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ARTICLE INFO ABSTRACT
Keywords: We explored an in silico model of muscle energy metabolism and demonstrated its theoretical
Kinetic and thermodynamic analyses plausibility. Results indicate that energy metabolism triggered by activation can capture the

Mitochondrial bioenergetics

Muscle work performance efficiency
Exergy destruction

Entropy generation

muscle condition, rest, or exercise, and can respond accordingly adjusting the rates of their
respiration and energy utilization for efficient use of the nutrients. Our study demonstrated
during exercise higher respiratory activity causes a substantial increase in exergy release with an
increase in exergy destruction, and entropy generation rate. The thermodynamic analysis showed
that at the resting state when the exergy destruction rate was 0.66 W/kg and the respiratory
metabolism energetic efficiency was 36% and exergetic efficiency was 32%; whereas, when the
exergy destroyed was 1.24 W/kg, the energetic efficiency was 58% and exergetic efficiency was
50% during exercise. The efficiency results suggest the ability of the system to regulate itself in
response to higher work demand and become more efficient in terms of converting energy coming
from nutrients to useable energy when the circulating medium has sufficient energy precursor.

1. Introduction

The prevalence of deaths due to heart disease in the US increased by almost 6% between 2010 and 2016 [1,2]. One of the major
causes of heart failure is a decline in muscle efficiency [3-5]. As people age between 20 and 80 years, there is a decline of approxi-
mately 25-30% in muscle efficiency [6]. This decline is attributed to the loss of muscle mass and function related to aging [7-9], which
in turn rely on mitochondrial functioning to support cellular energetics.

Muscle cell bioenergetics rely mostly on mitochondria, the powerhouses of the cells, that regulates energy supply and energy-
sensitive signaling pathways, production, and signaling of reactive oxygen species, calcium homeostasis, and apoptosis [10].
Although under normal cardiac conditions, fatty acid oxidation is responsible for energy flow, where lower glucose metabolism is
contributed, under stress conditions, fatty acid oxidation may be reduced and glucose metabolism compensates for energy demand.
Energy production occurs in the mitochondria via a relative chemical reaction cascade, tricarboxylic acid cycle (TCA), oxidative
phosphorylation, and metabolic transport reactions. Schematic description of the muscle cell is provided in Fig. 1 where, in a cyclic
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pattern, ATP is produced in the metabolism and then hydrolyzed in the muscle machinery into ADP + P; to fuel the work performance.
The cycle is completed after reconverting ADP + P; into ATP in the energy metabolism. If sufficient nutrients are provided to the
metabolism, the higher the amount of ADP and Pi circulating in the system, the higher will be the ATP production rate, and subse-
quently, the higher will be the work performance rate. Mammalian cells can change their rate of energy metabolism by adjusting their
rates of respiration and ATP utilization, for efficient use of the energy or exergy extracted from the nutrients [11]. The conversion
efficiency of the chemical energy into mechanical power in the muscle is not constant and shows variability due to changes of
physiological conditions of the muscle, like temperature, ion concentration in the medium and the age of the subject, the amount of
nutrients (e.g. glucose, ADP) etc. Under the steady state conditions, the ATP production and hydrolysis rates are balanced. Muscle work
efficiency 1. is described (Eq. (1)) as a combination of the metabolic efficiency of ATP production, #,,eaporism> and the mechanical
efficiency of the work performance by the muscle fibers, #,,.chanicar [121,:

Nnascte = Metavotisn) Mechanicar) (€D)]

In equation (1), 7t iS referred to as the first law muscle work efficiency and defined as (energy utilized by the muscle for work
performance)/(energy extracted from the nutrients). In this definition #,,,.q0ism i defined as the (energy of the ATP produced in the
energy metabolism)/(energy of the nutrients allocated for the ATP production) and #,,.chanicat iS defined as the (work performed by the
muscle)/(energy of the ATP produced in the energy metabolism). When the terms of equation (1) are expressed in terms of exergy,
instead of energy, #,,,,sq. is referred to as the second law muscle work efficiency. Metabolic efficiency, #etapoiism> Was used to evaluate
ideal muscle work performance [13] and the brain energy metabolism [14-16] and has been the subject of numerous experimental
studies [4,17,18].

The laws of thermodynamics have an informative role in the analysis of systems and devices where energy transfer and trans-
formation occur. The conversion of chemical energy into mechanical energy and heat constitute a thermodynamic system. The living
systems convert chemical energy into mechanical work and heat for several tasks e.g. movement, respiration, and thermal regulation,
etc. Muscle is a thermodynamic device that is able to transduce chemical energy coming from metabolism into mechanical energy.
Muscle bioenergetics provide insight to how much chemical energy is used to expand work and how this energy transaction varies in
different conditions. Therefore, it is appropriate to describe muscle energetics in thermodynamic terms. Thermodynamic assessment
reveals how efficiently a system is performing under the prescribed conditions. Exergy is a theoretical maximum useful energy that can
be extracted from a system to perform work. Experimental and theoretical [13] approaches of muscle efficiency estimations may help
to assess the degree of muscle loss, the effect of aging and longevity. Estimating exergy efficiencies of a system or subsystem is more
informative than estimating energy efficiencies since energy flow from/to a system is regulated by the exergy content of the system.
Exergy analysis helps to separate inefficiencies of the system that occur due to effluent losses and those due to irreversibilities.
Fundamental principles of thermodynamics including exergy analysis have been extensively used to study metabolism [12,19-23] and
systems interaction with surroundings within the context of thermal body comfort [24,25], aging or the effect of the physical activity
level on lifespan entropy generation [26-28]. In mammalian cells, energy balance regulation of metabolism has long been a subject of
investigation, in particular, regulation of mitochondrial energy synthesis has been a prior interest [16,29]. Mitochondrial metabolism
fulfills kinetically and thermodynamically complex tasks under normal condition, excess food, starvation, and control of ATP pro-
duction. In those conditions the mitochondrial respiratory activity is controlled by the amount of ADP and phosphate available in the
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Fig. 1. Schematic representation of the skeletal or cardiac muscle cell energetics.
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cell. In the literature although the overall work performance efficiency of the muscle cell, #,,,..» in €q (1), has been studied, there are
only very limited studies regarding the effect of the availability of the energy precursor ADP on the efficiency of the muscle machinery.

