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Abstract: Contraction of the heart is caused by actin filaments sliding along myosin filaments. This
generates a frictional force inducing wear of the contractile apparatus. We postulated that this
process could be exacerbated when the heart was submitted to severe anoxia. Anoxia induced
dramatic abnormalities in the molecular properties of actin-myosin crossbridges. We applied the
formalism of far-from-equilibrium thermodynamics to the left ventricular papillary muscles (LVPMs)
of mammalian rat hearts which had been subjected to a prolonged anoxia (3 h). We showed that
when subjected to prolonged anoxia, the heart operated far-from-equilibrium as evidenced by
the non-linearity between thermodynamic force (F/T: Frictional force/Kelvin temperature) and
thermodynamic flow (v0: myofilament sliding velocity). The rate of entropy production (EPR) was
the product of (F/T) and v0. The excess entropy production (EEP) was equal to ∂δ2S

∂t = ∂F
T δvo; (S:

entropy). The tribological system remained stable when EEP was positive and became unstable when
EEP became negative, thus characterizing instability of the system and reflecting the occurrence
of self-organization and possibly dissipative structures. After 3 h anoxia, re-oxygenation induced
significant reversibility. About 20% of the myosin heads did not recover despite re-oxygenation.
These results may be of importance in the context of heart transplantation where the delay between
the time of sampling from the donor and the time of the graft installation in the recipient should be
as short as possible.

Keywords: friction; myocardium; anoxia; far-from-equilibrium thermodynamics; excess entropy
production; self-organisation; dissipative structures

1. Introduction

The understanding of the mechanical behavior of striated muscles has been consider-
ably improved after the publication of two pioneering articles which laid the foundations
for the theory of sliding filaments [1,2]. In fact, actin filaments slide along myosin filaments,
resulting in the Z striations coming together and therefore resulting in shortening of sar-
comeres (Figure 1A,B). Myosin heads, or crossbridges (CBs), alternatively hook into and
unhook from actin filaments. During heart contraction, the sliding of actin and myosin
filaments against each other generates friction. A. Huxley also proposed a theoretical for-
malism to determine CB molecular properties such as the CB attachment and detachment
rate constants, as well as the number of active CBs per volume unit, myofilament sliding
velocity, and myosin content [3]. The aim of our study was to assess the consequences of a
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prolonged cardiac anoxia from a thermodynamic point of view by applying the physical
concepts established in tribology, the science of interacting surfaces in relative motion.
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between two Z-lines (B). The I-band is the zone of thin filaments that is not superimposed with thick 
filaments (myosin). Thin myofilaments are mainly composed of F actin, resulting from the polymer-
ization of many globular actin molecules (G actin). The actin myofilaments are attached by their 
caudal end to the Z lines. Actin filaments are the major component of the I-band and extend into the 
A-band. Thick myosin filaments are made up of 200 to 300 molecules of native myosin. Myosin has 
a long, fibrous tail and a globular head that binds to actin. Myosin filaments are bipolar and extend 
throughout the A-band. The myosin head also binds to ATP. Muscle contraction results in the slid-
ing of actin filaments along myosin filaments, which is visible only at the level of the I-bands, while 
the dark A-bands keep a constant length (C,D) [1,2]. This movement is controlled by the heads of 
the myosin molecules (CBs), which bind and then detach from the actin molecule. The displacement 
of myosin on actin is possible through the hydrolysis of ATP molecules. (E) refers to the normal (y) 
and tangential (x) degrees of freedom during dynamic friction. The thermodynamic force was equal 
to μ W/T, with μ the frictional coefficient, and W the normal load. 

Ilya Prigogine and colleagues have developed the concept of self-organization to de-
scribe complex thermodynamic processes operating far-from-equilibrium [4–10]. Thus, 
amplified small fluctuations can spontaneously create patterning, orderliness, self-organ-
ization, and possibly dissipative structures. The occurrence of self-organization supposes 
an open system exchanging energy and matter as well as a non-linear and far-from-equi-
librium thermodynamic behavior. Friction and wear are usually considered to generate 
irreversible processes which lead to energy dissipation and material deterioration. 

Figure 1. Schematic representations of myofilaments in sarcomeric heart muscle and tribological
cardiac system. Cardiomyocytes exhibit a periodic striation characterized by alternating dark A-
bands (anisotropic) and light I-bands (isotropic) (A,B). The central part of the I-band is marked by the
Z line. A sarcomere is the smallest functional unit of a striated muscle. It is the repeating unit between
two Z-lines (B). The I-band is the zone of thin filaments that is not superimposed with thick filaments
(myosin). Thin myofilaments are mainly composed of F actin, resulting from the polymerization of
many globular actin molecules (G actin). The actin myofilaments are attached by their caudal end to
the Z lines. Actin filaments are the major component of the I-band and extend into the A-band. Thick
myosin filaments are made up of 200 to 300 molecules of native myosin. Myosin has a long, fibrous
tail and a globular head that binds to actin. Myosin filaments are bipolar and extend throughout
the A-band. The myosin head also binds to ATP. Muscle contraction results in the sliding of actin
filaments along myosin filaments, which is visible only at the level of the I-bands, while the dark
A-bands keep a constant length (C,D) [1,2]. This movement is controlled by the heads of the myosin
molecules (CBs), which bind and then detach from the actin molecule. The displacement of myosin on
actin is possible through the hydrolysis of ATP molecules. (E) refers to the normal (y) and tangential
(x) degrees of freedom during dynamic friction. The thermodynamic force was equal to µ W/T, with
µ the frictional coefficient, and W the normal load.

