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Energy consumption and production in cardiomyocytes: a new 

myofilament contraction model with ATP consumption and the diagnosis 

of ATP productive impairment from missense mutations 

Abstract 
 

The understanding of cardiovascular system under physiological conditions has been progressed, 

however, it is not fully understood. Information technology allows us to understand the complex biological 

mechanisms of the cardiovascular system. Since the mechanisms of crossbridge (CB) are not clearly 

understood, the development of CB model could provide the valuable tool to comprehend those reaction or 

energy consumption. A variety of CB model was constructed to explain its behavior of biological function. 

Nevertheless, the models that explain the necessary function that includes Ca2+ transient with the 

biochemical structure are limited. Here, we proposed a realistic model of crossbridge mechanism using 

mechanical model of NL model (Negroni & Lascano 1996, 2008; Negroni et al. 2015) and biochemical 

model of Månsson model (Månsson 2010). The model concerns with the Ca2+ activation and force 

generation assuming an equivalent crossbridge. The proposed model well reproduced the relationship of 

[Ca2+]-force, length-force, [Ca2+]-ATP hydrolysis, force generation by Ca2+ transient, ATPase turnover 

rate, force recovery after jumps in length under the isometric model and sarcomere shortening after a rapid 

release of mechanical load under isotonic mode with the load-velocity relation. On the other hand, 

mitochondrial diseases are the complex diseases associated to dysfunction or failures of the mitochondria 

which has a great influence in ATP production. Missense mutations in mitochondrial DNA, particularly in 

cytochrome b gene sequences in complex III have been associated with several diseases with muscle and 

heart. We preliminarily developed the high sensitivity and specificity technique to diagnose the mutations 

using PCR based sequencing. Five missense mutations in mitochondrial cytochrome b gene of human 

mitochondrial genome could be diagnosed by using the novel primers. Furthermore, the development of 

our techniques with high resolution melt analysis could provide the new aspect in mutation investigation at 

early stage. 

 

Keywords  

actomyosin-ATPase, crossbridge contraction, mechano-energetics, missense mutation diagnosis, 

mitochondrial mutations, myofilament model 
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心筋細胞におけるエネルギー消費と産生：ATP消費を伴う新しい筋繊維

収縮モデルの構築およびミスセンス変異による ATP産生障害の診断 

 
概要 

 

生理学的条件下における心血管系の理解が進んでいるが、定量的な理解は不十分である。

数理的な解析によって、複雑な心血管系の生理学的機構を理解が可能である。特に、筋収縮に

おけるクロスブリッジ(CB)の反応やエネルギー消費を明確にするため、CB モデルの開発が必要

である。先行研究として、複数の CB モデルが提案されている。しかし、多くのモデルは、心機

能にとって重要な役割を果たす一過性カルシウム濃度変化が導入されていない。本研究は、数

理モデルである NL モデル(Negroni & Lascano 1996, 2008; Negroni et al. 2015)および生化

学モデルである Månsson モデル(Månsson 2010)を用い、CB の生理学的な挙動の再現を行った。

提案モデルでは、カルシウム活性と力の発生機構に、CB の平均を表わす等価 CB を用いた。提案

モデルによって、[Ca2+]-収縮力や半筋節長-収縮力、[Ca2+]-ATP 加水分解、一過性カルシウム濃

度変化による力の発生機構、ATPase の回転率、筋収縮による収縮力の回復、機械的な筋節の収

縮の負荷と速度の関係を明らかにした。一方で、筋肉において重要な役割を果たす ATP 産生は、

ミトコンドリアによって行われている。ATP 産生の機能不全に関連する複雑な疾患として、ミト

コンドリア病がある。ミトコンドリア DNA のミスセンス変異として、特に複合体 III のシトク

ロム b 遺伝子が筋肉や心臓の疾患に関連がある。本研究では、PCR を用いて、高感度かつ特異的

にシトクロム b 遺伝子変異を検出する技術を開発した。ヒトミトコンドリアゲノムのミトコン

ドリアシトクロム b 遺伝子における 5 か所のミスセンス変異が、提案のプライマーを用いるこ

とで診断可能であった。今後は、高解像度融解曲線分析を利用することで、迅速な突然変異調

査に貢献することが出来ると期待される。 

 

キーワード 

アクトミオシン-ATPase、クロスブリッジ収縮、力学的エネルギー、ミスセンス変異診断、ミト

コンドリア変異、筋繊維モデル 
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Chapter 1: Introduction 

 
 

1.1 Research background and purpose of the study 

  Cardiovascular diseases are responsible for the deaths in human for several decades. Heart failure 

which caused from the ineffective contraction is the majority among those cardiovascular diseases. The 

understanding of cardiovascular system under physiological conditions has been progressed, nevertheless, 

it is not fully understood. 

Information technogy allows us to understand the complex of biological mechanisms of the 

cardiovascular system. Cardiac muscle cells or cardiomyocytes play an important role in the 

cardiovascular system. Cardiomyocyte function, in particularly, crossbridge work is driven by the energy 

from adenosine 5-triphosphate (ATP). This tight coupling between energy production and consumption is 

essential to maintain the normal activity. 

We have well known that the energy is mainly utilized by the interaction of crossbridge (CB) in 

cardiomyocytes. Since the mechanisms of CB are not clearly understood, the development of CB model 

could provide the valuable tool to comprehend those reaction or energy consumption. The CB model 

which well concerns the key of biological functions and mechanisms could be implemented into multi-

scale model of cardiovascular system for a better understanding of those energy consumptions. 

On the other hand, the cardiomyocytes have a high mitochondrial density to supply the energy in 

form of ATP resisting the fatigue. The mutations in mitochondrial DNA sequences cause the malfunction 

of ATP production leading to cardiomyopathies. The early-stage detection of those mutations could be an 

advantage for health evaluation. 

