomyosin ATPase ( ) was
selected so that the amplitude of the rate change in
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the cycle corresponded to that in the Cortassa�2006
model.

The metabolic module of the integrative model
inherited from the Cortassa�2006 model contains
a description of the mechanisms involved in sup�
porting the energy needs of the cardiomyocyte.
Specifically, this module describes the complete
cycle of mitochondrial ATP production, ATP/
ADP transport across the mitochondrial mem�
brane, and calcium exchange between cytosol and
mitochondria.

The differential equation describing the change
in the ATP cytosolic concentration directly con�
sumed in the ECC processes is as follows:

(8)

where VANT is ADP/ATP exchange between cyto�
sol and mitochondria via a carrier on the mito�

chondrial membrane;  is the rate of synthesis
of creatine phosphate from ATP by mitochondrial
creatine kinase.

The model assumes that the total concentration
of ATP and ADP nucleotides in the cytosol is a
constant value, which is 8 mM under normal con�
ditions. Then the concentration of cytosolic ADP
is defined as follows:

ADPi = 8.0 – ATPi. (9)

Mitochondrial concentration of ADP (ADPm),

(10)

changes due to the flow of ADP into the mito�
chondria through VANT the binding of ADP on
the active centers of ATP synthase (VATPase) and
the ATP consumption during one of the reactions
of the Krebs cycle when succinyl�CoA converts to
succinate (VSL).

The total concentration of ATP and ADP
nucleotides in the mitochondria in the model is
also constant and is 1.5 mM under normal condi�
tions. The concentration of mitochondrial ATP
(ATPm) is defined as follows:

ATPm = 1.5 – ADPm. (11)

Mitochondria are able to uptake and release
free intracellular calcium via calcium uniporters
and sodium�calcium antiporters. This process can
be considered calcium buffering. Calcium buffer�
ing by mitochondria is not the main storage in the
cardiomyocyte, but it plays an important role in
the relationship between electrical, mechanical,
and metabolic processes in the integrative model,
both because it affects the kinetics of free intracel�
lular calcium and because calcium ions indirectly
control important mitochondrial functions. The
change in the concentration of mitochondrial cal�
cium (Cam) is written as:

(12)

where fm is the fraction of free Cam;  and 
are the calcium flows across the mitochondrial
membrane (see equation (2)).

The translocation of calcium, nucleotides and
protons through the mitochondrial membrane is
electrogenic. Hence, the mitochondrial mem�
brane potential changes (ΔΨm):

(13)

where Cmito is the inner membrane capacitance;
the first four terms relate to proton transfer by var�
ious mechanisms located on the mitochondrial
membrane (respiratory chain carriers, ATP syn�
thase, etc.); the remaining flows are defined in the
descriptions to the equations (8) and (10).

Mitochondrial calcium not only affects the
mitochondrial membrane potential but also stim�
ulates the production of NADH in the Krebs
cycle, increasing the production of ATP.

Combining models required changing some of
the input parameters to reproduce the experimen�
tal data used in the TP+M model verification and
to obtain realistic steady states of the output char�
acteristics of the new model. For example, the ini�
tial simulation of the contraction�relaxation
cycles in the new integrative model showed that
the amplitude of the change in the concentration
of free cytosolic calcium in the cycle (calcium
transient) dropped. The level of free cytosolic cal�
cium obtained was lower than in experiments on
normal human myocardium [15] and then in the
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TP+M model [12]. The available amount of free
calcium in the cytosol could not provide mechan�
ical activation of cardiomyocytes. The amplitude
and time course of the force generated in the
developed model were outside the experimental
ranges [15–17]. To obtain the amplitude of the
calcium transient sufficient for the development
of force in steady�state contractions the rate of
calcium translocation through the calcium uni�

porter on the mitochondrial membrane  was
reduced compared to the value used in the Cor�
tassa�2006 model (from 0.0275 to 0.007 mM/ms)
(see Fig. 3 in Supplementary Material). This
change made it possible to ensure an adequate
level of diastolic and systolic calcium and the
number of cross�bridges, which was sufficient to
generate isometric force and contractions in iso�
tonic conditions.

In addition, the maximum calcium uptake rate
by the SR pump Vmaxup (see Table 3 in Supple�
mentary Material) was reduced compared with the
TP+M model (from 0.00765 to 0.001 mM/ms).
Because of this reduction, the contribution of cal�

cium uptake by the SR pump  to the change
in the rate of intracellular ATP decreased (equa�
tion (8)). This change was necessary since, during
the initial integration of the TP+M model and the
Cortassa�2006 metabolic model, the ATP cytoso�
lic level in steady state contractions fell to values
unrealistic for non�pathological conditions [18].
Our model analysis showed that the greatest con�
tribution to the ATP consumption is in the SR
pump. Therefore, a change in the SR uptake rate
allowed us to preserve the physiological values of
ATP in the cytosol.