Ilya Prigogine and colleagues have developed the concept of self-organization to de-
scribe complex thermodynamic processes operating far-from-equilibrium [4–10]. Thus, am-
plified small fluctuations can spontaneously create patterning, orderliness, self-organization,
and possibly dissipative structures. The occurrence of self-organization supposes an open
system exchanging energy and matter as well as a non-linear and far-from-equilibrium
thermodynamic behavior. Friction and wear are usually considered to generate irreversible
processes which lead to energy dissipation and material deterioration. Klamecky intro-
duced the concept of non-equilibrium thermodynamics to describe friction and wear [11].
Barshefsky conducted the first investigations on friction-induced self-organization [12].
Nosonovsky and colleagues developed the thermodynamic principles of irreversible pro-
cesses used to investigate the formation of spatial and temporal structures induced by
friction [13,14]. At the interface, orderliness can increase so that entropy decreases [15,16].
According to Prigogine and colleagues [4,8,10], far-from-equilibrium processes can be a
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source of order and lead to a new state of matter called dissipative structures. During
these processes, the entropy production rate (EPR) can decrease and be followed by the
occurrence of a self-organisation process. Due to self-organization, dissipative structures
result in reducing EPR, leading to a decreased rate of wear [17,18]. There is no simple
criterion to determine if self-organization can occur. However, there is a key condition: self-
organization can begin only if the tribosystem has lost its thermodynamic stability, which
is characterized by the fact that the excess entropy production (EEP) becomes negative [19].
This is a pre-requisite for self-organization. During friction, self-organization leads to a
decrease in wear rate and an increase in the durability of materials.

Huxley’s formalism [3] allowed us to calculate the sliding rate of myofilament (vo) (i.e.,
the thermodynamic flow) and the thermodynamic frictional force (F/T; F: frictional force
and T: Kelvin temperature) generated by the heart. We calculated EPR and EEP and sought
to determine whether EEP could become negative after a prolonged period of cardiac anoxia.
Cardiac ischemia, the most severe form of which is myocardial infarction, is a leading cause
of death worldwide. Despite an encouraging decline, coronary heart mortality remains
a major health burden, especially among the elderly [20,21]. Moreover, numerous heart
transplants are performed each year worldwide [22]. Our study offers valuable insights for
furthering our understanding of the thermodynamic aspects of hypoxic heart diseases and
could be of interest in the context of heart transplants where the recipient must benefit from
the donor’s heart in the shortest possible time. The main aim of our study was to use far-
from-equilibrium thermodynamics to determine whether a cardiac tribosystem submitted
to a prolonged anoxia might result in a beneficial self-organization when submitted to
dramatic anoxic conditions.

2. Results
2.1. Mechanical Properties of Left Ventricular Papillary Muscles (LVPMs) and Molecular Myosin
CB Characteristics

Some mechanical parameters significantly decreased during prolonged cardiac anoxia.
This was the case for the basic mechanical parameters characterizing the whole LVPM, such
as maximum shortening velocity (Vmax) (Figure 2A) and total muscle tension (Figure 2C).
Other parameters characterizing the myosin CB molecular properties also decreased dur-
ing anoxia, such as the CB single force (Figure 2B), the CB detachment rate constant g2
(Figure 3A), and the molecular content in myosin per g of tissue (Figure 2D). All these
parameters diminished progressively and significantly during anoxia compared to their
reference values before anoxia. These parameters are represented in Figure 2A–C and
Figure 3A together with the molecular content in myosin per g of tissue (Figure 2D).

2.2. Coefficient of Friction, Frictional Force and Normal Load

Normal load (W) decreased during anoxia (Figure 3B). Other parameters increased
during anoxia, such as the friction coefficient (Figure 3C) and frictional force (F) (Figure 3D).

2.3. Thermodynamic Force and Thermodynamic Flow

The myofilament sliding velocity vo, or thermodynamic flow (Figure 4A), increased
until reaching a maximum at about 120 min of anoxia and then decreased from 120 to
180 min of anoxia. Figure 4B,C show the absence of relationship between the thermody-
namic force (F/T) and the thermodynamic flow (vo). Importantly, F/T varied non-linearly
with vo. This means that the cardiac tribosystem operated in a non-linear fashion and
thus far-from-equilibrium. In Figure 4B all values are presented, whereas mean values are
shown in Figure 4C.
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2.4. Partial Time Derivatives of Thermodynamic Force and Thermodynamic Flow

Figure 5 shows the mean values of the thermodynamic flow (vo) (Figure 5A) and ther-
modynamic force (F/T) (Figure 5B) versus time and their respective partial time derivative
(Figure 5C,D). F/T increased over time and its partial time derivative ∂ (F/T) decreased but
remained always positive (Figure 5D). Importantly, the partial time derivatives of vo, (∂vo)
was positive up until 120 min, and then became negative from 150 to 180 min (Figure 5C).