The objectives of this study were following; 

1) to develop the new CB model based on the molecular mechanisms of ATP-hydrolysis by S1 

segment of myosin with the biophysical contraction model and implemented in the multi-scale model of 

cardiovascular system 

2) to improve the specific techniques for diagnosing the mutations in cytochrome b gene sequence 

of mitochondrial DNA that leading to cardiomyopathies 

To success those objectives, this dissertation was divided into two parts; 1) the energy 

consumption by CB mechanisms using computational modeling and 2) the energy production focused on 

the detection of insufficient function from mutations in cytochrome b gene sequence of mitochondrial 

DNA. 
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1.2 Cardiomyocytes; energy production and consumption 

 The structure of cardiomyocyte is well known as described in Figure 1-1. Unlike the other cells, 

the membrane of cardiomyocyte contains specific proteins which connect to nearby cardiomyocytes as the 

mechanical and electrical partners. Cardiomyocytes in mammals contain myofibrils which involved with 

the muscle contraction. They pump the blood into vessels of circulatory system via the excitation-

contraction coupling. The cardiomyocyte of human is a roughly cylindrical-shape cell and some 

cardiomyocytes are branched. The size is 10-20 µm × 50-100 µm (wide × long). The intercalated disc is 

adjacent at end-to-end between two myocytes including; gap junction (electrical conduction), desmosome 

(mechanical strength). 

 

 

Figure 1-1 The structure of cardiomyocyte. Left; The structure of cardiac cell including the sarcomeric 

organization of fundamental contractile proteins and other key elements. The sarcomere of human heart is 

approximately 2.0 µm in length at rest. Right; Calcium regulation of contraction on thin filament. Calcium 

binding to troponin induces tropomyosin movement, allowing the development of force. 

[Z line = the border line on each end located by a protein matrix, A band = the region of the sarcomere in 

which the myosin filaments reside, I band = the area between A bands of adjacent sarcomeres] 

Source Barnett 2009 

 

 

Figure 1-2 Cardiac muscle metabolisms; the main activity of energy production from mitochondria and 

consumption from actomyosin-ATPases (Schramm et al. 1994).  

[SERCA = sarcoplasmic reticulum Ca2+-ATPase] 
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Energy production and consumption mechanisms play an important role in vital mechanisms of 

cardiomyocytes (Figure 1-2). However, the explicit details that could explain either energy production and 

consumption at molecular or sub-molecular level are not clearly understood. Here, we focused on 1) the 

actomyosin ATPase that mainly consume energy, 2) mitochondrial DNA that produce energy for the work 

of cardiomyocytes. For energy production part, our interest was the integrative method for detection of the 

mutations in cytochrome b gene sequence of mitochondrial DNA. 

 

1.2.1 Mitochondria and energy production 

 Mitochondria mainly produces the energy for cell activities via respiratory chain or electron 

transport chain. The electron transport system is embedded in the inner membrane of mitochondria. Two 

energy carriers; 1) nicotine adenine dinucleotide (NAD) and 2) flavin adenine dinucleotide (FAD), carry 

the energy to complex I and complex II, respectively. Genes in mitochondria provide the necessary 

proteins involved with oxidative phosphorylation. The mitochondrial genome sized about 16,500 base 

pairs includes 37 mitochondrial DNA-encoded genes; 13 coding genes, 2 ribosomal RNAs (12S and 16S), 

and 22 transfer RNAs (Figure 1-3). Five protein complexes are embedded at the inner layer of 

mitochondrial membrane. 

 

 

Figure 1-3 Left; Human mitochondrial genome, Right; Oxidative phosphorylation; electron transport chain. 

[The composition of mitochondrial DNA and 37 encoded genes including; complex I ‘NADH-coenzyme Q 

reductase complex’ (ND1, ND2, ND3, ND4, ND4L, ND5, and ND6) [ND = NADH dehydrogenase], 

complex II ‘succinate dehydrogenase complex’, complex III ‘cytochrome bc1 complex’ (cytochrome b), 

complex IV ‘cytochrome oxidase complex’ (COXI, COXII, and COXIII) [COX = cytochrome c oxidase], 

complex V (A6, and A8), [A = ATP synthase], two ribosome RNAs (12S and 16S), twenty-two transfer 

RNAs (Left; one-letter code [A Alanine, R Arginine, N Asparagine, D Aspartic acid, C Cysteine, E 

Glutamic acid, Q Glutamine, G Glycine, H Histidine, I Isoleucine, L Leucine, K Lysine, M Methionine, F 

Phenylalanine, P Proline, S Serine, T Threonine, W Tryptophan, Y Tyrosine, V Valine], origin of 

replication of the heavy chain (OH) and light chain (OL), and the promoters of transcription of the heavy 

strand (HSP) and light strand (LSP)] 

Source Schon et al. 2012 
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1.2.2 Cardiac muscle contraction and energy consumption 

 Cardiomyocytes mainly utilize the energy by muscle contraction activity (Suga 1990, Schramm et 

al. 1994). The contraction results from a sliding of CB involved with two major filaments; actin and 

myosin. The CB continuously moves by attachment and detachment steps driven by the hydrolyzing of 

ATP catalyzed by actomyosin-ATPase enzyme. These mechanisms are the major component of ATP 

consumption in the cardiac muscle (Suga 1990). More than a half-century, the study of CB mechanisms 

based on structural, biochemical, and physiological aspects have been revealed. However, the interaction 

of CB coupling to ATP hydrolysis is still unclear. As minimum requirements, the new model should 

capture as the following essential aspects of key CB cycle tightly bound with ATP-hydrolysis cycle as 

Figure 1-4. 

 

 

Figure 1-4 The illustration of the crossbridge (CB) cycle between myosin (M) and actin (A) in the cardiac 

myocytes. 

Phase A; The tropomyosin is dislocated by the binding of Ca2+ to troponin during the cytosol Ca2+ 

transient (Ford 1991). The myosin head with ADP + Pi (M ADP Pi) attaches to actin myofilament, forming 

weakly bound state of CB. During phase A to phase B, the dissociation of inorganic Phosphate (Pi) from 

the S1 segment is tightly coupled with the force generation of the CB, resulting in the ‘power stroke / 

filament sliding’. Myosin head pivots and bends as it pulls on the actin filament and then ADP is released. 

Phase B; At the end of power stroke ‘post-power stroke configuration’, CB forms the rigor conformation. 

Phase C; The replacement of ADP by a new ATP accompanied with relaxation of rigor conformation 

occurs even in the absence of actin and Ca2+ (Sugi et al. 2008, Minoda et al. 2011) and CB detaches. 

Phase D; ATP is hydrolyzed (M ATP  M ADP Pi) associated with a structural change with a swing of 

the myosin lever arm. ADP and Pi remain bound to the active site of myosin head (Lymn & Taylor 1971, 

Sugi et al. 2008). 