These changes, as well as additional species�
specific fine�tuning of the parameters of the
mechanical and electrical modules, allowed us to
obtain a model that correctly reproduces the
amplitude�time characteristics of isometric con�
tractions and corresponding AP recorded in
experiments on human heart muscles [15–17,
19].

Thus, we have constructed an integrative model
of electro�mechano�metabolic activity of a
human cardiomyocyte. The model consists of
44 differential equations and additional algebraic
formulas. To describe the processes in the model,

225 constants are used, the physiological rele�
vance of which has been evaluated and largely val�
idated based on experimental data during the
development of each of the three main modules
combined in this model. The Runge–Kutta
method was used with a step of 0.0025 ms for
numerical integration of the model.

To obtain steady state isometric contractions,
400 cycles were calculated with applying the stim�
ulating current istim (equation (1)) with a fre�
quency of 1 Hz.

In a series of experiments to study the length
dependence of the virtual cardiomyocyte activity,
we compare the time course of various output
characteristics obtained for each given initial
length of Lsample in the last (steady�state) cycle.

When studying the load dependence of the vir�
tual cardiomyocyte activity, the output character�
istics of isotonic contractions obtained under
different loads  (equation (6)) on the first cycle
after the last steady�state isometric cycle were
compared.

The software for calculating the model and
visualizing the results is written in the Borland
Delphi 7.0 environment.

RESULTS

Length dependence of cardiomyocyte function in 
isometric twitches

Using the integrative mathematical model of
the human ventricular cardiomyocyte, we studied
the effect of the initial length (i.e. preload) on
electrical, mechanical and metabolic processes in
the cardiomyocyte in steady�state contractions at
a stimulation frequency of 1 Hz. Similar experi�
ments were carried out on the human myocar�
dium using isolated trabeculae from donors’
hearts, but only the mechanical response of the
preparation was registered [20]. Previously, we
simulated isometric contractions of a cardiomyo�
cyte using the electromechanical TP+M model
[12]. We repeated those mechanical conditions
for numerical experiments in the new integrative
model. In each experiment of the series, under the
same initial conditions, a different initial length
Lsample of the virtual preparation was set. The
length Lsample varied from 80% to 95% of Lmax
(where Lmax corresponds to the length of the sar�
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comere 2.2 μm). The results obtained in steady�
state contractions of the virtual preparations are
compared.

Figure 1 shows the time course of AP changes,
free cytosolic calcium concentration and active
isometric force at different preloads in the new
integrative model. The model reproduces the
main characteristic dependences on the initial
length. Specifically, it has been shown that the
maximum value of the developed isometric force
and the time to reach this value increases with
increasing length (Fig. 1c). The duration of the
relaxation phase of the developed force also
increases with increasing length. The observed
changes are consistent with experimental observa�
tions [20]. The AP duration is smaller at a bigger
Lsample (Fig. 1a). These changes, as we have
already shown earlier, are related to the MEF
mechanisms. Since the model takes into account
the cooperative mechanisms of the dependence of

the formation and dissociation of calcium�tropo�
nin complexes on the mechanical conditions of
contraction, the free cytosolic calcium concen�
tration changes its temporal and amplitude char�
acteristics in response to a change in the initial
length (equation (2), Fig. 1b). These changes, in
turn, affect the calcium�dependent ion currents
that determine AP development (equation (1)).
This part of the results is repeated and consistent
with the results obtained using the TP+M model
[12].

With an increase in preload, a decrease in the
level of free mitochondrial calcium is observed
(Fig. 2a). In particular, when the length changes
from 80 to 95% of Lmax, the diastolic mitochon�
drial calcium concentration decreases from 0.57
to 0.46, that is, by about 20%. These changes are
directly related to alterations in the time course of
free cytosolic calcium (Fig. 1b) since the integra�
tive model takes into account the mechanisms of

Fig. 1. Length dependence in the integrative model. The
time course of the membrane potential (a), changes in the
cytosolic concentration of free calcium (b) and the active
isometric force of the virtual cell (c) in steady state contrac�
tions at different initial lengths of 80–95% of Lmax. AFU
(arbitrary force unit) is used after force normalization to the
maximum value of isometric force observed at initial length
Lsample = 95% Lmax. The arrows show the direction of dis�
placement of the curves with increasing length.

Fig. 2. Length dependence in the integrative model. The
time course of changes in mitochondrial calcium concentra�

tion (a), the rates of the calcium uniporter  (b) and the

sodium�calcium antiporter  (c) across the mitochon�
drial membrane in steady�state contractions of the virtual
cardiomyocyte at different initial lengths of 80–95% of Lmax.
The arrows show the direction of displacement of the curves
with increasing length.