2.5. Entropy Production Rate (EPR) and Excess Entropy Production (EEP)

Figure 6 shows the mean values of the entropy production rate (δ2 S) (Figure 6A)
and the mean values of the excess entropy production ( ∂δ2S

∂t ) versus time (Figure 6B).
Up to 120 min of anoxia, EPR increased and then decreased from 120 to 180 min. EEP
decreased continuously during anoxia but, importantly, remained positive up to 120 min
of anoxia, after which it became negative (from 150 to 180 min of anoxia). The fact that
EEP became negative after 150 min of anoxia demonstrates the instability of the non-
linear cardiac tribosystem. Interestingly, there was a linear relationship between EEP and
the CB detachment rate g2 (Figure 4D; EEP = 2.4 g2 − 22; r = 0.99). There was also a
linear relationship between EEP and the maximum efficiency (Figure 6C) (EEP = 1.9 max.
Efficiency-3 7; r = 0.90).

2.6. Self-Organization and Dissipative Structures

Self-organization can begin only if the system has lost its thermodynamic stability,
which is characterized by the fact that EEP becomes negative. This is a pre-requisite
for self-organization and this was the case in our study. Dissipative structures occur
far-from-equilibrium under the following conditions: (i) the system must be open; (ii) it
operates far-from-equilibrium; (iii) under a non-linear regime; (iv) and is submitted to
fluctuations. Dissipative structures are maintained by thermodynamic processes which
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take place because of the exchange of energy between the system and its environment.
They disappear as soon as that exchange ceases. All these conditions were observed
in the studied cardiac system. The heart is an open system. Under continuous anoxia
during 3h, it was submitted to slight fluctuations, it operated far-from-equilibrium due
to the non-linearity between the thermodynamic force and the thermodynamic flow, and
re-oxygenation induced a large reversibility of thermodynamic abnormalities.
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A fundamental point is introduced by the variations of the sliding velocity (i.e., vo, the
thermodynamic flow) (Figure 4A); vo increased, reached a maximum and then decreased
during cardiac anoxia. Huxley’s equations show that vo is inversely proportional to the
time stroke (ts) (Equation (7)). This means that, in the face of prolonged anoxia, the myosin
head underwent ultrastructural changes, capable of modifying its molecular kinetics. Time
stroke is a key step of the actin-myosin cycle. During this state, the myosin head generates
a displacement of about 10 nm and a unitary CB force of some picoNewtons (Figure 2B).
Both sliding velocity (vo) and time stroke (ts) returned to their control values after re-
oxygenation. These changes in molecular kinetics of the myosin head due to changes in
friction coefficient corresponded to changes in its molecular ultrastructure. This conferred
to the myosin head a new ordered configuration that represents a dissipative structure
during the anoxic period.

2.7. Re-Oxygenation

Re-oxygenation induced considerable reversibility of abnormalities of the LVPM
mechanical indices due to anoxia. Reversibility was complete for several indices during
re-oxygenation. This was the case for the maximum unloaded shortening velocity (Vmax)
(Figure 2A), the myofilament sliding velocity (vo) (Figure 4A), the individual CB force
(Figure 2B), the detachment rate constant g2 (Figure 3A), the frictional force (Figure 3D), and
the friction coefficient (Figure 3C). Other indices, however, exhibited a partial reversibility
and thus did not return completely to their control values. This was the case of the normal
load (Figure 3B) and the molecular myosin content per volume unit of tissue (Figure 2D).
Thus, anoxia induced a definitive CB loss of about 20%. Nevertheless, after re-oxygenation,
the molecular characteristics of surviving CBs (i.e., po (Figure 2B) and g2 (Figure 3A)
returned to the level of their respective control values.

3. Discussion

Prolonged myocardial anoxia induced dramatic abnormalities in molecular properties
of the cardiac myosin. However, a high degree of reversibility of mechanical and thermo-
dynamic defects was observed after re-oxygenation. A. Huxley has proposed the theory of
sliding filaments, reflecting the friction of myosin filaments along actin filaments during
contraction [1]. Based on this, we were able to apply the laws of tribology to the heart. A.
Huxley also established a complex mathematical formalism [3] that made it possible to
calculate the molecular mechanical properties of myosin CBs, including the force of a single
CB, the maximum rate constant of CB detachment, the myosin content, and the sliding
velocity of myofilaments. Myocardial anoxia resulted in a gradual decrease of mechanical
indexes including the thermodynamic force (F/T). On the contrary, the myofilament sliding
velocity (vo) increased up to 2 h of anoxia and then decreased from 2 h to 3 h of anoxia.

The entropy production rate (EPR) is the product of thermodynamic force (F/T)
and thermodynamic flow (vo). We established that F/T and vo evolved in a non-linear
fashion (Figure 4B,C). This demonstrated that the cardiac tribosystem operated far-from-
equilibrium. Moreover, EEP became negative after 120 min of anoxia (Figure 6B), showing
that the system became unstable. These results accounted for the occurrence of self-
organization and dissipative structures in the anoxic heart. The stability condition for
the tribological system is given by the expression of the second variation of the entropy
production rate (δ2S > 0) (Equation (8)). Otherwise, the tribosystem became unstable and
then a transition to a self-organized state could occur when δ2S < 0. In our study, this was
the case after 150 min of anoxia (Figure 6A). Importantly, there was a linear relationship
between EEP and max.Efficiency. Instability of the cardiac tribosystem occurred when
max.Efficiency became <19% (Figure 6C).