Source: Sugi et al. 2008 
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The formation of CB interaction could be summarized into six states: 1) M ADP Pi  2) AM 

ADP Pi  3) AM ADP  4) AM  5) AM ATP  6) M ATP. This assumption is described as the 

minimum requirements as the Figure 1-5 (Geeves et al. 2005) and the wide studies (Lombardi & Piazzesi 

1990, Dantzig et al. 1992, Ebus et al. 1994, Piazzesi & Lombardi 1996, Månsson 2010, Bickham et al. 

2011, Månsson et al. 2015). 

 

 

Figure 1-5 The minimal description of the interaction between action and myosin ATPase. 

[M = myosin ATPase, A = actin, T = ATP, D = ADP, and Pi = inorganic phosphate] 

Source: Geeves et al. 2005 

 

1.3 Cardiac muscle contraction model 

The cardiac muscle contraction is described by the relationship between length and tension. It is 

classified as isometric contraction (generating tension without changing length) and isotonic contraction 

(muscle length changes but tension remains the same). However, the definite understanding of CB 

mechanism is still unclear. The various whole cell models have been developed to explain the CB 

mechanisms by using mathematical model describes different aspects of mechanical activity of muscle 

underlying the physiological regulation of cardiac contraction.  

 

1.3.1 Theory of muscle contraction and modeling 

Huxley’s CB dynamics is widely used in understanding the muscle work and subunits of muscle 

(Huxley 1957). Huxley developed the basic model to explain the force generation follows the CB 

attachment step with the different conformational state. The first proposed model of Huxley was as 

follows; 1) there is an elastic element in the CB, 2) the CB generates force immediately upon formation, 3) 

there is a limited rate constant for CB formation, and 4) the rate constant of CB dissociation increases if 

the elastic force counteracts shortening. The construction of model based on the mechanochemical cycle of 

CB requires partial differential equations (Huxley1957).  

A variety of myofilament model with the Huxley-based contraction model implemented the Ca2+ 

transient function to act as the biophysiological function (Lombardi & Piazzesi 1990, de Tombe & Ter 

Keurs 1991, Landesberg & Sideman 1994, Piazzesi & Lombardi 1995, Negroni & Lascano 1996, 1999, 

2008, Rice et al. 2003, Razumova et al. 1999, Negroni et al. 2015). Negroni & Lascano model ‘NL model’ 

(Negroni & Lascano 1996 & 2008) which assumed a relatively simple equivalent CB (eCB), whose 

distortion is represented with a linear spring and its sliding along the actin filament is calculated by 

assuming a movable viscosity head. These approximations seem to be roughly in common with the Rice 

model (2008). NL model has also been used in developing various types of ventricular models (Matsuoka 
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et al. 2003, 2004, Okada et al. 2005, Shim et al. 2007, 2008, Asakura et al. 2014, Himeno et al. 2015). NL 

model well describes Hill coefficient (close to 4) and successfully reconstructs most of the key mechanical 

events of the cardiac muscle so far described in biophysical studies using the experiment data; the step 

changes in length (Huxley & Simmons 1971, Huxley 1974, Ford et al. 1977), steady force-length-[Ca2+] 

relations (Kentish et al. 1986), the time course of [Ca2+] following step changes in length related to 

troponin C (Lab et al. 1984), the frequency dependence of the stiffness modulus (Shibata et al. 1987), 

force-velocity relation (de Tombe & ter Keurs 1991), the velocity of force re-development following 

length pulses (Peterson et al. 1991), force-length relations for  isometric twitches (Kentish et al. 1986, de 

Tombe & ter Keurs 1991), time course of force following quick release (Nwasokwa et al. 1984), and time 

course of active state (Chiu et al. 1987, Ford 1991). NL model represents a myocyte as a series 

arrangement of units (Figure 1-6).  

 

 

Figure 1-6 Constitutive muscle unit; defined by half sarcomere length (L) and cross-sectional area. In this 

Figure, L is composed of thick filament (ThF) and thin filament (Tf) in parallel with an internal elastic 

element. ThF and Tf can slide past each other and the overlap area where the equivalent crossbridge (XB) 

can attach to Tf.  

[h = crossbridge elongation, Ls = length of series elastic element, Lm = total muscle length] 

Source: Negroni et al. 2015 

 

Negroni & Lascano (1996) established four-state system of CB dynamics and intracellular Ca2+ 

kinetics for cardiac muscle. The model well described the relation of mechanical behavior with sarcomere 

dynamics and Ca2+ kinetics. Their assumptions are 1) force is developed by the attached CB and the 

number of attached CB depends on sarcomere length, 2) attached CB develops force according to 

elongation of their elastic structure, 3) at a steady sarcomere length, there is a unique CB elongation and, 

during changes in sarcomere length, the concurrent change in CB length is re-adjusted to the steady state 

value by the detachment and re-attachment in the new position along the thin myofilament, and 4) the 

increased CB detachment during changes in sarcomere length depends on the rate of re-adjustment of CB 

elongation. The model was modified to six-state contraction model (Negroni & Lascano 2008) by 

including weak and power attached CBs (Figure 1-7).  
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Figure 1-7 Equivalent weak (w) and power (p) CB state at steady state (panel A) and at quick shortening 

(panel B). Panel A; hw = hwr is close to zero and hp = hpr is greater than zero. Panel B; after a length step, 

the reduction in half sarcomere length produces an increase in hw and a decrease in hp. Panel C; Six states 

of troponin system (TS) and Ca2+ flow from sarcoplasmic reticulum. Qrel and Qpump represent Ca2+ flow in 

and out acting on the myoplasm (MYO), respectively. 