BALAKINA�VIKULOVA, KATSNELSON

JOURNAL OF EVOLUTIONARY BIOCHEMISTRY AND PHYSIOLOGY   Vol.  58  Suppl. 1  2022

S114

calcium ion exchange between the cytosol and
mitochondria (equations (2) and (12)). Figure 2b
shows that the decrease in the mitochondrial cal�
cium concentration over a bigger length is caused
by a shorter period of calcium uptake into the
mitochondria through a mitochondrial calcium
uniporter ( , equations (2) and (12)), which
passes calcium into the mitochondria along an
electrochemical gradient. This mechanism is
active until the free cytosol calcium concentration
remains above the diastolic level. The calcium
transient shortening is accompanied by a shorten�
ing of the uniporter activity period.

Simultaneously with the calcium uniporter, an
antiporter works on the mitochondrial membrane

( , equations (2) and (12)). It removes cal�
cium from the mitochondria in exchange for
sodium ions under normal conditions. Its rate
depends on both the concentration of free cytoso�
lic calcium (Cai) and the concentration of mito�
chondrial calcium (Cam). Figure 2c shows that

the diastolic rate of the antiporter  in the

steady state differs at different initial lengths of the
virtual preparation. The bigger the initial length,
the less the rate is.

In parallel with the increased flow through the
mitochondrial calcium uniporter, the sodium�
calcium mitochondrial antiporter is inhibited by
increased cytosolic calcium. This change reveals a
rapid decrease in antiporter rate compared to dia�
stolic values (Fig. 2c). Then, the antiporter rate
gradually increases, enhancing the calcium
removal from the mitochondria. Moreover, in
steady state contractions, the bigger the initial
length Lsample, the slower the return of the anti�
porter rate to diastolic values.

The calcium uniporter and the sodium�calcium
antiporter are potential�dependent and, in turn,
themselves affect the mitochondrial membrane
potential. According to equation (13), length�
dependent changes in calcium flows through
these mechanisms should affect the time course of
the mitochondrial potential in steady�state iso�
metric contractions. Figure 3a shows that the
potential on the mitochondrial membrane varies
in diastole depending on the initial length. With
an increase in length from 80% to 95% of Lmax,
mitochondrial membrane potential during the
diastole decreases by 4 mV (2.5%). This decrease
value is greater than the magnitude of mitochon�
drial membrane potential change during the
cycle. The profile of changes in mitochondrial
potential during the contractile cycle also differs
depending on the initial length: the smaller the
initial length, the longer it takes for the mitochon�
drial potential to return from systolic to diastolic
values.

Since the proton motive force (not shown) in
the metabolic model is directly proportional and
linearly dependent on the mitochondrial mem�
brane potential, the same qualitative changes in
the time course of the proton motive force are
observed as in the mitochondrial membrane
potential when the initial length changes in the
isometric steady�state cycles.

The concentration of NADH, which is
involved in the oxidation of respiratory substrates
to carbon dioxide and water, is slightly decreased
at bigger initial lengths in the steady�state isomet�

Fig. 3. Length dependence in the integrative model. The
time course of changes in the potential on the mitochondrial
membrane (a), NADH concentration (b) and oxygen con�
sumption rate (c) in the mitochondria in steady�state con�
tractions of a virtual cardiomyocyte at different initial
lengths of 80–95% of Lmax. The arrows show the direction of
displacement of the curves with increasing length.
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ric contractions (Fig. 3b). This correlates with a
decrease in the mitochondrial calcium concentra�
tion (Fig. 2a). In particular, as the length
increases from 80% to 95% of Lmax, the diastolic
NADH concentration decreases by about 3%. It
should be noted that the absolute changes in
NADH levels during steady�state contractions at
a given length compared to other lengths are
much more pronounced than the changes in
NADH concentration during a cycle at a given
length.

Such changes in the mitochondrial membrane
potential, proton motive force and NADH con�
centration lead to quantitative and qualitative
changes in the rate of oxygen absorption (Fig. 3c)
and the rate of hydrogen transport through the
mitochondrial membrane (not shown). The lon�
ger the initial length of the virtual preparation, the
higher these rates, and the shorter the period of
decline to diastolic values.

The ATP formation in the mitochondria is
determined by the amount of ADP available for
synthesis (equation (10)). This ADP enters the
mitochondria from the cytosol in exchange for
synthesized ATP (process rate VANT) and is con�
sumed during the operation of F1F0�ATP syn�
thase (process rate VATPase) and in the reaction in
the citric acid cycle (during the catalysis of the
conversion of succinyl�CoA to succinyl) (process
rate VSL).

