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Abstract 

Cellular adaptation to environmental changes relies on the dynamic remodeling of cytoskeletal 

structures. Sarcomeres, periodic units composed mainly of actin and myosin II filaments, are 

fundamental to the function of the cytoskeletal architecture. In muscle cells, sarcomeres maintain 

consistent lengths optimized for stable force generation, while in nonmuscle cells, they display greater 

structural variability and undergo adaptive remodeling in response to environmental cues. However, 

the relevance of this structural variability to cellular adaptability remains unclear. Here, we present a 

nonequilibrium physics framework to investigate the role of sarcomere variability in cytoskeletal 

adaptation. By deriving the probability distribution of sarcomere lengths and analyzing binding 

energies during cytoskeletal elongation, we show that structural variability, rather than hindering 

function, facilitates adaptive responses to environmental conditions. We reveal that entropy production 

arising from this variability drives dynamic remodeling, allowing the cytoskeletal architecture to 

respond effectively to external cues. This framework bridges sarcomere variability and cytoskeletal 

adaptability required for diverse cellular functions, providing new insights into how variability 

supports cellular adaptation through nonequilibrium processes. 

  



1. Introduction 

Living cells adapt their internal structures in response to changes in both their internal and external 

environments (1,2). This adaptability is fundamental to individual cellular processes such as 

differentiation, proliferation, and apoptosis, as well as to higher-order processes such as tissue 

development and wound healing (3,4). The cytoskeleton is central to the physical structure and force 

generation of cells, maintaining its integrity through organized protein complexes. Among these, the 

sarcomere, a periodic structure primarily composed of actin and myosin II filaments, functions as the 

fundamental unit of the cellular cytoskeletal architecture. 

While sarcomeres are well defined in muscle cells (5–9), similar structures are also found in 

nonmuscle cells (10–18). Compared to the consistent sarcomere length and alignment in muscle cells, 

nonmuscle sarcomeres exhibit greater structural variability; and even within muscle cells, younger 

ones display more randomness than mature ones (19). This variability is more pronounced in motile 

cells than in nonmotile cells, which possess different potentials for movement and proliferation (11,12). 

Muscle sarcomeres are optimized for force generation within muscle tissues (5), while nonmuscle 

sarcomeres are involved in diverse dynamic cellular processes such as division, migration, and 

structural remodeling upon environmental changes (20–23). 

Traditionally, these differences in sarcomere structures have been attributed to the unique 

properties of proteins expressed in each cell type, often within a reductionist framework. On the other 

hand, to achieve a unified understanding of how this architectural randomness is inherently linked to 

distinct cellular functions, a comparative approach based on physical principles is essential. In this 

regard, prior studies from a physical perspective have aimed to elucidate the mechanisms for the self-

organization of sarcomere periodicity (20,21,24,25), with some attempts in exploring how ATP-driven 

actomyosin contractions generate cellular tension and in turn maintain sarcomere structures (5,26,27). 

However, the potential link between sarcomere variability and cellular functions including adaptability 

remains unclear. 

Here, we develop a theoretical framework to describe the relationship between sarcomere 

structural variability and cellular adaptability from a nonequilibrium physics perspective. Specifically, 

we derive constraints on the probability distribution of sarcomere structures and the binding energy 

among sarcomeres, illustrating how variability may enhance adaptability. Given that ATP-dependent 

processes represent nonequilibrium phenomena, we incorporate relevant biophysical properties into a 

Fokker–Planck equation to derive the probability distribution of sarcomere configurations. We then 



quantify entropy production to evaluate the energetic cost of maintaining these structures. Our results 

clarify a fundamental physical principle, demonstrating that the structural properties of sarcomeres, 

often considered at the level of individual contractile units, enhance cellular adaptability at larger 

scales. Interestingly, the inherent randomness in sarcomere structure, which impairs function in 

engineered systems, may instead promote the unique adaptability of living organisms. 