[hw = mean elongation of attached CBs in the weak state, hp = mean elongation of attached CBs in the 

power work state, hwr = steady elongation of attached CBs in the weak state, hpr = steady elongation of 

attached CBs in the power work state, L = the changes in half sarcomere length, f = attachment step, g & 

gd = detachment step, Y = forward step, Z = reverse step, TS = free TS, TSCa3 = Ca2+ bound to TS without 

attached CBs, TSCa3~ = Ca2+ bound to TS with attached CBs in the weak state, TSCa3* = Ca2+ bound to 

TS with attached CBs in the power state, TS* = TS without Ca2+ with attached CBs in the power state, TS~ 

= TS without Ca2+ with attached CBs in the weak state] 

Source: Negroni & Lascano 2008 

 

1.3.2 Mechanoenergetics of actomyosin interaction 

 On the other hand, the myofilament model which is based on the Huxley hypothesis of 

independent CB behavior adopts the hypothetical Gibb’s free energy profile to describe the state transition 

of CB. The additional biochemical and mechanical states have been introduced and some models 

implemented the intermolecular cooperativity (Duke 1999, Tanner et al. 2007, Smith et al. 2008, Smith & 

Mijailovich 2008). The 11 predominant reaction states of actomyosin (AM) ATPase were identified in 

skeletal muscle proposed by Månsson et al. (2015). Each transitional state based on the details of the 

biochemical and structural states of the CB cycle (Figure 1-8). 
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Figure 1-8 Predominant biochemical and structural states of actomyosin ATPase cycle. Orange and black 

cartoons indicate the action and myosin, respectively. The open (O) or close (C) conformation of the active 

site elements is indicated by switch 1 and 2. Switch 1 is designated as the first. The power stroke 

corresponds to switch 2 closed-to-open transition while the myosin motor domain is bound to actin.  

Inset: Schematics illustration of tension in lever arm; left = shortening, right = resist shortening 

[A = actin, M = myosin, T = ATP, D = ADP, P = Pi or inorganic phosphate, k or K= rate functions] 

Source: Månsson et al. 2015 

 

 

Figure 1-9 Free-energy profiles and rate function. Panel A; Free energy at detached state (A3) is 20 kT 

(Barclay 1998, Sleep et al. 2005) used for all values of x. The bent double arrow indicates the lever arm is 

disclosed in this state. The illustration of the equilibrium lever arm positions for the different states is 

given. A0, A1, A2, and A3 indicate AMDP, AM*D, lumped state of AMD, AM & AMT, and lumped state of 

MT & MDP, respectively. Panel B; Rate functions for transition between attached states (k01(x), k10(x), 

k12(x), k21(x)) and detachment rate function (k23(x)). Panel C; attachment (k30(x)) and detachment rate 

functions (k03(x)) are illustrated in full and dash line, respectively. Black line refers to standard simulations, 

dark and light gray refer to some specific simulations). 

Source Månsson 2010 

 



 

9 

 

 Månsson (2010) lumped 11 predominant states to four-state biochemical model which well 

represented four essential steps of the ATP-hydrolysis; 1) AMDP, 2) AM*D, 3) AMD, AM, AMT are 

lumped, 4) MT and MDP are lumped. This simpler model captures the most essential aspects of key 

phenomena and can be identified by the experimental results. Additionally, the rate functions are related to 

the relative distance between myosin head and a nearest actin binding site for each CB (Figure 1-9). The 

model assumed that there is a uniform distribution of myosin heads with respect to the distance to the 

nearest actin binding site. It is well-motivated in statistical models of essential consideration including; 1) 

the mismatch between the myosin and actin filament periodicities which described by Smith et al. (2008), 

2) the misalignment between neighboring myofilaments over the fiber cross-section (Edman & Reggiani 

1987), and 3) the non-uniform in lengths of sarcomere along the length of muscle fiber (Edman & 

Reggiani 1984). 

 

1.3.3 Myocardial energetics of ventricular cell model 

Two apparently fundamentally different modes of the energetics of muscle contraction 

investigation have dominated the study of cardiac energetics. 1) Gibbs group (Ricchiuti & Gibbs 1965, 

Gibbs 1967, Gibbs et al. 1967) measured the heat production and work performance of one-dimensional 

isolated papillary muscle using the flat-bed thermopile described by linear relationship of heat-force, and 

2) Suga group (Khalafbeigui et al. 1979, Suga 1979) measured the oxygen consumption (VO2) of whole 

hearts performing pressure-volume work described the total mechanical energy generated in a cardiac 

contraction by pressure-volume area (PVA). Han et al. (2012), however, summarized that the fundamental 

difference between Suga’s phenological isoefficiency and Gibbs’s load-dependent efficiency cannot be 

reconciled. 

 

 

Figure 1-10 The comparison pressure-volume area (PVA) and force-length area (FLA). Panel A; PVA is 

composed of end-systolic pressure-volume relation (ESPVR), end-diastolic pressure-volume relation 

(EDPVR), and pressure-volume loop (PV loop). Panel B; FLA is related with end-systolic force-length 

relationship (ESFLR), the end-diastolic force-length relation (EDFLR), and force-length (F-L loop).  

Source: Taylor et al. 1993 
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The force-length area (FLA) is analogous to PVA, and both are linearly correlated with cardiac 

energy consumption reported in animal experiments (Hisano & Cooper 1987, Suga 1990) (Figure 1-10). 

PVA describes the mechanisms of left ventricular in four phases 1) the filling phase, 2) the isovolumic 

ventricular contraction, 3) the ventricular ejection, and 4) the isovolumic ventricular relaxation. These four 

phases are commonly plotted as the relationship between pressure and volume or ‘pressure-volume loop 

(PV loop)’. Each corner represents a valve action, each side a phase. 
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Chapter 2: New mathematical model of cardiac contraction model 

 

 

Here, we developed a new contraction model ‘Hybrid model’ which combined the reaction steps 

of ATP-hydrolysis by S1 segment of ‘Månsson model’ with Huxley-type contraction model developed by 

Negroni and Lascano (2008) ‘NL model’ which assumes an equivalent crossbridge (eCB) as a 

representation of average behavior of all crossbridge (CB). The model concerned the dominant 

characteristic of both models (Table 2-1). 

 

Table 2-1 The characteristic of NL model and Månsson model. 

NL model Månsson model 

Cardiac cell Skeletal muscle cell 

Biophysiological mode In vitro experiment 

Rate of elongation change (dh/dt) Function of the distance (x) 

Ca2+ application with time course Steady state during tetanus 

Ca2+ dependency Ca2+ fixed 

Isometric and isotonic contraction Isometric contraction (mainly) 

Detachment rate depends on weak states (hw) Detachment rate depends on power state (hp) 

- ATP consumption 

 

Hybrid model mainly adopted from NL model which is characterized by the introduction of the 

eCB which largely facilitates the calculation of the developed force of contraction in the continuous 

manner. Moreover, NL model successfully reconstructs the most of key mechanical events of the cardiac 

muscle so far described in the extensive biophysical studies, such as the time course of developed tension 

evoked by the membrane excitation, as well as those evoked by applying step changes in the isometric and 

isotonic contraction model at various Ca2+ concentration. The mechano-chemical contraction model has 

been proved for its efficiency when integrated into a variety of cardiac cell model (Cenci et al. 2010, 

Lascano et al. 2013, Asakura et al. 2014, Himeno et al. 2015). The simplification was achieved not really 

developing a specific algorithm for averaging the behavior of all CBs, the magnitude as well as the time 

course of reconstructed crossbridge force (Fb) well agrees with the experimental findings. This eCB 

assumption was adopted in the present model as in the original NL model.  