An impulse ATP input to mitochondria was employed to represent the operating conditions of the muscle machine and the response
of the system to these impulses were simulated. When the Gibbs free energy change of a system is zero, the ATP production and
hydrolysis rates will be balanced, implying that the ATP hydrolysis and synthesis take place at the same rate. In healthy cells, Gibbs free
energy is far from equilibrium with their environment, which enables cells to hydrolyze the pre-synthesized metabolic ATP to fulfill
intra- and extracellular tasks [16].

This study tries to find an answer to the question of “how efficiently the muscle system uses this energy precursor availability for the
demands of energy production?’’considering different conditions. In this proof of concept, we make use of cascades of metabolism (e.
g., glycolysis and the production of energy carrying molecules) via in silico models to explore cardiac muscle system and respiratory
activity in terms of thermodynamic indicators, including energy and exergy efficiencies, at rest and during moderately intense
treadmill exercise (5Smph) with normal level and higher level of energy precursor in the circulating medium, respectively. Kinetic and
thermodynamic models of metabolism showed that a higher amount of energy precursor, ADP, availability during exercise accom-
panied with larger amounts of ATP utilization to fulfill work demand which leads to higher amounts of oxygen consumption and heat
release due to higher intensity of the metabolism leaving the system energetically and exergetically more efficient. Higher thermo-
dynamic efficiency analyses point to the muscle systems ability to regulate itself to energy or substrate availability and work
conditions.

2. Material and methods
2.1. The muscle system

A model depicting the kinetics of a muscle cell is presented through a set of reactions, which include those involved in the TCA
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Fig. 2. Schematic representation of the flow diagram of the metabolites: (1) pyruvate dehydrogenase; (2) citrate synthase; (3) aconitase (4) iso-
citrate dehydrogenase; (5) a-ketoglutarate dehydrogenase; (6) succinyl-CoA synthase; (7) succinate dehydrogenase; (8) fumarase; (9) malate de-
hydrogenase; (10) nucleoside diphosphokinase; (11) glutamate oxaloacetate transaminase; (C1) complex I; (C3) complex III; (C4) complex IV; (ANT)
adenine nucleotide translocase and (F;Fy) F1-Fo ATPase. ACCOA, acetyl-CoA; ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP,
adenosine monophosphate; ASP, aspartate; AKG, o-ketoglutarate; CIT, citrate; Cth2+ (oxid), oxidized cytochrome C; COQ, oxidized ubiquinol;
Cth2+ (red), reduced cytochrome C; (QHy), reduced ubiquinol; COAS, CoA-SH; GLU, glutamate; GTP, guanosine-5'-triphosphate; GDP, guanosine-
5'-diphosphate; NAD, nicotinamide adenine dinucleotide; NADH, reduced form of nicotinamide adenine dinucleotide; PYR, pyruvate; OAA,
oxaloacetate; ICIT, isocitrate; SCOA, succinyl-CoA; SUC, succinate; FUM, fumarate; MAL, malate; CO, carbon dioxide; Pi, inorganic phosphate. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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cycle, pyruvate dehydrogenase reaction, oxidative phosphorylation cascade, passive movement of metabolites from the cytoplasm to
the inner-membrane, anti-transporter reactions from the inner-membrane to the matrix, H+ leakage, H2PO4-/H-+ cotransporter ac-
tivity, as well as metabolite exchange reactions (antiports) and transport fluxes shown in Fig. 2. The model also incorporates hexo-
kinase activity, which is essential for the phosphorylation of six-carbon sugars to initiate glycolysis as the first step in breaking down
glucose to extract energy for cellular metabolism.

2.2. Kinetic and thermodynamic analyses

Kinetic model of Wu et al. [34], was employed with ex vivo measured enzyme activity and transporter-kinetic parameters adapted
from an isolated heart mitochondrion [30,31] and an in vivo skeletal muscle [32,33]. The model simulated unsteady state passive
permeation, anti and co-transport, oxidative phosphorylation, and TCA cycle fluxes during both rest (with 0.1 mM ADP concentration)
and exercise (with 1.3 mM ADP concentration). Table 1 presents the kinetic reactions for the TCA cycle and oxidative phosphorylation
in the model. The metabolic pathway of the respiratory chain was simulated using the COPASI modeling platform with the deter-
ministic Livermore ordinary differential equation solver, with a time step of 0.5 ms for 30 s. The model included variations in the
concentrations and fluxes of metabolites involved in the pyruvate dehydrogenase reaction, oxidative phosphorylation cascade, passive
permeation of metabolites from the cytoplasm to the inner-membrane, anti-transporter reactions from the inner-membrane to the
matrix, H+ leakage, and H2PO4-/H+ cotransporter activity. The model also accounted for hexokinase activity, which is necessary for
the initiation of glycolysis, the first step in the breakdown of glucose for cellular metabolism.

The kinetic model combined with the laws of thermodynamics to investigate systems responses. Thermodynamic properties of the
metabolites such as transformed Gibbs free energy of formation, standard transformed enthalpy of formation and chemical exergies
were determined at the physiological temperature, pH and ionic strength (Table 2). The model was built on several assumptions,
including the system functioning under unsteady-state conditions with moving boundaries, aerobic respiration being the dominant
glucose metabolism pathway, and all model reactions following Michaelis-Menten enzyme kinetics, passive permeation or rapid
equilibrium random Bi-Bi mechanism for aspartate and glutamate transport [34]. The system was isothermal with a uniform tem-
perature (T = 310.15 K) distributed throughout the subsystems, and the environmental temperature set to TO = 298.15 K. The system
boundaries allowed for mass and energy transfer and defined the control volume. Furthermore, the mechanical power of the system
was determined based on the cardiac cycle of a 45 kg miniature Yucatan swine [35], and it was assumed that the cardiac cells
completely oxidize pyruvate.