 

2. Model 

2.1 Probability distribution of sarcomere structures 

The sarcomere is the intracellular contractile unit with a certain periodic structure, along which actin, 

myosin, and α-actinin appear in a cell type-dependent probability distribution (Fig. 1). Nonmuscle 

cells tend to express sarcomeres that are more spatially irregular compared to those in muscle 

cells. We model the sarcomere in a one-dimensional framework, defining the probability of its length 

state 𝑥  as 𝑃(𝑥) . Given the biophysical property of the sarcomere response, which is convex 

downward with respect to the stable length 𝑥!, the potential energy 𝑈(𝑥) at sarcomere length 𝑥 is 

given by 

 

𝑈(𝑥) =
1
2𝑘
(𝑥 − 𝑥!)" (1) 

 

where 𝑘 represents the restoring contribution of the sarcomere. Using the Fokker-Planck equation, 

the time evolution of 𝑃(𝑥, 𝑡) is described by 
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where 𝐷 is the diffusion coefficient. By solving Eq. (2) under the steady-state condition, we obtain 

the stationary probability distribution as 
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where 𝑃(𝑥) satisfies the normalization condition ∑𝑃(𝑥) = 1. 

 

2.2 Entropy production 

We consider the cytoskeletal structure with sarcomeres as the system and the surrounding environment 

as the heat bath. We quantify the nonequilibrium entropy production during the growth process of the 

cytoskeletal structure while nearby sarcomeres bind together or unbind. In actual cells, the cytoskeletal 

growth occurs at the level of individual proteins, namely actin, myosin, and α-actinin, rather than at 

the whole sarcomere level, but we simplify this process by modeling the combined action of these 

proteins as equivalent to sarcomere level binding. We assume that the environment is large enough to 

remain close to thermal equilibrium. The total entropy production, considered for both the system and 

the environment, is defined as 

 

𝜎 = ∆𝑆#$# + ∆𝑆%&'( ≥ 0 (4) 

 

where ∆𝑆#$#  and ∆𝑆%&'(  are the change in entropy of the system and of the surrounding 

environment, respectively (28).  

In nonequilibrium systems, ∆𝑆#$# can be expressed using Shannon entropy as follows (26): 

 

∆𝑆#$# = −@𝑃(𝑥)ln𝑃(𝑥). (5) 

 

For ∆𝑆%&'(, we assume that the environment can freely exchange sarcomere elements and energy with 

the preexisting cytoskeletal structure and is therefore described by a grand canonical distribution under 



this theoretical assumption. The change in entropy of the environment is given by 

 

∆𝑆%&'( = −𝛽(∆𝐸 − ∆𝜇) (6) 

 

where ∆𝐸 is the energy change in the cytoskeletal structure due to sarcomere binding, ∆𝜇 is the 

change in chemical potential as sarcomeres transition from the particle bath to within the cytoskeletal 

structure, and 𝛽=1/𝑘%𝑇 representing the inverse thermal energy. Using Eqs. (5) and (6), the total 

entropy production is expressed by 

 

𝜎 = −@𝑃(𝑥)ln𝑃(𝑥) − 𝛽(∆𝐸 − ∆𝜇) ≥ 0, (7) 

 

showing that the entropy production during the forming process of the cytoskeletal structure is always 

positive. 

 

2.3 Maximum binding energy 

We define ∆𝐸 in Eq. (6) as the energy change due to sarcomere binding to the cytoskeletal structure, 

corresponding to the binding energy, or ∆𝐸 = ∆𝐸%. From Eq. (7), the binding energy is defined as 

 

∆𝐸% ≤ ∆𝐸)&*% = ∆𝜇 −
1
𝛽@𝑃(𝑥)ln𝑃(𝑥). (8) 

 

Based on the second law of thermodynamics, the nonequilibrium forming of the cytoskeletal structure 

driven by sarcomere binding consistently generates positive entropy. This constraint imposes a limit 

on the binding energy, determined by the chemical potential and the entropy associated with the 

underlying randomness of the sarcomere structure. In particular, the binding energy represents the 

strength of the interaction between sarcomeres, with a more negative binding energy indicating a 

stronger binding. We quantitatively analyzed the maximum binding energy ∆𝐸)&*%  with the 



probability distribution of sarcomere structures (Eq. 3). Each parameter used is determined based on 

experimental data, with 𝐷 = 10	μm2/s and 𝑇 = 310.15 K (29–33), and ∆𝜇 was estimated to be on 

the order of 20 kJ/mol from experimental measurements of the energy associated with ATP hydrolysis 

(34,35). 