On the other hand, the details of the rate constant defined in the Månsson model should be found 

in Chapter 1.3.2 and more in the original publications (Månsson 2010, Månsson et al. 2015) based on the 

free energy assumption. However, Månsson model is still difficult to use in the whole cell model of 

excitation-contraction coupling, because the models concern with CB kinetics in the continuous presence 

of a steady Ca2+ concentration during tetanus contraction of skeletal muscle. Moreover, the profile of free 

energy of various states of CB is still largely variable between different models proposed (Lombardi & 

Piazzesi 1990, Piazzasi & Lombardi 1995, Månsson 2010) especially when the critical parameter of sliding 
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velocity of myofilament is included in the kinetics. For those reasons, the original rate constants, which 

were theoretically elaborated in Månsson model were simplified in reference to the kinetics of eCB. Thus, 

in the present study, we readjusted the rate of state transitions to get a new contraction model, which 

conforms to experiment findings in both the kinetics measurements of the developed tension and the ATP 

consumption measured in macroscopic levels.  

 

2.1 New eight-state transition model ‘Hybrid model’ 

Our eight-state transition model, the main parameters are adopted from Negroni and Lascano 

(2008) and Negroni et al. (2015). Some model parameters are adjusted to reproduce the experimental data. 

Moreover, each state is postulated using the biological state that involved the ATP utilization of CB 

(Lombardi & Piazzesi 1990, Piazzesi & Lombardi, 1995, Månsson 2010). The new model performs the 

satisfactory results for the calculation of ATP usage by cardiac muscle contraction (Figure 2-1) and each 

state described in Table 2-2. 

 

Table 2-2 Eight-state transition model 

State Structure Description 

AMT Post-rigor ATP binds to S1 segment of myosin in the place of ADP 

MDP (MT) Recovery stroke The hydrolysis of ATP to ADP and Pi changes conformation 

of myosin lever arm from rigor to recovery stroke 

cMDP Post-recovery stroke Ca2+ molecules rapidly bind to troponin-tropomyosin unit and 

tropomyosin opens 

cAMDPw Pre-power stroke S1 segment attachment initials the weak conformation then 

establishes to power crossbridge conformation 

cAMDs Post-power stroke Myosin head structure changes from rest to rigor 

conformation 

cAMT Post-rigor ATP binds to S1 segment in the place of ADP and relaxing 

the rigor state through the temporal dissociation of 

crossbridge 

cMDP (cMT) Post-recovery stroke The hydrolysis of ATP to ADP and Pi changes conformation 

of myosin lever arm from rigor to recovery stroke 

AMDs Rigor Ca2+ molecules release from troponin-tropomyosin unit 

(tropomyosin closes) and crossbridge forms rigor state 
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Figure 2-1 Eight-state transition model of new Hybrid model. Q1 - Q13 define the flux of state transition. 

Rate f and g indicate attachment and detachment steps, respectively. Rate Y and Z indicate forward and 

reverse steps, respectively. The description of each state was described in Table 2-2. We noted that the 

‘Ca2+ tropomyosin gates’ were located at Q1-Q2 and Q10-Q11.and the ‘ATP gates’ were locate at Q7 and Q12. 

The notation A0 to A3 indicates corresponding to lumped 4-state model (Månsson 2010, Månsson et al. 

2015) illustrated in green square. The symbol of each state was located under each state. 

[A = actin (green sphere), M = myosin (blue-gray ovoid), c = Ca2+ (blue-gray sphere), T = ATP (orange 

sphere), D = ADP (gray sphere), P = Pi (gold sphere), w = weak CB conformation, s = strong CB 

conformation]. 
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The lumped 4-state biochemical model developed by Månsson (2010) well represents the four 

essential steps of the ATP-hydrolysis. These four states are represented by symbols of cAMDPw, cAMDs, 

cAMT, and cMDP (cMT), respectively, in the new state-transition scheme demonstrated in Figure 2-1, where 

letters A, M, T, D, P, c indicate actin, myosin, ATP, ADP, Pi and Ca2+, respectively. Letters w and s 

indicate weakly- and strongly-bound conformations of CB, respectively. The correspondence of each state 

with the original A0, A1, A2 and A3 states defined in Månsson model is indicated in the green square at each 

state in the scheme. 

More schematic composition of each state is indicated in the blue square with supplemental 

troponin system (TS) having a variable number of Ca2+-binding sites (three sites in the NL model). Note 

that the Ca2+ binding sites are occupied in all of these four states in contrast to the three unoccupied states, 

AMDs, AMT, MDP (MT) aligned on the left side relaxation pathway and connected with the same rate 

constants, Zd, and Zh, respectively, for simplicity. The angle of lever arm in connection to the S1 segment 

shows the conformation of myosin lever arm in the power stroke at cAMDs and the recovery stroke at cMDP 

and MDP. Thus, the Ca2+-binding steps of Q1-Q2 and Q10-Q11 as well as the CB attachment steps Q3-Q4 

were adopted from the NL model, while the other steps of right part of the scheme (Figure 2-1) were all 

based on the Månsson model. 

The new rate constants for these four Ca2+-bound states of ATP hydrolysis were adjusted in this 

study to approximate overall rate of ATP hydrolysis in situ at the physiological temperature (Gibbs 1978, 

Suga 1990) referring to the theoretical ones determined as a function of G of each conformation in the 

original Månsson model. The NL model is also well adapted to the kinetics in ventricular myocardium at 

37°C. The time courses of the Ca2+ transient followed by the CB association and dissociation are quite 

similar to those observed in experimental finding (Lab et al. 1984). Under the systolic intracellular Ca2+ 

concentration ([Ca2+]i) of 0.5-1 μM at the physiological temperature, the rise of [Ca2+]i and the Ca2+-

induced troponin-switch, corresponding step of MDP to cMDP, takes places within ∼20 ms (Yue et al. 1986, 

Janssen et al. 2002). 