The transformed Gibbs free energy of formation, Agf i transformed enthalpy of formation, AthJ, and chemical exergy, b, of each

metabolite are calculated as described by Alberty 2005 [36] under the conditions prevailing in the muscle
(pH =7.27,T = 310.15K,and I = 0.14M) and listed in Table 2. Transformed Gibbs free energy of formation and standard transformed
enthalpy of formation of the metabolites are calculated at the physiological conditions as:

T T, RTa(T)I2
Agj, =7 0g), + (1 - 7) Y} (= rs) = gl +2.303n, RTpH @
RTpI:
ARl = AR+ (Z —ny; 3
fi it 1+ B (Z nHJ) 3

where « is Debye-Hiickel constant (kg'/2mol~1/2), p is the coefficient for ionic strength, n is the number of hydrogen atoms, R is ideal
gas constant (J/Kmol), T is temperature (OK), B, is empirical constant in the extended Debye-Hiickel equation (kgl/ 2mol %) and z is

Table 1
TCA cycle and oxidative phosphorylation metabolic reactions occurring in a muscle cell. Cytoplasm, inner-membrane and mitochondria donated as
subscripted c, i and x, respectively.

Enzyme Reactions Ahyy, (kJ/mol) Agixn (kJ/mol)
Hexokinase GLC, + ATP, — G6P, + ADP, + H, —22.42 —20.71
Pyruvate dehydrogenase PYR, + COAS, + NAD, — ACCOA, + NADH, + CO,y + Hy —127.42 -182.12
Citrate synthase ACCOA, + OAAy + H0y — CITy + COASy + 2Hy —1321.99 —47.89
Aconitase CITy — ICITy 1515.17 6.65
Isocitrate dehydrogenase ICITy + NADy + Hy0y — AKGy + COoy + NADH, + 2H, —532.98 —7.54
a-ketoglutarate dehydrogenase AKGy + CoAy + NADy — SCoA, + COo + NADH, + Hy —724.33 —188.90
Succinyl-CoA synthetase SCoAy + GDPy + Piy — SUC, + CoAy + GTPy —599.23 0.85
Succinate dehydrogenase SUC + COQy — FUM, + QHyy 131.30 -1.35
Fumarase FUMy + HoOx ->MALy —-1277.11 -3.59
Malate dehydrogenase MAL, + NADy - OAA, + NADH, + Hy 2215.30 25.96
Glutamate oxaloacetate transaminase ASP, + AKGy, — OAA, + GLU, —27.65 —1762.69
Complex I NADHy + COQy + 5Hy — NADy + QHox + H; 30.55 —66.51
Complex IIT QHay + 2Cox; + 2Hy — COQy + 2Cred; + 4H; —-2.77 —39.64
Complex IV 2Cred; + 0.5 Oo + 4Hy — 2Coxx + 2H; + Hy0 —182.55 —116.40
F1F0-ATPase ADP, + Piy + Hy + 3H; - ATPy + H,04 + 3Hy —-116.76 —38.93
Overall TCA PYR + 4NAD + COQ + ADP + Pi + 5H20 — 4NADH + QH, +ATP +3CO, +4H —212.61 —356.59
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Table 2

Concentration and thermodynamic properties of the metabolites under biophysical conditions (pH = 7.27, T = 310.15K, and I = 0.14M) in the muscle
cell at condition during exercise by experimentally adding extra free ADP while ATP synthesis is taking place.

Metabolites Ah}j (kJ /mol) AngJ, (kJ /mol) B, (kJ /mol) RTIn(c) (kJ /mol) B, + RTIn(c)
+4gf; (kJ /mol)

T =0s T = 30s T =0s T = 30s
ACCOA -1.04 —48.68 12672.5 —65.08 —53.45 12558.74 12570.37
ADP —2627.26 —1386.14 5851.38 —29.70 —-30.73 4435.54 4434.51
AKG 0.00 —620.74 2061.23 —62.55 —47.43 1377.94 1393.06
ASP —945.14 —433.25 1783.55 —41.02 —47.90 1309.28 1302.40
ATP —3617.35 —2253.27 6720.93 —38.38 —32.58 4429.28 4435.08
CIT —1513.82 —949.79 2475.46 —53.76 —52.57 1471.91 1473.10
CO, —692.25 —543.72 414.23 —27.74 —27.74 —157.23 —157.23
COASH —0.20 —4.59 11850.04 —33.72 —33.18 11811.73 11812.27
CcOoQ -31.12 3950.32 22734.82 —29.03 —31.64 26656.11 26653.50
Cox 311 —6.52 16352.69 —33.39 —34.11 16312.79 16312.06
Cred 1.38 —27.41 16352.69 —47.50 —36.97 16277.78 16288.31
FUM —776.70 —516.99 1648.98 —51.36 —36.64 1080.63 1095.35
G6P —2278.85 -1277.03 3343.03 -71.29 —70.95 1994.71 1995.05
GDP —2627.26 —1386.14 5851.38 —31.49 —32.51 4433.75 4432.73
GLC —1266.34 —389.19 2473.47 —-53.47 —53.47 2030.81 2030.81
GLU —-982.31 —347.06 2653.41 —-31.20 —32.03 2275.15 2274.32
GTP —3617.35 —2253.27 6720.93 —57.53 —34.67 4410.13 4433.00
H,0 (aq) —191.86 —149.41 1.99 —41.58 —41.58 —189.00 —189.00
ICIT 1.35 —943.14 2475.46 -59.70 —61.97 1472.62 1470.35
MAL —2245.67 —669.99 1650.97 —56.06 —32.02 924.92 948.96
NAD —8.65 1140.48 10372.87 —36.52 —39.65 11476.83 11473.70
NADH —-39.89 1204.85 10372.87 —53.47 —37.43 11524.25 11540.29
0, -11.7 17.53 3.97 —42.70 —42.70 —21.20 —21.20
OAA 0.87 —708.40 1650.97 —66.51 —62.53 876.06 880.04
Pi —1298.71 —1055.47 871.54 —52.25 —35.91 —236.18 —219.84
PYR —596.91 —341.32 1236.74 —53.47 —62.44 841.95 832.98
QH, —31.81 3948.18 22734.82 —60.06 —36.04 26622.93 26646.95
SCOA -1.04 —334.88 13497 —35.90 —37.92 13126.22 13124.20
suc —908.69 —517.78 1648.98 —57.82 —34.85 1073.38 1096.35