The empirical Amontons–Coulomb law states that the frictional force varies linearly
with the normal load (F = µW) (Figure 1E). Other linear empirical laws of physics, such as
Fourier’s law of heat conduction, Ohm’s law of electrical conductivity, and Fick’s law of
diffusion, link the thermodynamic flow to the thermodynamic force, the product of which
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represents the entropy production rate (EPR). The approximate Amontons–Coulomb law
remains valid for numerous classes of materials: metals, ceramics, polymers, composites,
etc. In tribology, several works on self-organization have been carried out over the past
40 years: [11–13,23–25]. Friction and wear are irreversible processes that lead to energy
dissipation and material deterioration. Under certain circumstances, frictional sliding can
result in the formation of spatial and temporal patterns, i.e., self-organization. This results
from the tendency of energy and matter to achieve a complex disordered state that can
lead to self-organization [10,13,24,26,27]. It has been proposed an entropic criterium for
friction-induced self-organization [13–16,24].

In our study, the cardiac tribosystem revealed a fine adaptive process that provided a
considerable resistance to anoxia. This process delayed cell death of cardiomyocytes and
allowed them to remain contractile cells. This behavior was the result of a self-organization
process. Several systems with dissipative structures and self-organization have been de-
scribed in earlier studies, i.e., chemical oscillations, reaction of Belousov–Zhabotinsky,
Brusselator, and Oregonator chemical models, Turing structures; turbulent liquid motion,
Bénard cells, biomolecular asymmetry, etc. [10]. In tribology, an example of such a system
is the beneficial lubricating action of tribofilms during machining [18]. In techniques of
material synthesis (for example, physical vapor deposition), coating deposition favors
mechanisms that occur far-from-equilibrium, leading to a high density of lattice imperfec-
tions [28] and creation of a surface with a highly non-equilibrium state, accelerating benefi-
cial physicochemical reactions through the appearance of dissipative structures [18,19,24].
The occurrence of self-organization can be suggested if the wear rate is reduced [24]. In
biological systems and beside friction force, numerous physical forces provide important
non-chemical roles particularly during morphogenesis of embryos. Many examples can be
mentioned such as gravity [29] and surface tension due to intercellular adhesion [30,31]. A
decrease in entropy production rate, i.e., self-organization, is implied in these processes.
Thermodynamics in life has been initially raised by Schrödinger [32].

After re-oxygenation, the thermodynamic abnormalities were found to be largely
reversible, demonstrating that the deleterious effects induced by anoxia were not totally
irreversible. Importantly, re-oxygenation after 3 h of anoxia induced a return towards a
thermodynamic status relatively close to that of the initial state. However, two indices
did not totally return to their control values, i.e., myosin content (Figure 2D) and normal
load (Figure 3B). The occurrence of self-organization is ubiquitous in natural systems,
particularly in biological complex open systems [10]. The fact that the myocardium reacted
in this way after such prolonged anoxia bears witness to the incredible ability of nature to
generate self-organization processes capable of resisting and delaying cardiac cell death.
Self-organization probably prevented the death of a significant number of myosin heads,
which would have otherwise irreversibly and dramatically impaired the contractile function
of the cardiomyocytes after prolonged anoxia.

4. Methods
4.1. Ethical Statement

All experimental procedures conformed to the Guide for Care and Use of Laboratory
Animals. The study protocol was approved by the Ethical Committee of the Institut
National de la Santé et de la Recherche Médicale (INSERM), Paris, France. The research
complied with the commonly accepted ‘3Rs’.

4.2. General Study Approach

Our study sought to determine EPR generated by the sliding of actin filaments along
myosin filaments during the contraction phase (Figure 1A–E). EPR was the product of the
thermodynamic frictional force (F/T) and the thermodynamic flow (vo); vo was the sliding
rate of myofilament and was calculated from the A. Huxley equations [3]. Once EPR was
determined, the next step was to calculate EEP and to see whether it turned negative after
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a prolonged period of anoxia, characterizing the instability of the cardiac tribosystem and
the occurrence of self-organization [10,13,14,26].

4.3. Experimental Procedure

Experiments were conducted on 27 adult male rats from Charles River Laboratories.
Rats were anesthetized with pentobarbital sodium (50 mg/kg ip). Left ventricular papil-
lary muscles (LVPMs) were carefully dissected from the heart. Each LVPM was rapidly
mounted in a tissue chamber containing a Krebs–Henseleit solution (in mM): 118 NaCl;
24 NaHCO3; 4.7 KCl; 1.2 MgSO4 7H2O; 1.1 KH2PO4; 2.5 CaCl2 6H2O; 4.5 glucose. The
solution was bubbled with 95% O2-5% CO2 and maintained at pH 7.4 and 29 ◦C. LVPMs
were electrically stimulated by means of two platinum electrodes delivering a 5ms stimulus
at 0.1 Hz frequency. Experiments were carried out at Lo, i.e., the initial resting length
corresponding to the apex of the length-active tension curve. The experimental procedure
and the electromagnetic lever system have been previously described [33]. Maximum
unloaded shortening velocity (Vmax, in Lo · s−1) of the LVPM was measured by means
of the zero-load clamp technique [34]. Peak isometric tension (T, in mN/mm2; force per
cross-section area) was measured from the fully isometric contraction. The tension-velocity
relationship was derived from the peak velocity (V) of 8 to 10 isotonic afterloaded contrac-
tions, plotted against the isotonic tension level (iT) and by successive load increments from
zero-load up to peak isometric tension (T) [33]. The tension-velocity (iT-V) relationship
was fitted according to A.V. Hill’s equation (iT + a) (V + b) = [T + a] b where -a and -b
are the asymptotes of the hyperbola [35]. For each LVPM, the iT-V relationship was accu-
rately fitted by means of a hyperbola [33,35,36]. The curvature (G) of the hyperbola was
T/a = Vmax/b.