 The attachment (f) and detachment (g) rates of CB in the NL model are described by the following 

equations in the NL model (Huxley 1957, Negroni & Lascano 1996, 2008, Negroni et al. 2015) equations 

1 and 2, respectively, as a function of the half sarcomere length (halfSL) or the eCB elongation at weak 

state (hw) to reconstruct the transient kinetics evoked by applying rapid changes in length or external 

mechanical load.  
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Rate f depends on halfSL where La refers to the optimal overlap length at maximum level of CB 

attachment and Ra establishes the kurtosis of the curve. Ya is maximum of rate f when halfSL equals to La. 

The function of (
 2

1 wrw hh
e





) in equation 2 represents the symmetrical detachment, while Fh provides 

asymmetry in equation 3 postulated by Huxley (1957). Yv amplifies the detachment effect. The γ defines 

the kurtosis of curve and Za is an involved parameter. The hw and hwr indicate mean and steady elongation 

of attached CBs in weak state, respectively. 

In the original NL model (2008), the state transition from MDP to cMDP represents the lumped step 

of Ca2+ binding to troponin and the subsequent conformation change in the tropomyosin complex. 

Therefore, this step was conserved as in the original model to make the merit of the NL model. In the 

original model, virtually simultaneous binding of three Ca2+ to sequential Ca2+-binding sites on actin 

filament (due to nearest neighbor influence) was assumed in accordance with the Hill criterion for 

cooperativity in the NL model, and a functional TS was assumed to consist of three sequential actin 

molecules. However, the resultant Hill coefficient was < 4 (close to 4) and still lower than the 

experimental value of 4-7 in the overall Ca2+-Fb relationship in the experiments (Stehle & Iorga 2010). For 

those reasons, we newly readjusted the number of Ca2+ (nCa) bound to TS. We found that an assumption 

of simultaneous binding of five Ca2+ (nCa = 5) gave an overall Hill coefficient of 6-7 in the experimental 

Ca2+-Fb relation (Chapter 2.2). Thus, the binding rate of Ca2+ to the TS is calculated as in equations 4 and 5. 
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A competitive interaction between ADP and ATP at the substrate binding site of myosin head is 

assumed with a limiting magnitude Zd for both transition rates between Q7 and between Q12 described in 

equation 6. The ATP consumption rate (vATPase) is calculated from two state transitions from cAMDs to 

cAMT (Q7) and from AMDs to AMT (Q12) (equations 7 to 9). All parameter rates are described in Table 2-3. 
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Table 2-3 Parameters for the CB state transitions in Hybrid model. 

Parameter Numerical value Units 

ADP 0.02 mM 

ATP 6.67 mM 

 28000 m-2 

Kd,ADP 0.001 mM 

Kd,ATP 0.001 mM 

La 1.15 m 

[mS1] 120 M 

Ra 20 m-2 

Ya 0.00161 ms-1 

Yb 0.07264 M-5 ms-1 

Yr 0.05588 ms-1 

Yp 1.04775 ms-1 

Yv 1.5 ms-1 

Za 0.00069 ms-1 

Zb 0.07264 ms-1 

Zd 0.36 ms-1 

Zh 1.8 ms-1 

Zf 0.9 ms-1 

Zp 0.83800 ms-1 

Zr 39.9443 M-5 ms-1 
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2.1.1 Magnitude of contraction and dynamics of equilibrium crossbridge elongation 

In the NL model (2008), the converting factor (stiffness of elastic CB structure) of Ap and Aw were 

used to calculate the magnitude of developed tension for a unitary cross-section area of mm2 of cardiac 

muscle for µM of the powered and weak CB concentrations, respectively. Fb is given by the pool of attach 

CB (the sum of weak CB force (Fbw) and powered CB force (Fbp)) as the following equations with a 

dimension of mN/mm2. 

 

bpbwb FFF 
        Eq. 10 

wDPwwbw hcAMAnCaF  ][
      Eq. 11 

  pDsDspbp hAMcAMAnCaF  ][][
   Eq. 12 

 

Here, the hp and hw represent the elongation of elastic component of strong-bound CB states 

(cAMDs and AMDs) and weak bound CB state (cAMDPw), respectively. Note that the variable CB elongations 

within the whole population of CB within a cell are represented by a single eCB having an ‘average’ CB 

elongation, hp and hw for the powered and weak eCBs, respectively in the NL model. The rate of change in 

the eCB elongation, the amount of Ca2+ bound to the TS is calculated in the same way as in the original 

NL model. The force of the parallel elastic element (Fp) is given by equation 13. 

 

   0

5

0 hSLhalfSLLhSLhalfSLKF eep 
  Eq. 13 

 

Ke and Le represent titin and cellular element elasticities for Fp normalized by cross-sectional area, 

respectively, and hSL0 is slack length (halfSL when Fp equals to zero). The rate of change in the eCB 

elongation (hw and hp), the amount of Ca2+ bound to the TS is calculated with the correction factor nCa, 

essentially in the same way as in the original NL model.  

halfSL is composed of two components; 1) a non-elastic component (X) and 2) an elastic 

component (h) which both compartments represent the weak (w) and the power (p) conformation. The sum 

of half sarcomere thick filament and the parts of the thin filament not overlapping either with thick 

filament indicated halfSL are given in equation 14 for power conformation and equation 15 for weak 

conformation that show the same halfSL.  

 

pp hhalfSLX        Eq. 14 

ww hhalfSLX        Eq. 15 

 

The X length represents the movement of the eCB head along the actin filament. The rate of 

change in X (dX/dt) is given by equations 16 and 17 for power and weak conformations, respectively. The 



 

21 

 

Bw and Bp describe the equivalent CB kinetics in the weak and power states, respectively. The hpr indicates 

steady elongation of attached CBs in the power work state. The parameter values are described in Table 2-

4. 

 

 prpp

p
hhB

dt

dX
      Eq. 16 

 wrww
w hhB

dt

dX
          Eq. 17 

  

Table 2-4 Parameters for eCB. 