valence. At a given pH some biochemical species like ATP can be at different valence states like ATP*~, ATP®~, and ATP?". The
standard Gibbs free energy of these species were calculated as the sum of the Gibbs free energies of each fraction. The pH of the
mitochondrial matrix of the cell is calculated via; pH = —log[H "] and assumed to be constant through the simulation time and ionic
strength is estimated considering the ionic gradient of a mitochondrial matrix of the cell [37].

Exergy of a metabolite is the sum of the exergies of its elements, b, transformed Gibbs energy of formation, Ang_j, and its con-

centration exergy RTIn(c;):

b =be; + Ag/; + RTIn(c;) )

where, R is the universal gas constant and ¢; is the concentration of the j* biomolecule in the solution. In the model, standard
transformed enthalpy and standard transformed Gibbs free energy of formation were computed with Wolfram Mathematica 10 by
considering the conditions that the system lives in.

Muscle work is performed in periodic contractions with a constant period and intensity. As a result, to perform the thermodynamic
analysis of muscle, the governing equations are simplified by cyclic operation

[ SIS ®)
fa= f Xt f T for fw

- g fms fo5) fo -

In eq. (7) the left-hand side § 22 shows the change of the exergy with time in the control volume. The term § Y (mb);, — § 3 (mb) oy,
represents the inflow minus the outflow exergies of metabolism, where, b is the stream availability and m is the mass flow rate. § Po‘fi—‘t’
denotes the surrounding work and is zero since cyclic volume changes occur periodically, § W is the power performed by the muscle
and § X4 represents the exergy destruction rate in the control volume. In the model, the term § Qz(l —Io) refers to the exergy
transfer due to heat release via metabolism. Power consumed by the muscle is provided via dissociation of ATP, and calculated in terms
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of the oxygen consumption rate as:
Power = Ahl., x Qo, (€))

where, AgT, is the Gibbs free energy of the overall TCA cycle and Qo, is the oxygen consumption flux. The efficiency of the muscle is
defined as the first law efficiency of the muscle work which is defined in analogy with that of Carnot engine as the ratio of the power
performed to the power consumed by the system as:

w
M=AH 9
The second law efficiency is defined as the ratio of the actually produced work to the maximum attainable work as:
w w w 10)

=y~ (mib), — (miby),,  AG

out

3. Results
3.1. Model and motivation

To investigate the relationship between energy precursor availability, work performance, and metabolic pathway behavior in
cardiac muscle, we employed a computational model based on a previous study [34]. By defining different levels of energy precursor
availability for different work conditions, we simulated the metabolic response of the system during rest with normal level ADP and
during exercise with increased ADP availability. Our focus was on aerobic respiration starting with glycolysis followed by the for-
mation of ATP and NADH, which are essential energy transport molecules. The model used the steps of the metabolic pathway
schematic described in Wu et al. [34] and the simulation assumptions listed in the Material and Method. The reactions are listed in
Table 1. Our objective was to examine how efficiently the muscle system uses energy precursor availability for energy production
demands under different conditions. We highlighted the fundamental points of the pathway by investigating these cascades of
metabolism under rest and exercise conditions. The results provide insight into the behavior of the metabolic pathway and its rela-
tionship with energy precursor availability and work performance.
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Fig. 3. Using perturbation simulations, we conducted an analysis to investigate changes in phosphate concentration within the mitochondrial
matrix and intracellular environment. During our investigation, we discovered (A) that elevated levels of ADP and intracellular inorganic phosphate
in the cellular pool have a positive impact on ATP production and oxygen consumption during exercise (F = 178.29,p < 0.001). These findings
indicate that increased ADP and phosphate concentrations contribute to enhanced energy production and higher oxygen utilization during physical
activity. (B) Decrease in total concentration of intracellular phosphate and [P),,,;, (mM) was higher during exercise compared to resting conditions
(F = 116.88, p < 0.001). Additionally, (C) increase in phosphate concentration within the mitochondrial matrix [P, chondgricc F = 101.66, p <
0.001) recorded. We quantified the respiration energy by analyzing the rates of oxygen flux through the complex IV reaction and assessing the
corresponding Gibbs free energy. (D) An elevation in metabolic heat release Qyejeqse, Within muscle cells during exercise (F = 9.74, p < 0.01) and (E)
higher allocation of energy Erepirarion, during exercise (F = 225.69, p < 0.001). All analyzed by one-way ANOVA (rest versus exercise at corre-
sponding time), *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Each metabolite transformed Gibbs free energy of formation, Agf ;» transformed enthalpy of formation, AhTJ, and chemical exergy,

bspj were calculated under the conditions prevailing in the muscle via Wolfram Mathematica 10
(pH=7.27,T = 310.15K,and I = 0.14M) (Egs. (2) and (3), Table 2). Exergy of a metabolite (Eq. (4)) was calculated by the sum of the
exergies of its elements, b, transformed Gibbs energy of formation, Ang_ ;» and its concentration exergy RTIn(c;).