All three processes (VANT, VATPase and VSL)
have different rates in steady�state isometric con�
tractions at different initial lengths. The balance
of these three mechanisms ensures an increase in
the mitochondrial ADP concentration with a big�
ger initial length. Since ADP+ATP is a constant
value in the model (equation (11)), then with a
bigger initial length, the steady�state concentra�
tion of ATP synthesized by mitochondria is lower
(Fig. 4b). Note that if the differences in the mito�
chondrial ATP diastolic level between the lengths
of 80 and 90% of Lmax are only about 6%, then a
further change in the initial length by another 5%
(with a change in length from 90 to 95% of Lmax)
leads to a more significant drop in the mitochon�
drial ATP diastolic level by 19%.

The synthesized ATP enters the cytosol from
the mitochondria (Fig. 4a). In steady�state con�
tractions, its level almost does not decrease with

increasing length from 80 to 90% of Lmax. The
concentration difference for diastolic ATP values
in the cytosol for these lengths is 2%. In steady�
state contractions at a length of 95% of Lmax, the
ATP cytosolic concentration decreases more sig�
nificantly, and its decrease is 14% compared to
values at a length of 80% of Lmax.

The energy from ATP decomposition into ADP
and inorganic phosphates is used in the cell by the
SR calcium pump, sodium�potassium pump, sar�
colemmal calcium pump and actomyosin interac�
tion in the process of generating mechanical
force. As already mentioned, in the equations
describing the operation of ion transport mecha�

nisms (ipCa, iNaK current and  flow), their
ATP dependence and ADP competitive inhibi�
tion are determined by special multipliers. As the
initial length increases, these multipliers decrease
with changes in ATP and ADP levels. The multi�
plier associated with the calcium SR uptake is the
most sensitive to changes in the level of ATP in
the cytosol. When changing the initial length from
80 to 90% of Lmax, its contribution to changing

 is reduced by 2.4%, and with a further
increase in length to 95% of Lmax is reduced by
another 16%. The multipliers determining the

Fig. 4. Length dependence in the integrative model. The
time course of changes in the concentration of ATP in the
cytosol (a) and in the mitochondria (b) in steady�state con�
tractions of the virtual cardiomyocyte at different initial
lengths of 80–95% of Lmax. The arrows show the direction of
displacement of the curves with increasing length.
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ATP dependence of the currents ipCa and iNaK
change slightly within 0.5–1.3% with an increase
in the initial length.

Load dependence of cardiomyocyte activity 
in afterload twitches

The integrative model was used to study elec�
tromechanical and metabolic phenomena in car�
diomyocytes during their contraction under
afterload conditions. We considered the isotonic
contraction of a virtual cardiomyocyte under
afterload (see equation (6)) in the next cycle after
the steady�state isometric twitch (Fig. 5, dotted
lines). The initial length of the cardiomyocyte was
Lsample(t = 0) = Linit = 90% Lmax in the experi�
ment shown. In the series of experiments pre�
sented in Fig. 5, the afterload varied from values
of  = 0.9F0 for heavily loaded shortening (dark
grey lines) to  = 0.1F0 for lightly loaded shorten�
ing (light grey lines), where F0 is the maximum
value of the isometric force (dotted lines) devel�
oped by the cardiomyocyte at the initial length

Linit. The proposed numerical experiment makes
it possible to evaluate the instantaneous (in one
cycle) effects of changing the mechanical condi�
tions of contraction, as opposed to experiments
with changes in preload in isometric twitches,
where the effects associated with the accumula�
tion of cycle�by�cycle changes in the behavior of
the cardiomyocyte were revealed.

Modelling the afterload shortening of a virtual
cardiomyocyte in the new integrative model, as in
the TP+M model [7], reproduces the effect of
inactivation of muscle contractility in response to
a decrease in the applied load experimentally
observed on laboratory animal heart preparations
[21]. Figures 5a and 5b demonstrate this effect.
With a decrease in the applied afterload (Fig. 5b),
the rate of muscle isotonic relaxation increases. As
a result, the smaller the afterload, the greater the
difference between the duration of the isotonic
shortening–lengthening phase and the duration
of the period of steady�state isometric twitch,
during which the generated force is higher than

Fig. 5. Load dependence in the integrative model. The time course of changes in the force (a) and length (d) of the virtual car�
diomyocyte, and the cell membrane potential (c) and the mitochondrial membrane potential (d) in steady�state isometric
contraction (dotted lines) and at different afterloads (solid lines). The initial length of the virtual cardiomyocyte Linit = 90%
Lmax. AFU (arbitrary force unit) is used after force normalization to F0, which represents the maximum value of isometric
force developed by the cardiomyocyte at the initial length Linit. The afterload level is set in fractions of F0. The arrows show
the direction of displacement of the curves with increasing afterload. Note, panels (c) and (d) show the first 500 ms of the
cycle.
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the level of applied afterload (Fig. 5a).
We have previously shown that the mechanisms

of ECC and MEF provide membrane potential
change with a decrease in afterload during one
cycle of isotonic contraction relative to the isomet�
ric twitch. The new integrative model reproduces
this effect as well. Figure 5c shows that the AP
duration in the new model has the highest value at
the lowest used afterload. As the load increases, the
AP duration begins to decrease, reaching the values
of the isometric AP, which is 20 ms (7%) less than
with the smallest afterload  = 0.1F0.