Parameters Numerical values Units 

Ap 2700 mN mm-2m-1M-1 

Aw 540 mN mm-2m-1M-1 

Bp 0.5 ms-1 

Bw 0.2a ms-1 

hpr 0.006 m 

hwr 0.0001 m 

hSL0 0.97 m 

Ke 105000 mN mm-2m-5 

Le 10 mN mm-2m-1 

a Bw decreases 40% from original NL model 

 

2.1.2 Concentration of myosin S1 segment and magnitude of contraction 

The concentrations of all states in the scheme of state transition (Figure 2-1) are given in the terms 

of the TS. Thus, it is assumed that a single TS controls simultaneously a number nCa of CBs. The 

concentration of total myosin S1 segment ([mS1]) are given as, 

 

nCaTSmS  ][]1[       Eq. 18 

 

In the cell models so far published (Hunter et al. 1998, Jafri et al. 1998, Matsuoka et al. 2003, 

2004, Coutu & Metzger 2005, Okada et al. 2005, Shim et al. 2007, 2008, Soltis & Saucerman 2010), 

variable troponin concentrations of ~70 M were assumed. For the [mS1], a molar ratio of actin/troponin 

concentration of 7:1 (Potter 1974) and a ratio of myosin S1 segment/actin of 1:4.1 (Murakami & Uchida 

1985) were reported in cardiac muscle. These findings give a ratio of myosin S1 segment/troponin of 1.71, 

or 119.7 µM [mS1] in the previous cell models. This value is well within the range of direct biochemical 

measurements of myosin head in ventricular tissue in various species, which are 200 (in pig, Kuhn et al. 
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1990), 157 (in guinea pig, Barsotti & Ferenczi 1988), and 144 µmole/kg wet weight (in rabbit, Hooijman 

et al. 2011). Here, we tentatively adopt the [mS1] = 120 µM. 

 

2.1.3 Ca2+ transient for twitch contraction 

The management of Ca2+ in mammalian cardiac cell is affected through the sarcoplasmic 

reticulum (Brutsaert et al. 1978) and the 7% of the sarcoplasmic reticulum is exchanged via Ca2+ channel 

(Sipido & Wier 1991). The idealized Ca2+ transient is produced by the release (Qrel) of Ca2+ from the 

sarcoplasmic reticulum (SR) using the imposed time function and the uptake (Qpump) of Ca2+ by the 

sarcoplasmic reticulum Ca2+-vATPase on SR membrane (Carafoli 1985, Peterson et al. 1991, Sipido & Wier 

1991, Negroni & Lascano 1996, 2008, Campbell et al. 2001, Rice et al. 2003). Both of release and uptake 

are functions of time (t). The equations are described as following equations. 
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 The Qm, r, Km, Kp, and Carest are related parameter described in Table 2-5. The free Ca2+ 

concentration ([Ca2+]) is calculated by equation 21, which includes Qrel and Qpump, and the binding and 

releasing by troponin (Q1, Q2, Q10, Q11). 

 

   111012

2

3.0
][

QQQQnCaQQ
dt

Cad
pumprel 



   Eq. 21 

  

Table 2-5 Parameters for Ca2+ dynamics. 

Parameter Numerical value Units 

Carest 0.1 M 

Km 0.2 M 

Kp 0.15 M ms-1 

Qm 3.2 m 

r 8 ms 
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2.1.4 Implementation in the multi-scale of cardiovascular system 

We implemented our Hybrid model with Laplace’s left ventricular hemispherical model (Moriarty 

1980) and a lumped blood circulation parameter model illustrated in the diagram (Figure 2-2). 

Mathematically, the cell tension or force generation (Fb; CB force, Fp; parallel force) from hybrid model is 

used for the calculation of the ventricular pressure using the simplified half-hemispheric ventricle based on 

Laplace’s law. The Law describes the relation of left ventricular between pressure (pLV), wall thickness 

(hLV), wall tension (Fext), and radius (rLV) given by equations 22 and 23. The pLV is given by the 

relationship of the left ventricular wall thickness at end systolic point (hLVES) and at end diastolic point 

(hLVED) and the tension in wall subsequently defined at end systolic (FbES) and at end diastolic (FbED) using 

the value of force from our hybrid model (equation 24). The change in left ventricular volume (vLV) is 

calculated from the flow parameter of the lumped parameter model of cardiovascular hemodynamics 

(equations 25-28). The value of vLV is used to calculate halfSL using the simplified ventricle model 

represented as the left ventricular radius (rLV) (equations 29 and 30). The halfSL provided from ventricle 

model sends the new value back to Hybrid model, to generate force. All parameter values were modified to 

fit this new simple model of cardiovascular system (Table 2-6).  

 

 

Figure 2-2 The integration of hybrid model with simple model of cardiovascular system.  
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bLLV LKrhalfSL 
      Eq. 30 

 

Table 2-6 Parameters for simple model of cardiovascular system. 

Parameter Value Description 

Cds 1.5 Scale factor parameter 

FbED 0.05 Left ventricular wall tension (or Fb) at end diastolic point 

FbES 3.5 Left ventricular wall tension (or Fb) at end systolic point 

hLVED 10 Left ventricular wall thickness at end diastolic point 

hLVES 17 Left ventricular wall thickness at end systolic point 

K 3.920469355 rLV-vLV relationship parameter 

K 2.329855402 rLV-vLV relationship parameter 

KL 0.2173898347 Proportional constant of the relationship between halfSL & rLV 

KR 0.012 Scale factor parameter 

Krp 1 Scale factor parameter 

Ks 2.5 Ratio of cardiac cell to ventricular wall tension 

Ku 7.50064 Scale factor parameter 

KV 1.478467483 Scale factor parameter 

Lb 0.4927578979 halfSL-intercept of the relationship between halfSL and rLV 

PE1 10 Left ventricular pressure parameter 

PE2 15 Left ventricular pressure parameter 

Rlo 1 Scale factor parameter 

Rout 1050 Scale factor parameter 

Rpv 27 Scale factor parameter 

Vγ 35 rLV-vLV relationship parameter 
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2.1.5 Time-integration of ordinary differential equations 

The numerical integration was performed by Euler’s method. The Ca2+ transient was generated by 

the empirical equations given in the NL model (Negroni & Lascano 2008). The model parameters and 

equations were described in Supplementary Materials. Following dimensions were applied; M for 

concentrations, ms for time, mN/mm2 for force of contraction, µm for length, mmHg for pressure, and ml 

for volume. All codes of the simulation program were prepared using Microsoft Visual Basic on Visual 

Studio Community 2013. 