3.2. Metabolic system thermodynamic analyses

In this study, we investigated the mitochondrial matrix ATP concentration changes response to impulse perturbation (Eq. (11)) via;

[Acarr] = [earplna — [eaTelinisia a1

where 0.04 and 0.39 mM of ATP concentration increase recorded at rest and during exercise, respectively. Fig. 3A shows [ATP]/[ADP]
ratio versus the Oy consumption plots (£2o,), peak ratio recorded at 1.2 for [ATP]/[ADP] with 0.037 mmol/s Oy consumption flux
during exercise. Whereas, at rest the peak [ATP]/[ADP] ratio was recorded as 7.0 with the O5 utilization flux of 0.019 mmol/s,
implying that ADP was utilized more efficiently in response to perturbation. Next, we calculated the maximum attainable work
performance using the Gibbs free energy change of complex IV reaction. The maximum work performance was found to be 3.5 J/s at
rest and 6.8 J/s during exercise. We further calculated the maximum possible metabolic heat removal via enthalpy change of complex
IV reaction. At rest metabolic heat removal from the overall reaction was 2.2 J/s and 4.3 J/s during exercise.

Additionally, we calculated the respiration energy from rates of oxygen flux via complex IV reaction and its corresponding Gibbs
free energy. We found that more energy was allocated during exercise (Fig. 3E, represented via Eregpiration, One-way ANOVA, F =
225.69, p < 0.001). Concurrently, we observed an increase in metabolic heat release during exercise of a muscle cell (Fig. 3D, one-way
ANOVA, F =9.74,p < 0.01).

We conducted an analysis of perturbation simulations to examine changes in phosphate concentration in the mitochondrial matrix
and intracellularly. We found that phosphate concentration increased over time in the mitochondrial matrix (Fig. 3C), while the total
concentration of intracellular phosphate decreased (Fig. 3B), indicating a decrease in cytoplasmic phosphate concentration. Previous
research has shown that intracellular phosphate levels are directly related to ATP hydrolysis and proportional to muscle power output
[38]. Our results demonstrate that the total intracellular phosphate ion concentration ([P],,,;, mM) was higher during exercise
compared to resting conditions (one-way ANOVA, F = 116.88, p < 0.001), which led to a higher concentration of phosphate ions in
the mitochondrial matrix ([P, ochondria: ™M) in muscle cells during exercise. We also compared the adenine nucleotide metabolism
[ATP]/[ADP] concentration ratio at rest and during exercise to investigate how nutritional state affects this process. Our findings
suggest that higher levels of ADP and intracellular inorganic phosphate in the cell pool enhance ATP production (Fig. 3A) and oxygen
consumption (Fig. 3A, one-way ANOVA, F = 178.29, during exercise.

First and second thermodynamic laws described (Eq. (5) and (6)) used to analyze the system. Power output (Eq. (8)) was calculated
based on systemic and coronary hemodynamic responses of Yucatan swine hearts. The calculations showed that 2.11 x 102 W/kg and
6.77 x 10~2 W/kg are produced at rest and during moderately intense exercise (5mph), respectively (Table 3). Exergy destruction rates
Xestroyea Variation with the exergy loss rate X, is represented in Fig. 4B via solid line is the linear regression model fit and translucent
band lines describe bootstrap confidence intervals generated from the estimate. The exergy loss, Xj,;, is calculated as demonstrated in
Eq. (7), Xipss = >, (mb);, — > (mb)),,,, subtracting the exergy that leaves the system, from exergy that enters the system [40]. There was
no significant difference in exergy loss between the two states (Fig. 4E, Xj,ss, p = ns). However, there was an increase in the amount of
exergy entering, Ex;,, and leaving Ex,y, the system during exercise (Fig. 4C and D, one-way ANOVA, Fgy, = 14.37, pgy, < 0.001 and
Fx,, = 38.94, pgy,, < 0.001). Endogenous exergy destruction within the system, Xgegroyed is calculated via Eq. (7). The results showed
exergy destroyed during exercise increased due to higher metabolism and power output compared to the resting state (Fig. 4A, rep-
resented via, Xgesiroyed, ON€-way ANOVA, F = 16.34, p < 0.001).

Main findings of this work summarized in Table 5. The energy efficiency of respiration is calculated via:

_ energy released via ATP hydrolysis

Menergetic-_respiration = energy released during respiration 12
Energetic aerobic respiration efficiency of the mitochondrial metabolism is;
w w
0.36 = 0:62% < Menergetic- respiration = 1:18% =058 (13)

Table 3
Cardiac cycle duration and muscle contraction power values at rest and during exercise. Data presented
in the table calculated data provided by Bender et al., [35].

Rest Exercise
Cardiac cycle duration (s) 0.61 0.23
Power output (W/kg)® 2.11 x 1072 6.77 x 1072

@ Average weight of a miniature Yucatan swine is 45 kg.
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Fig. 4. Thermodynamic analysis showed that (A) exergy destroyed, Xgesroyed, during exercise increased compared to the resting state, primarily due
to higher metabolism and power output (F = 16.34, p < 0.001). The first and second laws of thermodynamics (Eq. (5) and (6)) were used to analyze
system. (B) To explore the relationship between exergy destruction rates (Xgesiroyea) and the rate of exergy loss (Xjos), we represented the data using a
linear regression model fit (solid line) and generated bootstrap confidence intervals from the estimate (translucent band lines). (C) An increase in the
amount of exergy entering the system, exergy inflow, Exin, a (Fgy, = 14.37, Py, < 0.001) and (D) exergy d leaving the system, exergy outflow, Ex,y,
(Fgx,, = 38.94, pgx,, < 0.001) recorded. (E) Exergy loss rate, Xj,;, shows no difference between conditions (p = ns). All analyzed by one-way
ANOVA (rest versus exercise at corresponding time), *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Table 4
First and Second law of efficiency under the normal and higher amount of ADP at rest
and exercise states.

