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ARTICLE INFO abstract

Non-muscle contractile tissues are now recognized. They differ from muscle contrac-
tile tissues by their basal cell, the myofibroblast and their molecular motor, the non-mus-
cle myosin type II (NMMII). Surprisingly, muscles and non-muscles share several funda-
mental contractile properties, namely the Frank-Starling phenomenon and the hyperbolic 
relationship of A. V. Hill between tension and maximum shortening velocity. They quanti-
tatively diverge from muscles by their mechanical properties which are much slower and 
develop less tension than muscles. This also applies to ultraslow kinetics of the non-mus-
cle myosin (NMMII) compared to those of the muscle myosin (MMI and MMII). Both mus-
cles and non-muscles also share common properties of statistical mechanics: they behave 
near equilibrium and in a linear stationary regime. Entropy production rate is much lower 
in non-muscles than in muscles due to their low thermodynamic flow. Interestingly, the 
order of magnitude of both the force generated by one actin-myosin interaction and the 
thermodynamic efficiency of this interaction is the same in the two systems. Human pla-
cental stem villi and mesenchymal stem cells from human bone marrow in the presence of 
TGF-beta are largely composed of myofibroblasts and represent two kinds of non-muscle 
contractile tissues. This leads to a classification of contractile systems which can be subdi-
vided into two classes, i. e., muscle tissues and non-muscle tissues.

Opinion
Mechanical and thermodynamic properties of striated (skeletal 

and cardiac) and smooth muscles have been described in an 
exhaustive manner for a long time. These contractile systems 
comply with Frank-Starling’s law [1, 2], which specifies that the 
initial length of a muscle fiber is determined by its preload and that 
muscle active tension increases with the preload level. Moreover, A. 
V. Hill, established a hyperbolic relationship between the isotonic 
tension (T) level and the maximum shortening velocity (V) [3,4] 
whose curvature is related to the thermodynamic properties of 
the muscle system. The higher the curvature, the more economical 
the muscular system is. This hyperbolic T-V relationship is 
crucial because it is necessary to be able to apply the A. F. Huxley 
phenomenological theory of muscle contraction [5]. This allows to  

 
determine the molecular properties of actin-myosin crossbridges 
(CBs) namely:  the unitary force generated by one CB interaction, 
the number of active CBs per volume unit of tissue, the attachment 
and detachment CB kinetics and the maximum myosin ATPase 
activity [6]. The basic cell of muscle systems is the myocyte, and 
its molecular motor is the type I and II muscle myosin (MI and 
MII). In our laboratory, we developed the formalism of statistical 
mechanics by means of the grand canonical ensemble to calculate 
numerous thermodynamic parameters such as statistical entropy 
characterizing the dispersal of energy, internal energy, chemical 
affinity, thermodynamic flow (TFl), thermodynamic force (TFo), 
and entropy production rate (diS/dt) which is the product of TFl 
and TFo [6-9]. 
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Open living contractile systems exchange energy and matter 
with the surroundings. In statistical mechanics, the grand canonical 
ensemble can be applied to complex open systems such as muscle 
contractile tissues. Statistical mechanics combined with A. Huxley’s 
equations provide a powerful tool for showing the link between the 
chemo-mechanical properties of CB molecular motors and their 
thermodynamic characteristics. This led us to show that striated 
and smooth muscles behave near from equilibrium i. e, chemical 
affinity << RT (R: gas constant; T: Kelvin temperature), and in a 
linear stationary state, i. e., that TFl linearly varies with TFo. Under 
the linear regime wherein the Onsager phenomenological laws [10] 
can be used, a near equilibrium system can tend towards a linear 
stationary regime [7,9]. 