 

2.4 Quantification of sarcomere length 

The actual sarcomere length was quantified using previously published experimental images from 

multiple sources, including mouse skeletal muscles (36), primary mice myotubes (37), neonatal rat 

cardiomyocytes (38), and myofibrils isolated from rabbit glycerinated psoas muscle fibers in a rigor 

state (39), which predominantly express striated muscle-type actin and myosin molecules; and human 

fibroblasts (40), PtK2 long-nosed potoroo epithelial kidney cells (40), gerbil fibroma cells (40), and 

A7r5 rat aortic smooth muscle cells (41), which express nonstriated muscle-type actin and myosin 

molecules. Among them, A7r5 cells also express α-SMA, a smooth muscle-specific actin isoform 

commonly used as a marker for smooth muscle cells and myofibroblasts. Images of endogenous α-

actinin immunostaining (37,38,40,41), transmission electron microscopy images (37), or phase-

contrast microscopy images (39) were analyzed by using ImageJ/Fiji software (NIH). Lines were 

drawn along the longitudinal axis of multiple sarcomeres, and the intensity profile was examined to 

measure the distance between peaks, which correspond to sarcomere length. The lengths of n = 40–48 

sarcomeres in striated muscle types and n = 53–56 sarcomeres in nonstriated muscle types were 

analyzed to obtain the respective distributions. 

 

3. Results 

3.1 Analysis of sarcomere length variability 

The probability distribution for sarcomere lengths was analyzed using our model (Eq. 3) (Fig. 2). 

These distributions follow a Gaussian distribution with variance N𝐷 𝑘⁄ , influenced by both noise and 

restoring contribution. As 𝑘 increases, representing greater contractile force maintained within the 

cytoskeletal structure, the variance decreases, resulting in sarcomeres being more stably distributed 

around a specific length. Conversely, as 𝑘 decreases, the variance increases, leading to a broader 

length distribution and a more random sarcomere structure. This behavior is consistent with 

experimentally observed properties in muscle and nonmuscle cells. Specifically, in mouse skeletal 



muscles (hereafter referred to Skeletal muscles), primary mice myotubes (Myotubes), neonatal rat 

cardiomyocytes (Cardiomyocytes), and myofibrils isolated from rabbit glycerinated psoas muscle 

fibers in a rigor state (Skeletal myofibrils), which all predominantly express striated muscle-type actin 

and myosin molecules and are characterized by high contractile force, sarcomeres are consistently 

observed to maintain a specific length (Fig. 3); to clearly demonstrate this observation, Shannon 

entropy was calculated for each distribution. In contrast, in human fibroblasts (Fibroblasts), PtK2 long-

nosed potoroo epithelial kidney cells (PtK2 cells), and gerbil fibroma cells (Fibroma cells), which 

express nonstriated muscle-type actin and myosin molecules and are characterized by less contractile 

force, sarcomeres exhibit greater length variability. Thus, nonmuscle sarcomeres show a relatively 

random structure compared to those in muscle cells, while still maintaining a characteristic stable 

length (15,42). A7r5 rat aortic smooth muscle cells (A7r5 cells), which express both α-SMA and 

muscle-type α-actin, exhibit intermediate randomness between muscle-type and nonmuscle-type. 