The new integrative model shows that the char�
acteristics of the metabolic module are also load�
dependent. The mitochondrial membrane poten�
tial (Fig. 5d) at low afterloads during the period
corresponding to the AP repolarization phase is
less than its isometric values. Then, when AP
passes into the resting potential, the mitochon�
drial membrane potential becomes higher than its
isometric values. These changes may result from
responding to load�dependent alterations in the
time course of intracellular calcium concentra�
tion (Fig. 6c), affecting calcium transporters

across the mitochondrial membrane.
Briefly, the crossover of the curves of the time

course of changes in cytosolic calcium (Fig. 6c)
during isotonic contractions is related to the
mechano�dependence of the kinetics of CaTnC
complexes. At the time of the crossover, very few
CaTnC complexes remain bound, and therefore
their decay almost stops for contractions under
small afterloads as opposed to large afterloads.
Therefore, after crossover, the smaller the load,
the smaller intake of free calcium from the decay�
ing CaTnC complexes into the cytosol. Such
crossover of calcium signals at different afterloads
was observed in experiments on rat cardiomyo�
cytes [22]. The rate of calcium decline to diastolic
levels is the result of a balance between mecha�
nisms of calcium excretion from the cytosol (see
equation (2)). The time course of the change in
calcium flux through the mitochondrial sodium�
calcium exchanger also exhibits a crossover (not
shown) because the rate of its operation  is
inversely proportional to the cytosolic calcium
concentration: the higher the cytosolic calcium
level, the lower its rate. Since, according to equa�

Fig. 6. Load dependence in the integrative model. The time course of changes in the ATP concentration in the cytosol (a) and
in the mitochondria (d), and the concentration of calcium in the cytosol (c) and in the mitochondria (d) in steady�state iso�
metric contraction (dotted lines) and at different afterloads (solid lines). The initial length of the virtual cardiomyocyte Linit =
90% Lmax. F0 is the maximum value of the isometric force developed by the cardiomyocyte at the initial length Linit. The after�
load level is set in fractions of F0. The arrows show the direction of displacement of the curves with increasing afterload.
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tion (13), the  is electrogenic, its changes
result in the appearance of a crossover of the
curves of the time course of changes in mitochon�
drial potential for different afterloads (Fig. 5d).

The acceleration of the CaTnC complexes
decomposition under low loads, caused by the
acceleration of isotonic relaxation, results in the
additional free cytosol calcium, which enters the
mitochondria through a calcium uniporter, also
increasing the level of calcium in it (Fig. 6d).

Figures 6a and 6b present the time course of the
ATP concentration changes in the cytosol and the
mitochondria. As can be seen from the figure, the
lower the afterload, the less the mentioned ATP
concentrations change in the cycle. In our model,
this can be explained by the direct proportionality
of the rate of ATP hydrolysis by actomyosin
ATPase VAM to the number of cross�bridges
formed (equation (7)). Therefore, the lower the
force is held in afterload contractions, the lower
the concentration of cross�bridges, and the lower
the consumption of ATP by actomyosin ATPase.
The exchange of ADP/ATP with mitochondria
(equation (8)) makes it possible to maintain a
higher level of ATP in the mitochondria (Fig. 6b)
at low afterloads.

DISCUSSION

An integrative mathematical model has been
constructed. The model describes in detail the
electrical, mechano�chemical and metabolic pro�
cesses in the human ventricular cardiomyocyte.
Previously, some research groups developed inte�
grative mathematical models that contain differ�
ently detailed descriptions of mechanisms of
ECC, mitochondrial function and metabolic pro�
cesses in cardiomyocytes [4, 2–25].

In these models, the influence of the frequency
of stimulation as one of the fundamental factors
determining the effective functioning of the heart
was most often studied. A model of Hatano et al.
[23] was used for study frequency�dependence of
the electrical, energetic, and mechanical dynam�
ics of individual cells of a 3D sample. In addition,
they demonstrated the spatial distribution of cal�
cium, force, and ADPi during unloaded shorten�
ing and in isometric mode. However, the effect of
mechanical conditions (isometry and unloaded

contraction) was evaluated only by using the time
course of changes in the calcium concentration in
different compartments of the 3D sample. In
addition, the model of Matsuoka et al. reproduces
the effect of anoxia on metabolite concentrations
and sarcomere shortening [25].