4.4. A. Huxley’s Formalism

The use of the A. Huxley formalism [3] requires verifying that each LVPM presented
a hyperbolic tension-velocity (iT-V) relationship. Values for the asymptotes -a and -b of
the iT-V relationship were introduced into the Huxley equations. The rate of total energy
release (EHux) and isotonic tension (iT = FHux) as a function of the LVPM velocity (V) were
obtained by the following equations [3]:

EHux = (N e) (h/2 l) (f1/(f1 + g1)) {g1 + f1 (V/∅) [(1 − exp (−∅/V)]} (1)

FHux = N (w/2l) (f1/(f1 + g1)) {1 − (V/∅) [(1 − exp (-∅/V)) (1 + (1/2)) ((f1 + g1)/g2)2 (V/∅)]} (2)

where w was the maximum mechanical work generated by a single CB (w/e = 0.75) and e
was the free energy required to split one ATP molecule. In the A. Huxley formalism, only
one ATP was split per CB cycle. The standard free energy ∆G◦′ATP was −60 kJ/mol; e
was equal to 10−19 J [37]. The myosin CB tilt relative to the actin filament varied from 0 to
h; f1 was the maximum value of the rate constant for CB attachment; g1 and g2 were the
maximum values of the rate constants for CB detachment; f1 and g1 corresponded to a tilt
of the CB from 0 to h; g2 corresponded to a tilt > h; ∅ was equal to (f1 + g1) h/2 = b; and N
was the number of CBs per cross-sectional area. The molecular step size h corresponded
to the distance of translocation of the actin filament after the CB swing. The constant l
was the distance between two successive actin sites with which a myosin head could bind.
In agreement with the A. Huxley conditions (l >> h), h and l values were h = 10 nm and
l = 28.6 nm. The parameters po, G curvature of the iF-V hyperbola, f1, g1, and g2 were
calculated using the following equations:

G = f1/g1 (3)

g1 = 2wb/ehG (4)

g2 = 2Vmax/h (5)



Int. J. Mol. Sci. 2022, 23, 6967 10 of 13

po = (w/l) × [(f1)/(f1 + g1)] (6)

where po was the single CB force (in pN). Myosin content was calculated from the number
of cycling myosin CB per volume unit of tissue and the Avogadro number. The sliding
velocity of myosin filaments (in µm/s) along actin filaments was:

vo = h/ts (7)

where ts was the time stroke [38]. The rate of mechanical work (WM) is given by the
formula: WM = PHUX V. At any given load level, the mechanical efficiency (Eff) of the
LVPM is defined as the ratio of WM to EHUX, i.e., Eff = WM/EHUX and maximum efficiency
(max. Efficiency) is the peak value of Efficiency.

4.5. Tribology and Heart Muscle

Friction is loosely defined as the resistance that a surface or object encounters when
moving over another one. Bio-friction or “bio-tribology” can be defined as a friction applied
to biological systems [39]. The principles of friction have been used for centuries in China
and Egypt. Scientific studies on friction began with Leonardo da Vinci. Subsequently,
Amontons and Coulomb laid the foundation for the current understanding of friction. Ki-
netic friction is an irreversible dissipative process. Friction represents the general tendency
for irreversible energy dissipation in accordance with the Second Law of thermodynamics.
The empirical Coulomb law of friction stipulates that the frictional force (F) is proportional
to the normal load (W) according to the following formula (Figure 1E):

F = µW where µ the friction coefficient (without dimension) is independent of the
normal load (W in mN), the myofilament sliding velocity (vo in µm/s), and the area of
contact. The Coulomb frictional force (F in mN) is independent of the myofilament sliding
velocity (vo).

The normal load (W) was calculated from Huxley’s equation. The myosin content per
volume unit was calculated from Huxley’s equations [3] by dividing the CB number per
volume unit by the Avogadro number. The myosin weight per volume unit was calculated
knowing the myosin content and the myosin molecular weight. Cardiac myosin (molecular
weight ~ 528 kDa) is a hexameric protein consisting of two myosin heavy chains (MHCs, 223
kDa), two pairs of regulatory light chains (RLCs, ~19 kDa), and two pairs of essential light
chains (ELCs, ~22 kDa) [40]. The normal load W was determined by applying Newton’s
second law, i.e., W = 9.81 ×myosin molecular weight.

The coefficient of friction µ has been determined in numerous living tissues [41]. In
a myosin filament sliding along an actin filament, µ has been determined to be equal to
~0.001 [42]. The higher the detachment rate constant g2, the easier the sliding of myosin
along actin and the lower the friction coefficient µ. The coefficient of friction was equal to
0.001× (g2 control/g2 anoxia). The thermodynamic flow (vo) was equal to the myofilament
sliding velocity and the thermodynamic force was equal to the frictional force F divided by
T (T: Kelvin temperature): thermodynamic force = µ W/T.

4.6. Stability Conditions

Thermodynamic variables can be considered as functions of time and position. This is
the assumption for assuming the local equilibrium principle. The fluctuations induced by
the anoxia were small, and mechanical and thermodynamic changes were very progressive
and continuous during 3-h.