Rest Exercise
ADP availability Normal Higher
ny 0.32 0.38
11,, 0.13 0.23

Table 5
Summary of the major results of the analysis pertinent to the muscles.
Rest Exercise

The total rate of the exergy release in the muscle due to respiratory activity 0.69 W/kg 1.32 W/kg
The rate of the exergy releases due to ATP hydrolysis 0.23 W/kg 0.67 W/kg
Respiratory metabolism energetic efficiency 36% 58%
Respiratory metabolism exergetic efficiency 32% 50%
The ratio of the heat to net energy 0.29 0.24
The ratio of destroyed mitochondrial exergy to cell exergy 0.36 0.49
Exergy destruction in the muscle for 1 mmol ATP synthesis/hydrolysis 0.45 W/kg 0.39 W/kg
Total exergy destruction rate in the muscle 0.66 W/kg 1.24 W/kg

Total entropy generation rate in the muscle

2.1 x 1073 W/kgK

4.0 x 103 W/kgK

Energetic efficiency analysis (Eqs. (12) and (13)) revealed that in rest 36% of the energy potential of aerobic respiration can be
converted to work while this efficiency increased to 58% in response to activity. The exergy efficiency of respiration g respiration WS

defined in a similar way as:

exergy released via ATP synthesis

n i iration = : o
exergetic-respiration o xergy released during respiration

Exergetic aerobic respiration efficiency of the mitochondrial metabolism is:

(14)
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Respiratory metabolism is energetically 22% more efficient during exercise while 18% more efficient exergetically (Egs. (14) and
(15)).

Total exergy destroyed during the process of metabolism (Eq. (16)) within the system boundaries is calculated considering total
exergy change of the system and total exergy input and output of the system that are calculated from metabolite fluxes and their
exergies.

(Total exergy destroyed) = (Total exergy inflow) — (Total exergy outflow) — (Total exergy change of the system) (16)

The end of the simulation time calculations showed that at rest cells consumes 0.69 W/kg of exergy while producing 2.11 x 1072
W/kg power while 8.71 x 10~ W/kg exergy is associated with metabolic heat transferred which gives an estimate of the total exergy
destruction rate, 0.66 W/kg where 36% its exergy destroyed via mitochondrial metabolism, which corresponds 0.24 W/kg (Table 5).
On the other hand, calculations showed during exercise, muscle consumes exergy of 1.32 W/kg while producing 6.77 x 1072 W/kg
cardiac output and transfer 1.32 x 10~2 W/kg exergy via metabolic heat transfer, where the total exergy destruction rate is 1.24 W/kg
and 49% of its calculated as coming from mitochondrial metabolism, 0.61 W/kg.

4. Discussion

The analysis of metabolite pathways and thermodynamic systems is mutually beneficial. By frequently measuring the thermo-
dynamics of biological systems at both the molecular and systemic levels, we can gain insights into the efficiency of biological or-
ganisms under different conditions [12, 14-16, 20-23, 26-28].

Our in silico models, which incorporate detailed metabolic pathways and analyze the thermodynamics of different conditions and
systems, reveal how varying levels of energy precursors affect the efficiency of glucose utilization. Specifically, these models can
provide valuable information on the factors that facilitate the extraction of more energy and building block molecules from glucose.

Additionally, the analysis of thermodynamic efficiency provides insights into the system’s ability to adapt to varying levels of
energy or substrate availability and work conditions. To illustrate this, we conducted in silico experiments to model the metabolic
pathways of the respiratory chain in muscle systems. Specifically, we simulated the system under two conditions: at rest with normal
energy precursors, and during moderately intense exercise with higher levels of energy precursor availability. These achieved via
considering muscle systems where metabolic pathways of the respiratory chain are simulated by using the COPASI modeling platform
with the deterministic Livermore ordinary differential equation solver for 30 s with 0.5 ms time steps. In kinetic models, 42 flux
expressions used including unsteady state passive permeation, anti and co-transport, oxidative phosphorylation and TCA cycle fluxes
were simulated during rest with 0.1 mM and exercise with 1.3 mM of initial perturbation ADP concentrations [34](Tables 1-2).

Both in silico models metabolic pathways are investigated via thermodynamic laws. We showed the impact of system conditions,
rest and moderately intense exercise, on maximum attainable work performance rate via Gibbs free energy change of complex IV
reaction which showed approximately 2 fold increase during exercise (3.5 and 6.8 J/s at rest and during exercise, respectively).
Reconfirming efficient use of ADP at rest. Additionally, maximum possible metabolic heat removal is calculated via enthalpy change of
complex IV reaction, showing more metabolic heat needs to be removed from the surface of the body during exercise. These results
confirm that metabolic heat released positively proportional to the availability of more ADP in perturbation, and work done by system.

The level of cellular phosphate metabolites is directly linked to the amount of ATP hydrolyzed and is linearly proportional to the
muscle system’s power output [38]. We examined how the total intracellular and mitochondrial phosphate concentrations change over
time in both rest and exercise states. We observed a decrease in the total intracellular phosphate concentration (Fig. 3B) and an in-
crease in the phosphate concentration in the mitochondrial matrix, indicating a decrease in the cytoplasmic phosphate concentration.
Our analysis of the total phosphate concentration variation suggests high hexokinase activity in the cytoplasm and high H2PO-4/H-+
cotransporter activity from the cytoplasm to the matrix, irrespective of the states.

Free phosphate in the cytoplasm is transported from the cytoplasm to inter-membrane via passive permeation and later used for F1-
Fo ATPase activity in the mitochondrial matrix. Total intracellular phosphate concentration significantly higher during exercise, then
that of the resting, indicating higher ATP allocation for the power performance during exercise. Model findings point to the presence of
a feedback mechanism for the regulation of the ATP synthesis: availability of higher amounts of ATP precursors ADP and intracellular
inorganic phosphate in the cell pool enhances the ATP production.