 

3.2 Analysis of maximum binding energy 

Our analysis shows that the maximum binding energy decreases as the restoring contribution increases, 

indicating that the impact of the binding energy associated with the extent of sarcomere interactions 

increases under these conditions (Fig. 4a). This occurs because, as the restoring contribution increases, 

and the sarcomere structure becomes more ordered, the influence of entropy is reduced (Fig. 2, blue), 

thus allowing the binding energy to exert greater dominance in driving cytoskeletal elongation. On the 

other hand, when the restoring contribution is small, the resulting more disordered sarcomere 

configuration (Fig. 2, red) reduces the dominance of the binding energy, allowing sarcomere assembly 

to occur more easily and enabling more flexible cytoskeletal remodeling. These findings suggest that 

cytoskeletal structures with random sarcomere arrangements, as observed in nonmuscle cells, are 

better adaptable for dynamic elongation. In contrast, cytoskeletal structures with ordered sarcomeres, 

such as those in muscle cells, requires higher change in binding energy for elongation, indicating that 

such systems are less suited for dynamic elongation while maintaining their structural integrity. 

Interestingly, the value of 𝑥! does not affect the limits of the binding energy because entropy is 

determined not by the absolute sarcomere stable length but by the probability of the structure being 

randomly distributed. 

The relationship with the chemical potential reveals a positive correlation with the maximum 

binding energy as explicitly described in Eq. 9 (Fig. 4b). A small difference in chemical potential (Fig. 

4b, red regions) corresponds to a reduced impact of the binding energy, facilitating easier remodeling 



of the structures. While our discussion has focused on the extent of the sarcomere randomness, it 

should be noted that chemical potential depends on component concentration, which varies with 

intracellular environmental conditions. Therefore, even with the same randomness in sarcomere 

structures, the behavior is actually influenced by environmental factors including concentration. 

The binding energy for different types of sarcomere structures was estimated using Eq. (8) and 

actual measurements of the distribution (Fig. 3), showing its proportionality to the change in system 

entropy at a fixed chemical potential, -20 kJ/mol (Fig. 5). The nonmuscle sarcomeres tend to have 

lower levels of binding energy compared to muscle sarcomeres, indicating that the former can remodel 

their structures more easily than the latter. 

 

4. Discussion 

In this work, we developed a nonequilibrium physical model to elucidate how the biophysical 

properties of sarcomeres influence cytoskeletal stability (Fig. 4). Previous studies have largely focused 

on self-organizing mechanisms of sarcomere patterning, but it remained unclear how sarcomere 

characteristics are associated with cellular adaptability (20,21,24,25). We modeled the probability 

distribution of sarcomere length by integrating essential physical factors such as restoring mechanisms 

and fluctuations into an energy model. Using the Fokker-Planck equation, we derived the probability 

distribution of sarcomere lengths (Eq. (3)), revealing that higher restoring forces produce narrower 

distributions with less random structural variations around a specific length. This finding is consistent 

with experimental observations, in which muscle cells with high contractile forces exhibit ordered 

sarcomere structures, whereas nonmuscle cells with weaker contractile forces display more dispersed 

configurations (5,10–17,43,44). Interestingly, cytoskeletal stiffness increases with cellular aging, 

accompanied by reduced sarcomere distributions (45), potentially reflecting a decline in cellular 

adaptability during maturation. 

We applied a nonequilibrium framework to determine the entropy production during cytoskeletal 

remodeling due to sarcomere binding. Sarcomeres generate contractile forces via ATP-driven 

actomyosin activity, creating a nonequilibrium system with continuous energy flux. In our model, we 

considered the cytoskeletal structure composed of sarcomeres as the system and its surrounding 

environment as the reservoir. Given that sarcomere binding allows for cytoskeletal elongation, we 

modeled the environment as a grand canonical ensemble and quantified the resulting entropy 

production. By determining Shannon entropy (46) from the probability distribution of sarcomere 



lengths, we derived a limit on binding energy (Eq. (9)), constrained by the requirement of nonnegative 

entropy production in nonequilibrium systems (28). Our analysis then provided a mechanism, by 

which the maximum binding energy is influenced by structural randomness. In muscle cells with high 

restoring force and ordered sarcomere lengths, the requirement for entropy production necessitates 

substantial binding energy for cytoskeletal elongation. In contrast, in nonmuscle cells with lower 

restoring force and more random sarcomere lengths, the entropy resulting from sarcomere disorder 

allows for more flexible cytoskeletal remodeling with minimal binding energy. Thus, these 

cytoskeletal structures achieve high adaptability, or flexible responsiveness to environmental cues, 

facilitated by the entropy contributed by sarcomere randomness. Interestingly, young muscle cells 

display greater randomness in sarcomeres than mature cells (19), potentially suggesting that early-

stage cells may be more adaptable and then gradually form specialized structures optimized for stable 

contractile force generation as they mature. Note that binding energy is also modulated by the chemical 

potential, which depends on intracellular component concentrations, influencing the resulting structure. 