Thus, diS/dt can reach a minimum level that represents the 
criterion of stability of a stationary state. The irreversibility of 
chemical processes is quantified by diS/dt. The higher the diS/dt, 
the further the chemical system moves far away from equilibrium 
[7-9]. We have determined the CB molecular properties by means 
of A. F. Huxley equations, applied statistical mechanics to various 
muscles and established that muscles behaved near equilibrium 
and in a linear stationary state [6,11,12]. In addition to muscle 
systems, other tissues also exhibit a contractile behavior. One of 
them is human placental stem villi, in which cells resembling smooth 
muscle cells have been observed since the early twentieth century 
[13,14]. Similarily to that observed in muscle tissues, placental 
stem villi are able to contract after potassium chloride stimulation 
or by applying an electrical field [15-17]. We have studied the 
mechanical and thermodynamic properties of the human placenta 
by using the same techniques as those for muscles. To our surprise, 
we have observed that the Frank-Starling phenomenon is also 
present in the human placental stem villi [18]. This strongly 
suggests that the ultrastructure of human placental stem villi is 
relatively highly organized to allow the sliding of actin filaments 
along myosin filaments as classically reported in both striated and 
smooth muscles. The T-V hyperbolic relationship is also observed in 
human placental stem villi [19]. 

This made it possible to determine their molecular 
characteristics and thermodynamic properties [20] as we had 
done previously in muscles. The fundamental difference between 
muscles and placenta is that shortening velocity of placenta is 
much slower than that of muscles and placental stem villi develop 
a lower tension than muscles do. In addition, kinetics of actin-
myosin CBs and myosin ATPase activity are much lower in placenta 
than those observed in muscles [12,21]. Importantly, the unitary 
force generated by one actin-myosin CB interaction and the CB 
thermodynamic efficiency are of the same order of magnitude in 
both muscles and non-muscle contractile placental stem villi. In 
placenta, the basic contractile cell is the myofibroblast [22] and 
the molecular motor is the non-muscle myosin type II (NMMII) 
[23]. From a thermodynamic viewpoint, the human placenta also 

operates near equilibrium and in a linear stationary regime, but 
closer from equilibrium than muscles are [12,20]. In placenta, 
entropy production rate is dramatically low due to the low TFl. 

We have recently shown that mesenchymal stem cells (MSCs) 
from human bone marrow collected after a femoral neck fracture 
present the same mechanical properties as those of human placen-
ta stem villi when MSCs are included in collagen scaffolds in the 
presence of TGF-beta [24]. Under these conditions, MSCs differ-
entiate into myofibroblasts expressing NMMIIA. The mechanical 
properties observed in collagen scaffolds are similar to those of 
the placenta and of the same order of magnitude in terms of short-
ening velocity and tension. Myofibroblasts play a key role in tissue 
repair processes such as skin healing. That is how they have been 
discovered by Gabbiani et al. [25]. The canonical WNT/beta-catenin 
pathway promotes the differentiation of MSCs and fibroblasts into 
myofibroblasts. Canonical WNT and TGF-beta pathways promote 
tissue fibrosis in the heart, lungs, liver and kidneys . In addition, 
myofibroblasts also play a key role in many cancers [26,27]. 

In conclusion, muscles and non-muscle contractile systems 
share four fundamental properties. First, stimulation of contractile 
tissues can be induced by either an electric field or potassium 
chloride. Second, they present the Starling phenomenon. Third, 
they exhibit a hyperbolic tension-velocity relationship. Fourth, they 
can relax spontaneously by inhibiting the CB cycle by means of 
either 2,3-butanedione monoxime or blebbistatin which inhibit the 
CB cycle and by activating the NO-cGMP pathway by means of either 
isosorbide dinitrate or sildenafil [18]. The NMMII  molecular motor 
of non-muscle contractile tissues exhibits ultraslow CB kinetics. 
However, the unitary CB force and efficiency of the non-muscle 
myosin (NMMII) in myofibroblasts from human placenta are similar 
in magnitude to those of MMI and II  in myocytes of striated and 
smooth muscle cells. Both non-muscle contractile systems operate 
near from equilibrium and in linear stationary regime. We propose 
to subdivide contractile tissues into two classes according to their 
molecular mechanical CB properties and CB statistical mechanics, 
i.e., muscle myocyte tissues expressing MM1 and II and non-muscle 
myofibroblast tissues expressing NMMII.
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