Thermodynamic analysis based on the metabolic reactions indicate that, if a system is ideal, e.g., works with no exergy destruction,
EXgestrucion = 0, the maximum work of 642 kJ may be extracted through utilization of 1 mol of pyruvate, accompanied with 277 kJ of
heat removal. During exercise, more oxygen is required to provide greater power since high-intensity metabolism prevails. Respiration
energy calculated from rates of oxygen flux via complex IV reaction and its corresponding Gibbs free energy. We have demonstrated
that muscle subjected to exercise allocates more energy for respiration (Fig. 3D). Thus, this significant increase in energy allocation
during exercise demonstrates an increase in the use of oxygen (Fig. 3A). In order to maintain metabolic demand, more heat is released
during exercise (Fig. 3E), when compared to that of at rest.

During our investigation, we opted to use a cardiac system as our model, as most of the kinetic modeling data available is derived
from isolated heart mitochondria [30,31], while others were obtained from in vivo skeletal muscle studies [32-34]. All metabolite
transformed Gibbs free energy of formation, Agf ;» transformed enthalpy of formation, AhT_j, and chemical exergy, b, were calculated
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under the conditions prevailing in the cardiac muscle (pH = 7.27,T = 310.15K,andI = 0.14M).

Cardiac muscle work performed (represented as § Win Eq. (6)) is calculated from miniature Yucatan swine systemic and coronary
hemodynamic responses of heart at rest and during graded treadmill exercise [35]. The mammalian heart functions as a double pump
system to transport blood from the cardiac ventricles into the vascular system. This process involves the contraction (systole) and
relaxation (diastole) phases, which generate a distinct pressure-volume curve for each cardiac cycle. The heart muscle has the capacity
to convert both chemical and mechanical energy into work and heat. According to calculations treating the total power output of the
cardiac system as a mechanical pump, the work performed during moderately intense exercise (5mph) is 3.20 times greater than at rest
(Table 3). This information is consistent with the known physiology of the heart and its response to physical activity.

Exergy analysis of each component of a system helps to distinguish the endogenous irreversibilities from the exogenous [39].
Exergy destruction is considered to be endogenous irreversible exergy, which is an internal phenomenon caused by chemical reactions
and heat transfer. Exergy losses of a system may be associated with the irreversibility of a system, exergy transfer from the overall
system refers to the exportation of exergy that will be no longer used in the system to its surroundings. Exergy loss is calculated after
subtracting the exergy that leaves the system, from exergy that enters the system [40] (In Eq. (7), }_ (mb),, — > (mb),,, the term is
defined as exergy loss and X is the endogenous exergy destruction within the system. In biological systems, exergy loss is referred to
as the amount of chemical exergy that cannot be captured or invested via metabolism. The exergy loss rate did not show any substantial
difference in response to the conditions. However, higher influx and outflux exergies during exercise indicated a higher metabolism
rate (Fig. 4C and D-E) and correspondingly higher entropy generation. The exergy destruction rate was found to be higher during
treadmill exercise, attributed to the higher rates of metabolism, power performed, and heat generation (Fig. 4A). Under both exercise
and resting conditions, the exergy destruction rates were positively proportional, indicating a gradual minimization of exergy losses
and destruction rates over time. This trend could be interpreted as an “adaptation” mechanism, where the generated heat is removed
through blood flow to maintain homeostasis and prevent temperature increase.

The regulatory influence of the amounts of the ADP availability in the circulating medium has been assessed at rest and during
exercise represented in Table 5. At rest the system consumes 0.69 W/kg exergy when we evaluate produced cardiac output and transfer
exergy of metabolic heat, total exergy destroyed is equal to 0.66 W/kg and during exercise these thermodynamic indicators values
increase to 1.32 W/kg and 1.24 W/kg, respectively. With considering the ratio of destroyed mitochondrial exergy to cell exergy
showed (36% at rest and 49% during exercise), we were able to reach how much of total exergy destruction rate is coming from
mitochondrial metabolism, 0.24 W/kg at rest and 0.61 W/kg during exercise. The mitochondrial energy metabolism involvement to
systems total exergy destruction is ca. 2.54 times more during exercise compared to rest. Energy efficiency, nergeric_respiration> defined in
this work conceptualizes to demonstrate how efficiently the system allocates respiration energy while doing work. The energy effi-
ciency of respiration is calculated as the proportion of energy release of ATP hydrolysis to total energy release of aerobic respiration as
described Eq. (12). During exercise the muscle system is 22% more efficient while converting aerobic respiration into work compared
torest ((Table 5) calculated as 58% during exercise and 36% at rest). Additionally, exergy efficiency of respiration eyergeric_respiration WaS
defined in the same manner this time taking account exergy release of ATP hydrolysis and total exergy release of aerobic respiration
showing how efficiently available chemical exergy in the system is able to be used to produce energy. We showed that during exercise,
the system is 18% more efficient while converting available exergy to useable exergy ((Table 5) calculated as 50% during exercise and
32% at rest). Increase in respiratory efficiencies, energetically and exergetically, during exercise is a consequence of higher levels of
ADP in the circulating medium while power output is substantially increased compared to resting heart. The increase of the power
output during exercise (ca. 3 times) leads to a substantial increase in the total rate of the exergy release of the muscle system due to the
increase of respiratory activity and nearly double the rate of the exergy release via ATP hydrolysis. It was shown that increase of the
total rate of the exergy release in the muscle due to respiratory activity, exergy destruction and entropy generation rate upon shifting to
the exercised state from the resting state is not only driven by the regulatory influence of ADP amount and mainly affected by sub-
stantially increase of the power output. While the regulatory influence of the ADP ratio in the circulating medium has an appreciable
effect on respiratory metabolism efficiencies. Both muscle models were investigated in terms of the ratio of metabolic thermal energy
to net energy liberated. It revealed that the presence of more ADP concentration in the systems environment causes 24% of its net
energy converted to metabolic heat while 29% of it is under lower ADP concentration. Based on observations of Hall and Guyton [41],
stating this ratio of heat release from energy coming from food in a healthy human cell is maximum 0.35 under optimal conditions, but
it was not known whether this ratio would be different when different conditions prevail. This above finding shows the resting system
is very close to optimal conditions.