We selected one of the models of the Cortassa
et al. group [4] as a basis for the construction of
our integrative model [4]. The Cortassa�2006
model [4] is based on their own metabolic model
[26] and the ECC model of the guinea pig of Rice
et al. [10, 11]. This Cortassa�2006 model is more
detailed, well�validated, and contains a descrip�
tion of the consumption of ATP in the cytosol.
This consumption is taken into account in the
overall balance of ATP/ADP in the cytosol and
mitochondria. Such a detailed description
allowed us to analyze the effect of ECC and MEF
on the energy consumption of a cardiomyocyte. It
will also allow us to further use a new integrative
model for modelling cardiac pathologies associ�
ated with impaired oxygen consumption
(hypoxia, ischemia, etc.).

When constructing our integrative model, the
module used in the Cortassa�2006 model to
describe the electromechanical coupling in a
guinea pig cardiomyocyte [10, 11] was replaced
with the corresponding module from the TP+M
model of a human cardiomyocyte. We have
changed some parameters of the integrative
model for the correct simulation of experimental
data.

Using the developed integrative model, we
demonstrated that a change in the mechanical
conditions of contraction of a virtual cardiomyo�
cyte affects not only its force generation and AP
but also metabolic processes. Such changes are
observed in response to an instantaneous change
in the mechanical conditions of contraction (for
example, in isotonic afterload contractions,
Figs. 5, 6) and in the steady�state conditions (for
example, in isometric twitches at different initial
lengths, Figs. 1–4). It has been shown that in a
healthy myocardium, the ATP level in the simu�
lated myocytes is both length�dependent and
load�dependent. In particular, the load�depen�
dent changes in ATP are comparable to ATP vari�
ations during the isotonic twitches themselves.
Meanwhile, the observed mechano�dependent
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changes remain within 7.7–7.9 mM for cytosolic
ATP and 1.35–1.45 mM for mitochondrial ATP,
except in the case of the biggest preload corre�
sponding to 95% of Lmax (see Fig. 4) where cyto�
solic ATP was around 6.8 mM and the
mitochondrial one 1.1 mM. This modest mech�
ano�dependence may support the hypothesis that
under normal physiological conditions the mech�
ano�calcium, mechano�electro, and mechano�
energy feedbacks in the cardiomyocyte are bal�
anced such that ATP in the cytosol is maintained
at a reliable level sufficient for all mechanical
conditions of contraction [27]. The question of
whether this balance, which provides an energy
resource for the contraction, is preserved in isch�
emia will be investigated in the model later. We
also plan to study the effect of the stimulation fre�
quency on the metabolic and electromechanical
activity of a healthy and pathological human ven�
tricular cardiomyocyte in the model.

Figure 7 shows mechanisms and mediators
involved in the cardiomyocyte in the realization
of direct and feedback links between mechanical,
electrical and metabolic processes in the integra�
tive model of the human ventricular cardiomyo�
cyte. The diagram was built entirely on the basis of
the equations of the combined modules: TP+M
model and Cortassa�2006 model, taking into
account the dependencies between the intracellu�
lar processes considered therein. The diagram also
takes into account the direct and feedback rela�
tionships resulting from the combination of the
models, described in the section “INTEGRA�
TIVE MATHEMATICAL MODEL”. For details
on the construction of both combined models and
the corresponding dependencies, we refer to the
relevant publications describing development of
the electrophysiological model ten Tusscher�Pan�
filov�2006 [8, 28], the mechanical model TP+M
[9, 12], and the metabolic model Cortassa�2006
[4, 26]. The complete set of equations of the inte�
grative model is included in the Supplementary
Material.

The integrative models describe the main pro�
cesses determining the function of the cardiac
cell. They are as follows: Force generation by the
cardiomyocyte and Sarcomere shortening; elec�
trical potential across the cell membrane, chang�
ing in response to excitation signal (Membrane

Potential); electrical potential across the mito�
chondrial membrane, determining its functional
state (Mitochondrial membrane potential).

The main intermediaries involved in the reali�
zation of direct and feedback links are as follows:
concentrations of ATP and ADP in the cytosol
and mitochondria (ATPi, ADPi, ATPm, ADPm);
concentrations of cytosolic and mitochondrial
calcium (Cai and Cam); concentration of cal�
cium�troponin complexes (CaTnC); concentra�
tion of force�generating cross�bridges (NXB);
coenzyme NADH involved in redox reactions,
affecting the formation of enzyme in the tricar�
boxylic acid cycle (TCA cycle intermediates).