In a non-equilibrium system and in the case of friction phenomena, the entropy
production rate (EPR) is given by the expression:

δ2 S = (1/T)·F·v0, (in mN·µm·s−1·T−1) (8)

where S is the entropy of the tribosystem. The transition from a stationary state sliding
regime to a regime with self-organization occurred through the destabilization of the
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stationary state. Equation 8 is considered as a Lyapunov function. The second variation
of entropy (δ2 S) corresponds to the entropy production rate (EPR) which relates to a
disturbance of the system due to anoxia. The stability condition for the thermodynamic
system is given by the following equation:

∂δ2S
∂t

=
∂F
T
δvo > 0 (9)

∂δ2S
∂t is the excess entropy production (EEP).

The system is unstable when the value obtained through Equation (9) is negative.
Here (1/T) δF and δvo are the deviations of the thermodynamic force (F/T) and the

thermodynamic flow (vo) from the stationary state, respectively. If EEP remains positive, the
system remains stable. When the deviation from the stationary state goes beyond a certain
critical value, the system is then able to reach an instability threshold. At a given value,
EEP may change its sign, may become negative and thus unstable, and a transition to a self-
organized solution with patterns can occur. A criterion based on the loss of thermodynamic
stability (EEP < 0) is an indication of the occurrence of self-organization [4,9,10,18,19]. The
necessary condition for the occurrence of self-organization is EEP < 0.

4.7. Statistical Analysis

Data were expressed as means ± standard deviations. Comparisons of parameters be-
tween groups were performed using Student’s unpaired t-test. A p value < 0.05 was consid-
ered
statistically significant.

5. Conclusions

Friction is a process based on the concepts of non-equilibrium thermodynamics and
self-organization. Within a tribosystem, self-organization may lead to dissipative structures
that occur in far-from-equilibrium open systems, resulting in a decrease in wear rate [24].
The fundamental concepts of non-equilibrium thermodynamics, entropy, self-organization,
dissipative structures, and thermodynamic stability-instability analysis represent powerful
tools that have been used to develop innovative materials with substantial benefits. In
our study, during prolonged anoxia, the heart was an open non-linear thermodynamic
tribosystem operating far-from-equilibrium, as asserted by the non-linearity between the
thermodynamic force and the thermodynamic flow. The negative value of the excess
entropy production after 2 h of cardiac anoxia enabled self-organization. Anoxia led to
dramatic changes in the friction coefficient, inducing modifications to CB kinetics which
are largely reversible after re-oxygenation Such an adaptation was related to the occurrence
of dissipative structures [24]. This anoxic cardiac tribosystem was thus able to shift from a
severe wear mode to a milder one. These results are of particular interest in the context of
heart transplants where the time that elapses between heart removal from the donor and
its transplantation in the recipient is crucial. Self-organization and dissipative structures
appear to prevent, or at least to limit, the appearance of dramatic irreversible damage to
the myosin CBs.

Author Contributions: All authors contributed to the study conception and design. Material prepa-
ration, data collection and analysis were performed by Y.L., V.C., J.-L.H., X.K., O.S. and A.V. The first
draft of the manuscript was written by Y.L. and all authors commented on previous versions of the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: All experimental procedures conformed to the Guide for
Care and Use of Laboratory Animals and the study protocol was approved by the Ethical Committee
of the Institut National de la Santé et de la Recherche Médicale, Paris France.

Informed Consent Statement: Not applicable.



Int. J. Mol. Sci. 2022, 23, 6967 12 of 13

Data Availability Statement: Not applicable.

Acknowledgments: We thank Christophe Locher, Director of the Clinical Research Center of the
Grand Hôpital de l’Est Francilien (GHEF), Meaux, France, for his valuable support in making
the necessary research facilities available for this study. We are grateful to Brian Keogh for his
improvement of the final manuscript. Experimental data can be seen at the Clinical Research Center.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Huxley, A.F.; Niedergerke, R. Structural changes in muscle during contraction; interference microscopy of living muscle fibres.

Nature 1954, 173, 971–973. [CrossRef] [PubMed]
2. Huxley, H.; Hanson, J. Changes in the cross-striations of muscle during contraction and stretch and their structural interpretation.

Nature 1954, 173, 973–976. [CrossRef] [PubMed]
3. Huxley, A.F. Muscle structure and theories of contraction. Prog. Biophys Biophys Chem. 1957, 7, 255–318. [CrossRef]
4. Nicolis, G.; Prigogine, I. Fluctuations in Nonequilibrium Systems. Proc. Natl. Acad. Sci. USA 1971, 68, 2102–2107. [CrossRef]
5. Nicolis, G.; Auchmuty, J.F. Dissipative Structures, Catastrophes, and Pattern Formation: A Bifurcation Analysis. Proc. Natl. Acad.

Sci. USA 1974, 71, 2748–2751. [CrossRef]
6. Nicolis, G. Dissipative structures and biological order. Adv. Biol. Med. Phys. 1977, 16, 99–113.
7. Nicolis, G.; Basios, V.; Nicolis, C. Pattern formation and fluctuation-induced transitions in protein crystallization. J. Chem. Phys.