For example, in high ATP environments, stable cytoskeletal structures with strong binding energies 

can form even in presence of random sarcomere structures. Thus, cytoskeletal structures can remodel 

in response to conditions within the system as well as those in the environment. Our theoretical 

description captures this cellular behavior, aligning with experimentally observed relationships across 

the different hierarchies, namely between sarcomeres and cells (5,10–17,43). 

While we have primarily discussed the qualitative relevance of sarcomere structures to cellular 

adaptability, we also estimated the binding energy for different types of sarcomere structures (Fig. 5). 

We found that the estimated tendency is consistent with experimental observations. Specifically, 

nonmuscle α-actinin isoforms have been reported to exhibit higher dissociation constants Kd for 

actin binding, ranging from 2.96 to 3.96 μM (47), compared to muscle α-actinin isoforms, which show 

lower Kd values of 0.4 μM (48) or 0.59 μM (49). This difference suggests that muscle α-actinin binds 

actin more stably, stabilizing the sarcomere more effectively than nonmuscle α-actinin. Regarding 

myosin, another major actin cross-linker, the Kd value of muscle myosin isoforms (28.2 nM) is higher 

than that of nonmuscle myosin ones (4.6 nM) (50), suggesting a higher affinity of nonmuscle myosin 

for actin. Functionally, muscle myosin molecules undergo rapid cross-bridging cycles to facilitate 

muscle contraction, whereas nonmuscle myosin molecules remain attached to actin to sustain cellular 

tension along stress fibers. These distinct roles suggest that α-actinin, rather than myosin, 

predominantly drives the remodeling activity of sarcomere structures. 

In conclusion, we developed a physical framework linking different hierarchical processes, 

namely sarcomere randomness and cellular adaptability, from a nonequilibrium perspective. We 



suggest that structural disorder, often perceived as disadvantageous, actually enhances cellular 

adaptability by increasing entropy. This randomness is not limited to sarcomeres but also appears in 

other cellular components, indicating that extending our model could reveal additional mechanisms 

working across other biological hierarchies. Thus, our framework provides a basis for exploring the 

complex relationships between cellular physical structures and functions. 
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Fig.1  Schematic of sarcomere structure. The upper diagram (blue) shows the cytoskeleton with 

ordered sarcomeres of specific lengths, characterized by stable tension maintenance. The 

lower diagram (orange) shows the cytoskeleton with random sarcomeres of varying lengths, 

characterized by flexible adaptability to environmental changes.  

 



 

 

 

 

 

 

 

 

 

 

 

  

Fig.2  Length distribution of sarcomeres at 𝑘 = 102 [N/μm] (red), 103 [N/μm] (green), and 104 [N/μm] 

(blue). With a smaller 𝑘, the distribution of sarcomere lengths exhibits greater variability, indicating 

increased structural diversity. 

Fig.3  Quantification of sarcomere length variability. (a) The actual sarcomere length was quantified 

using previously published experimental images from multiple sources. (b) Shannon 

entropy was calculated for each distribution. 

 



 

 

 

Fig.4  Maximum binding energy condition between sarcomeres. (a) Relation between restoring contribution 

and maximum binding energy. A higher restoring contribution corresponds to a lower maximum 

binding energy, indicating higher binding between sarcomeres. (b) Dependence of maximum binding 

energy on restoring contribution and chemical potential. A lower chemical potential results in a lower 

maximum binding energy. 

 

Fig.5  Estimation of binding energy for different sarcomere structures. The binding energy 

for different types of sarcomere structures was estimated using Eq. (8) and the 

distributions shown in Fig. 3 at a fixed chemical potential of -20 kJ/mol. 