The main mechanisms through which the
mutual influence of processes is carried out are as
follows: calcium�dependent calcium currents
(Cai�dependent Ca2+ currents), including the
ATP�dependent current through a membrane
calcium pump (ipCa); ATP�dependent current
through a sodium�potassium membrane pump
(iNaK); current through a ATP�sensitive potas�
sium channel (iKATP); ATP�dependent flow
through the SR calcium pump (Jup); rate of ATP
hydrolysis by myofibrils (VAM); rates of calcium
transfer across the mitochondrial membrane by a
sodium�calcium antiporter and a calcium uni�
porter (VNaCa and Vuni); rate of the adenine
nucleotide translocator (VANT); rate of mitochon�
drial ATP synthase (VATPase); rate of proton
transfer across ATP synthase (VHu); rate of respi�
ratory chain proton pumping (VHNE); rate of oxy�
gen consumption (VO2); rate of conversion of
succinyl�CoA to succinate during hydrolysis
(VSL); rates of reactions in the tricarboxylic acid
cycle associated with isocitrate dehydrogenase
and α�ketoglutarate (VIDH and VKGDH).

Earlier, we carried out an analysis of the mutual
influence of electrical and mechanical phenom�
ena in cardiomyocytes [12, 29, 30]. Intracellular
calcium plays a significant role in these interac�
tions (Fig. 7, left part of the diagram). Its concen�
tration during the contraction�relaxation cycle
determines the amount of calcium–troponin
complexes formed. The number of force�generat�
ing cross�bridges (NXB) is determined by the
available binding sites on actin resulting from the
formation of CaTnC complexes, the sliding
velocity of thin sarcomere filaments along the
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thick ones and the degree of their overlap. On the
other hand, the lower the concentration of cross�
bridges attached to thin filaments near the CaTnC
complex, the faster decay of this complex (coop�
erativity mechanism accounted for in the model).
These mechanisms provide mechano�calcium
forward and reverse effects.

In addition to force generation, calcium plays a
significant role in the generation of the cell mem�
brane AP. Changes in the intracellular calcium
concentration (Fig. 7, Cai) alter calcium�depen�
dent membrane currents, determining the dura�
tion and amplitude of the AP, which affects all
potential�dependent currents, including calcium�
dependent ones.

Direct and inverse relations between electro�
mechanical and metabolic processes are imple�
mented in the model by (a) buffering cytosolic
calcium by mitochondria; (b) ATP utilization in
energy�dependent ECC processes.

When the mechanical conditions of cardio�
myocyte contractions change, cooperative mech�
anisms of mechano�calcium feedback alter the
amplitude and duration of the calcium transient.
The calcium exchange between the cytosol and

mitochondria affects the level of mitochondrial
calcium (Fig. 7, Cam). Mitochondrial calcium
regulates the rate of NADH production in the tri�
carboxylic acid cycle.

The model includes ATP�consuming pro�
cesses, which play a role at different stages of ECC
and MEF. The amount of ATP in the cytosol
depends on the activity of these processes (Fig. 7,
ATPi). In particular, the calcium translocation by
the SR pump (Fig. 7, Jup) and the membrane
pump (Fig. 7, ipCa), being dependent on cytosolic
calcium, requires energy for the pumps to operate.
The ipCa current affects the membrane potential
as well. The velocity of the sodium�calcium pump
(Fig. 7, iNaK) also depends on ATP and affects the
membrane potential. The ATP�sensitive potas�
sium current (Fig. 7, iKATP) is inactive in healthy
cardiac tissue. However, it can significantly
increase during anoxia when ATP become less
available. This increase in iKATP can significantly
affect AP duration and resting membrane poten�
tial in ischemic conditions.

The model does not describe the ATP�depen�
dence of the detachment of the force�generating
cross�bridges. However, the model accounts for

Fig. 7. Interrelation of processes in the electro�mechano�metabolic integrative model of the human ventricular cardiomyo�
cyte. Three different groups of frames are for (1) the main processes that determine the function of the cell (shaded frames
with black text); (2) the main intermediaries in the system of direct and feedback processes in the model (shaded frames with
white text); and (3) the main mechanisms through which the mutual influence of processes is carried out (unshaded frames).
The direction of the arrows corresponds to the direction of influence on the processes, mechanisms, and quantitative and tem�
poral characteristics of the elements in the scheme. See the text for further details.
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the consumption of ATP by the actomyosin
ATPase (Fig. 7, VAM). The transport of ATP
through the mitochondrial membrane (Fig. 7,
VANT) is another link between electromechanical
and metabolic processes. In addition, VANT main�
tains the required level of ATP in the cytosol due
to the ATP translocation from mitochondria to
the cytosol and the ADP return to the mitochon�
dria. The ATP/ADP transfer process affects the
mitochondrial membrane potential. The obtained
difference of electrochemical potentials on the
mitochondrial membrane serves as a mover for
the operation of ATP synthase (Fig. 7, VATPase)
and the transfer of hydrogen protons (Fig. 7, VHu,
VHNe), as well as the processes of calcium transfer
through the mitochondrial membrane (Fig. 7,
VNaCa, Vuni). One of the main processes of mito�
chondrial metabolism is cellular respiration. It
also depends on the mitochondrial potential and
governs the NADH level, which ultimately deter�
mines the rates of enzymatic reactions in the tri�
carboxylic acid cycle. In addition, some of these
reactions are affected by the ADP/ATP level in
mitochondria.