2004, 120, 7708–7719. [CrossRef]
8. Prigogine, I.; Nicolis, G.; Babloyantz, A. Nonequilibrium problems in biological phenomena. Ann. N. Y. Acad. Sci. 1974, 231,

99–105. [CrossRef]
9. Prigogine, I.; Nicolis, G. Biological order, structure and instabilities. Q. Rev. Biophys 1971, 4, 107–148. [CrossRef]
10. Kondepudi, D.; Prigogine, I. Modern Thermodynamics from Heat Engines to Dissipative Structures; Wiley & Sons: New York, NY,

USA, 1999; pp. 1–486.
11. Klamecky, B.E. A thermodynamic model of friction. Wear 1980, 63, 113–120. [CrossRef]
12. Bershadsky, L. On self-organisation and concept of tribosystem self organizing. J. Fric. Wear 1992, 13, 101–114.
13. Nosonovsky, M. Self-organization at the frictional interface for green tribology. Philos. Transactions. Ser. A Math. Phys. Eng. Sci.

2010, 368, 4755–4774. [CrossRef] [PubMed]
14. Nosonovsky, M.; Roy, P. Scaling in Colloidal and Biological Networks. Entropy 2020, 22, 622. [CrossRef] [PubMed]
15. Nosonovsky, M.; Bhushan, B. Green tribology: Principles, research areas and challenges. Philos. Transactions. Ser. A Math. Phys.

Eng. Sci. 2010, 368, 4677–4694. [CrossRef] [PubMed]
16. Nosonovsky, M.; Bhushan, B. Thermodynamics of surface degradation, self-organization and self-healing for biomimetic surfaces.

Philos. Transactions. Ser. A Math. Phys. Eng. Sci. 2009, 367, 1607–1627. [CrossRef]
17. Naderi, M. On the evidence of thermodynamic self-organization during fatigue: A review. Entropy J. 2020, 22, 372. [CrossRef]
18. Gershman, I.S.; Bushe, N.A. Elements of thermodynamics and self-organization during friction. In Self-Organization during

Friction. Advanced Surface-Engineered Materials and Systems Design; Fox-Rabinovich, G.S., Totten, G.E., Eds.; CRC Taylor & Francis:
Boca Raton, FL, USA, 2006.

19. Fox-Rabinovich, G.; Gershman, I.S.; Yamamoto, K.; Biksa, A.; Veldhui, S.C.; Beak, B.D.; Kovalev, A.I. Self-Organization during
Friction in Complex Surface Engineered Tribosystems. Entropy 2010, 12, 275–288. [CrossRef]

20. Bakaeen, F.G.; Gaudino, M.; Whitman, G.; Doenst, T.; Ruel, M.; Taggart, D.P.; Stulak, J.M.; Benedetto, U.; Anyanwu, A.; Chikwe, J.;
et al. 2021: The American Association for Thoracic Surgery Expert Consensus Document: Coronary artery bypass grafting in
patients with ischemic cardiomyopathy and heart failure. J. Thorac. Cardiovasc. Surg. 2021, 162, 829–850.e1. [CrossRef]

21. Lawton, J.S.; Tamis-Holland, J.E.; Bangalore, S.; Bates, E.R.; Beckie, T.M.; Bischoff, J.M.; Bittl, J.A.; Cohen, M.G.; DiMaio, J.M.;
Don, C.W.; et al. 2021 ACC/AHA/SCAI Guideline for Coronary Artery Revascularization: Executive Summary: A Report of
the American College of Cardiology/American Heart Association Joint Committee on Clinical Practice Guidelines. J. Am. Coll.
Cardiol. 2022, 79, 197–215. [CrossRef]

22. Stehlik, J.; Kobashigawa, J.; Hunt, S.A.; Reichenspurner, H.; Kirklin, J.K. Honoring 50 Years of Clinical Heart Transplantation in
Circulation: In-Depth State-of-the-Art Review. Circulation 2018, 137, 71–87. [CrossRef]

23. Kostetsky, B. Structural -energetic adaptation of materials at friction. J. Fric Wear 1985, 6, 201.
24. Fox-Rabinovich, G.; Totten, G.E. Self-organization during friction: Advanced surface-engineered materials and systems design.

In Endotext; CRC Press: BocaRaton, FL, USA, 2006.
25. Mortazavi, V.; Nosonovsky, M. Friction-induced pattern formation and Turing systems. Langmuir ACS J. Surf. Colloids 2011, 27,

4772–4779. [CrossRef]
26. Glansdorff, P.; Prigogine, I. Thermodynamics of Structure Stability and Fluctuations; Wiley: New York, NY, USA, 1971.
27. Nicolis, G.; Prigogine, I. Self-Organization in Non-Equilibrium Systems: From Dissipative Structures to Order through Fluctuations; John

& Wiley & Sons: New York, NY, USA, 1977.
28. Palatnik, L.S. Pores in the Films; Energoizdat: Moscow, Russia, 1982.

http://doi.org/10.1038/173971a0
http://www.ncbi.nlm.nih.gov/pubmed/13165697
http://doi.org/10.1038/173973a0
http://www.ncbi.nlm.nih.gov/pubmed/13165698
http://doi.org/10.1016/S0096-4174(18)30128-8
http://doi.org/10.1073/pnas.68.9.2102
http://doi.org/10.1073/pnas.71.7.2748
http://doi.org/10.1063/1.1687339
http://doi.org/10.1111/j.1749-6632.1974.tb20557.x
http://doi.org/10.1017/S0033583500000615
http://doi.org/10.1016/0043-1648(80)90078-2
http://doi.org/10.1098/rsta.2010.0179
http://www.ncbi.nlm.nih.gov/pubmed/20855319
http://doi.org/10.3390/e22060622
http://www.ncbi.nlm.nih.gov/pubmed/33286394
http://doi.org/10.1098/rsta.2010.0200
http://www.ncbi.nlm.nih.gov/pubmed/20855315
http://doi.org/10.1098/rsta.2009.0009
http://doi.org/10.3390/e22030372
http://doi.org/10.3390/e12020275
http://doi.org/10.1016/j.jtcvs.2021.04.052
http://doi.org/10.1016/j.jacc.2021.09.005
http://doi.org/10.1161/CIRCULATIONAHA.117.029753
http://doi.org/10.1021/la200272x