In the pioneering studies, muscle work efficiency was calculated either based on the first law of thermodynamics (Eq. (9)) as#;, =

W e.g., the ratio of work done by the heart to the chemical energy of nutrients consumed, or based on the second law efficiency (Eq.

AR
(10)) asny = WWM =%g, e.g., the ratio of the work done by the system to the maximum work that the system can extract. Upon the
experimental measurements in isolated muscle groups, the first law efficiency ranged between 0.14 and 0.35 and the second law
efficiency ranged between 0.17 and 0.42 [18], where the theoretical maximum first and the second law efficiencies were 0.84 and 1.0
[13], respectively. To validate our conceptualized models are empirically realistic first and the second law efficiency analysis applied
(Table 4). The first and second law efficiencies calculated in this study are consistent with the outcomes of the experimental research
[18]. First law efficiency calculation demonstrated during exercise muscle is 6% more efficient (0.32 at rest and 0.38 during exercise).
While Second law efficiency showed with higher level of energy precursor availability in a circulation medium makes exercise muscle
10% more efficient compared to resting. This simply points to muscle becoming more efficient with exercise when the necessary
amount of energy precursor is available. Inefficiencies of muscle energy metabolism is mainly caused by inefficient ATP (or substrate)
use [4,42]. The supporters of the idea also include failure in calcium transport, ADP diffusion and generation of localized ATP pools to
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the causes of the impairment [4,42]. Additionally, cardiac muscle efficiency is defined in analogy with that of the engine efficiency and
showed less than 25% variation [43].

Muscle machinery described in Fig. 1 is similar to a steam engine, where ADP + P; is analogous to low-energy water and ATP is
analogous to high-energy steam. ATP, ADP, and P; are circulating between the site of the metabolic activity and the muscle machinery
to interconnect them by serving like a circulating medium. The higher the amount and the circulation rate of the working medium, the
higher would be the work performance rate. In the steam engine the amount and pressure of the steam at the inlet and the outlet of the
turbine is usually constant, on the other hand in the muscle machinery, ATP, ADP and P; concentrations are rarely constant. Moreover,
a steam engine usually works under steady-state conditions and the muscle machinery described in this study runs under unsteady
conditions most of the time. The impulse ATP input to mitochondria represents the real functioning mode of the muscle system in the
body; therefore, the consequences of this study fills an important gap in our understanding of how energy extracted from the nutrients
to muscle work.

There are conflicting reports in the literature regarding the relationship between ATP utilization and muscle work performance
efficiency, most probably because of the variations in the experimental protocols. For example, Bangsbo et al. [44], suggested that the
rate of ATP turnover increases during intense exercise at a constant work rate and the efficiency declines as intense exercise is
continued. Furthermore, when intense exercise is repeated, there was a shift toward greater aerobic energy contribution, but the total
ATP turnover was not significantly altered. Implying that different results were obtained even upon repeating the same experiment in
two subsequent cases. Cells may hydrolyze the pre-synthesized metabolic ATP to fulfill intra- and extracellular tasks [16]. The presence
or absence of the pre-synthesized ATP in the circulation medium may be the cause of the conflicting observations. Another source of
conflict may be allocating the pre-synthesized ATP not only for muscle work performance but also for different cellular activities. The
methodology employed in this study may eliminate the risk of starting a simulation before the same initial conditions are attained by
the muscles in every experiment.

5. Concluding remarks

The analysis of metabolite pathways and thermodynamic systems is essential to understanding the efficiency of biological systems
under different conditions. In particular, in silico models incorporating metabolic pathways and thermodynamics provide valuable
insights into how varying levels of energy precursors affect the efficiency of glucose utilization. By analyzing the thermodynamic
efficiency of a system, we can also gain insights into the system’s ability to adapt to varying levels of energy or substrate availability
and work conditions.

In this study, muscle-perturbed aerobic respiration systems were simulated under two conditions: rest and moderately intense
exercise. The analysis of the maximum attainable work performance rate via Gibbs free energy change of complex IV reaction showed
approximately a two-fold increase during exercise, reconfirming the efficient use of ADP at rest. Additionally, the maximum possible
metabolic heat removal was calculated via the enthalpy change of the complex IV reaction, showing that more metabolic heat needs to
be removed from the surface of the body during exercise.

The level of cellular phosphate metabolites is directly linked to the amount of ATP hydrolyzed and is linearly proportional to the
muscle system’s power output. The total intracellular and mitochondrial phosphate concentrations were examined over time in both
rest and exercise states. Our analysis suggests high hexokinase activity in the cytoplasm and high H2PO-4/H+ cotransporter activity
from the cytoplasm to the matrix, irrespective of the states.

Furthermore, the study showed that availability of higher amounts of ATP precursors ADP and intracellular inorganic phosphate in
the cell pool enhances ATP production. During exercise, more oxygen is required to provide greater power since high-intensity
metabolism prevails. Respiration energy calculated from rates of oxygen flux via complex IV reaction and its corresponding Gibbs
free energy. We have demonstrated that muscle subjected to exercise allocates more energy for respiration, and this significant increase
in energy allocation demonstrates an increase in the use of oxygen.

In conclusion, our simulations of muscle-perturbed aerobic respiration metabolism in different conditions suggest that metabolic
pathways could be capable of adjusting energy metabolism rates via adjusting their rates of respiration and ATP utilization, for the
efficient use of the energy or exergy extracted from the nutrients.
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