Thus, the developed model describes a large
number of mechanisms that provide electro�
mechanical�metabolic interaction in human ven�
tricular cardiomyocytes. It can be used to explain
physiological and pathophysiological phenomena
in the heart on the cellular level and to hypothe�
size about underlying mechanisms. However, it is
worth noting that the model has its limitations.

In particular, the model does not describe the
function of mechanosensitive ion channels. These
membrane channels activate in response to
changes in mechanical conditions of contraction.
Mechanosensitive current can contribute to slow,
cycle�to�cycle AP changes in response to cardio�
myocyte deformation [31]. Experimental evi�
dence of the function of stretch�activated
channels in cardiomyocytes remains contradic�
tory (for more details, see [12]). We have argued
(ibidem) that the length�dependent CaTnC com�
plexes kinetics accounted for in our model rather
than stretch�activated channels are responsible
for the mechanical dependence of AP on preload
under isometric conditions and afterload under
isotonic conditions.

Another factor that could expand the model’s

applicability would be accounting for the role of
nitric oxide (NO). NO is involved in many mech�
ano�transduction pathways in the cardiomyocyte.
NO regulates ion channel activity, calcium han�
dling, cell energetics, etc [32]. Even though the
NO synthesis from L�arginine does not require
ATP energy, the reaction is oxygen�dependent.
Therefore, when studying pathologies associated
with insufficient blood supply to the myocardial
tissue, taking into account the function of NO
would be valuable.

Despite the limitations outlined above, the
model is operational for studying the effects of
pathological conditions, particularly those asso�
ciated with ischemia (as the most common
pathology of the cardiovascular system). In
recent decades, numerous computational mod�
els have been developed describing the mecha�
nisms of ischemia and reperfusion of the
myocardium at different levels (from the cellular
level to the level of the whole heart) [33–36].
Most of the models developed describe the
effects of acute ischemia on myocardial electro�
physiology, whereas the effects on myocardial
contractile activity are poorly studied in the
models. In the integrative model of the cardio�
myocyte developed by Miсhailova and co�
authors [37], the effect of metabolites in normal
and pathological concentrations is studied not
only on the time course and amplitude of ionic
currents (iKATP, iCaL) and AP, but also on the
kinetics of CaTnC complexes, which play an
important regulatory role in force generation by
cardiac muscle. Previously, we also used the
guinea pig cardiomyocyte electromechanical
model to study the electrical and mechanical
activity of cardiomyocytes from different regions
of the heart wall during the development of
acute ischemia [38].

In the integrative model of electro�mechano�
metabolic activity of a human cardiomyocyte that
we have developed, it will be possible to simulate
the factors observed under conditions of acute
ischemia. In particular, we can simulate the
effects of an increase in external potassium con�
centration [39] and acidosis associated with a
decrease in the fast sodium current iNa [40] and a
decrease in the L�type calcium current iCaL [41].
In addition, when the models were combined, a
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description of the ATP�dependent current iKATP
was added, which is activated when ATPi
decreases due to hypoxia and acidosis [42].

Modeling of these factors may be used to study
the processes of electromechanical coupling and
bioenergetics during acute ischemia in human car�
diomyocytes. The data obtained in such a study
will help determine the role of mechano�depen�
dence of intracellular processes in cardiomyocytes
during ischemia and answer the questions of
whether it is enhanced or attenuated, whether it
plays a protective role in maintaining cell function,
or whether it causes additional disorders.

CONCLUSIONS

We have developed an integrative model of the
human ventricular cardiomyocyte that describes
the complex relationships between the processes of
its excitation, force generation, and metabolic pro�
cesses within it. Within the framework of the
model, it is shown that loading conditions affecting
the contractile activity of the myocyte can both
alter the course of electrophysiological processes in
it and affect the processes of ATP production and
consumption. The model can be used to simulate
and analyze the subtle interrelationships of the pro�
cesses observed in normal and pathological myo�
cardium both at the level of a single cell and at the
level of the whole heart when the cellular model is
incorporated in three�dimensional models.
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