Int. J. Mol. Sci. 2022, 23, 6967 13 of 13

29. Davies, P.C.; Rieper, E.; Tuszynski, J.A. Self-organization and entropy reduction in a living cell. Bio. Syst. 2013, 111, 1–10.
[CrossRef] [PubMed]

30. Goel, N.S.; Leith, A.G. Self-sorting of anisotropic cells. J. Theor. Biol. 1970, 28, 469–482. [CrossRef]
31. Gordon, R.; Goel, N.S.; Steinberg, M.S.; Wiseman, L.L. A rheological mechanism sufficient to explain the kinetics of cell sorting. J.

Theor. Biol. 1972, 37, 43–73. [CrossRef]
32. Schrödinger, E. What is Life? The Physical Aspect of the Living Cell. In StemBook; Cambridge University Press: Cambridge, UK,

1967.
33. Lecarpentier, Y.; Chemla, D.; Blanc, F.X.; Pourny, J.C.; Joseph, T.; Riou, B.; Coirault, C. Mechanics, energetics, and crossbridge

kinetics of rabbit diaphragm during congestive heart failure. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 1998, 12, 981–989.
[CrossRef]

34. Brutsaert, D.L.; Sonnenblick, E.H. Force-velocity-length-time relations of the contractile elements in heart muscle of the cat. Circ.
Res. 1969, 24, 137–149. [CrossRef]

35. Hill, A.V. The heat of shortening and the dynamic constants of muscle. Proc. R. Soc. Lond. Biol. Sci. 1938, 126, 136–195.
36. Woledge, R.C.; Curtin, A.N.; Homsher, E. Energetic Aspects of Muscle Contraction; Academic Press: London, UK, 1985; Volume 41,

pp. 1–357.
37. Veech, R.L.; Lawson, J.W.; Cornell, N.W.; Krebs, H.A. Cytosolic phosphorylation potential. J. Biol. Chem. 1979, 254, 6538–6547.

[CrossRef]
38. Lecarpentier, Y.; Claes, V.; Krokidis, X.; Vallée, A.A. Comparative Statistical Mechanics of Muscle and Non-Muscle Contractile

Systems: Stationary States of Near-Equilibrium Systems in A Linear Regime. Entropy J. 2017, 19, 558. [CrossRef]
39. Dowson, D. Bio-tribology. Faraday Discuss. 2012, 156, 9–30. [CrossRef] [PubMed]
40. Jin, Y.; Wei, L.; Cai, W.; Lin, Z.; Wu, Z.; Peng, Y.; Kohmoto, T.; Moss, R.L.; Ge, Y. Complete Characterization of Cardiac Myosin

Heavy Chain (223 kDa) Enabled by Size-Exclusion Chromatography and Middle-Down Mass Spectrometry. Anal. Chem. 2017, 89,
4922–4930. [CrossRef] [PubMed]

41. Jin, Z.; Dowson, D. Bio-friction. Friction 2013, 1, 100–113. [CrossRef]
42. Suda, H. Molecular friction in an actomyosin molecular machine. J. Theor. Biol. 1990, 146, 341–346. [CrossRef]

http://doi.org/10.1016/j.biosystems.2012.10.005
http://www.ncbi.nlm.nih.gov/pubmed/23159919
http://doi.org/10.1016/0022-5193(70)90081-0
http://doi.org/10.1016/0022-5193(72)90114-2
http://doi.org/10.1096/fasebj.12.11.981
http://doi.org/10.1161/01.RES.24.2.137
http://doi.org/10.1016/S0021-9258(18)50401-4
http://doi.org/10.3390/e19100558
http://doi.org/10.1039/c2fd20103h
http://www.ncbi.nlm.nih.gov/pubmed/23285619
http://doi.org/10.1021/acs.analchem.7b00113
http://www.ncbi.nlm.nih.gov/pubmed/28366003
http://doi.org/10.1007/s40544-013-0004-4
http://doi.org/10.1016/S0022-5193(05)80744-1

	Introduction 
	Results 
	Mechanical Properties of Left Ventricular Papillary Muscles (LVPMs) and Molecular Myosin CB Characteristics 
	Coefficient of Friction, Frictional Force and Normal Load 
	Thermodynamic Force and Thermodynamic Flow 
	Partial Time Derivatives of Thermodynamic Force and Thermodynamic Flow 
	Entropy Production Rate (EPR) and Excess Entropy Production (EEP) 
	Self-Organization and Dissipative Structures 
	Re-Oxygenation 

	Discussion 
	Methods 
	Ethical Statement 
	General Study Approach 
	Experimental Procedure 
	A. Huxley’s Formalism 
	Tribology and Heart Muscle 
	Stability Conditions 
	Statistical Analysis 

	Conclusions 
	References