 

2.2 Characteristic of new Hybrid model 

The cycle of actomyosin ATPase is maintained by Ca2+ and is relevance with Fb. The actomyosin 

(AM) ATPase is activated indirectly by Ca2+, and repetitive cycles of hydrolysis are maintained in the 

presence of [Ca2+]. The rate of ATP hydrolysis with accompanying developed tension Fb is examined by 

applying various [Ca2+] to the hybrid model. Since the magnitude of Fb is dependent on halfSL, the 

relationship between [Ca2+] and the rate of ATP-hydrolysis is examined at different halfSL (Figure 2-3; 

Panel A and C). It seems that these dose-response relationships well conform to a Hill’s equation, although 

the underlying state transitions following the Ca2+ binding, including A0-A3 steps are quite complicated 

(Figure 2-1). To compare with the experimental [Ca2+]-Fb relationship obtained by Kentish et al. (1986), 

and Gwathmey & Hajjar (1990), the Hill coefficient is measured by modifying the Hill equation in a linear 

form of relationship for Fb or ATPase activity (vATPase) with Vmax, Fb or Vmax, ATPase, respectively (equations 

31 and 32). The results of those relationships were described in Figure 2-3 and Table 2-7.  
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Table 2.7 The relationship of Ca2+ with Fb and vATPase in different halfSL. 

 halfSL 0.8 µm halfSL 0.9 µm halfSL 1.0 µm halfSL 1.1 µm 

Fb at maximum 

(mN/mm2) 

229.57 436.33 554.69 598.31 

vATPase at maximum 

(µM/ms) 

5.07 9.63 12.24 13.20 

K0.5 (µM) 1.083 0.980 0.905 0.852 

nH  5.949 6.466 6.920 7.238 
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Figure 2-3 (Panel B & D) shows approximately linear relationships. The slope of those 

relationships is determined as a mean nH over an interval of -0.3 to 0.3 on the abscissa (red dotted lines in 

Figure 2-3; Panel B & D). If the relative amplitudes are compared between these values, Vmax,ATPase is quite 

proportional to Vmax,Fb. The slope of the relationship become slightly shallower with increasing [Ca2+], 

mostly due to the limited number of TS. Note the cooperativity is assumed only for the Ca2+ binding to 

troponin. These results are all quite consistent with the experimental findings. 

 

 

Figure 2-3 The linear relationship of Ca2+ with Fb and vATPase in different halfSL. The slope of the 

relationship in red dotted line (Panel B & D) indicates a mean nH over an interval of -0.3 to 0.3. The x-axis 

of Panel A & C indicates Ca2+ concentration. The x-axis of Panel B & D indicates Ca2+ concentration from 

-1 to 1 of ln([Ca2+]/K0.5). The y-axis of Panel B & D indicates by ln(Vmax,Fb/Fb-1) and ln(Vmax,ATPase/vATPase-

1), respectively. The gradient colors from green to blue dotted lines refer to halfSL 0.8, 0.9, 1.0, and 1.1, 

respectively. 

Panel A; Fb-Ca2+ relationship, Panel B; non-linear relationship of Fb-Ca2+, Panel C; vATPase-Ca2+ 

relationship, Panel D; non-linear relationship of vATPase-Ca2+ 

 

2.2.1 The ATP hydrolysis activated by [Ca2+] in the new Hybrid contraction model 

The proportionality between Fb and vATPase in Figure 2-3 is expected in the present Hybrid model. 

Namely, both Fb and vATPase are largely determined by [cAMDs] and [AMDs] in both equations 12 and 33, 

respectively. The first term in equation 11, representing the contribution of weak bound CB, is a minor 

component of the total Fb during the steady presence of Ca2+ because the hw quickly relaxes to a negligibly 

small hwr (=0.0001 µm). It might be noticed that the denominator in equation 33 is constant since [ATP] 

and [ADP] are both given constant during the time course in the Figure 2-3. From equations 6 to 9, the 

vATPase can be rewritten as equation 33. 
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  The ATPase activity is examined during the usual developed tension evoked by the Ca2+ transient 

at a halfSL = 1.05 µm (Figure 2-4). The model is activated by the standard Ca2+ transient given by 

equations 19 and 20. The component of AMT is not included in the calculation of Fb, since this state in the 

new hybrid model represents a sum of (AMT + MT) in Månsson A2 and A3 states. In Figure 2-4 (Panel D), 

the time course of vATPase is nearly similar to that of Fb in panel B (Figure 2-4). During a single stimulus 

interval of 800 ms, the amount of ATP used is 403 µM, which gives an average of ATPase turnover of 

3.36 s-1 (=403 / 120). The peak turnover rate is 14.74 s-1. The ATP consumption rate via transition step Q12 

during the removal of Ca2+ is much smaller if it is compared with the step Q7.  

The turnover rate of the ATP hydrolysis was estimated by measuring the enthalpy output in rat 

trabeculae by Widén and Barclay (2006) using the myothermic technique (Woledge 1998). On the basis of 

one ATP molecule is hydrolyzed in each cycle of CB, they concluded a 0.5 turnover of the cycle during a 

single twitch contraction at 27ºC. If the temperature coefficient (Q10) of 3.5 is assumed, a turnover of 1.75 

/ twitch is expected at 37 ºC. They suggested that this data might be determined by the magnitude of Ca2+ 

transient. 

A clear dependency of turnover / twitch on the peak [Ca2+] of the Ca2+ transient is observed by 

varying Qm in equation 19 as indicated in the Table 2-5. The turnover rate (1.7449 / twitch), similar to the 

experimental 1.75 / twitch is obtained with a peak Ca2+ of 1.14 µM Ca2+, which is quite agreeable with the 

usual size of the Ca2+ transient in cardiac myocytes. In Hybrid model, the changes in the peak of Ca2+ 

concentration using the adjusted values of Qm have a great impact to ATP turnover / twitch (Table 2-8).  

 

Table 2-8 The measurement of turnover / twitch from this hybrid model. 

Qm peak Ca2+ (µM) turnover / twitch (s-1) 

1 1.3291 3.3636 

0.9 1.2259 2.5482 

0.8 1.1530 1.8660 

0.7 1.0924 1.3092 

0.6 1.0362 0.8688 

0.5 0.9799 0.5347 
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2.2.2 Hydrolysis of ATP at isometric contraction modes 

 The result of isometric contraction with Ca2+ transient was illustrated in Figure 2-4. The maximum 

of Fb is 80.2 mN/mm2 and the total of ATP consumption is 403.61 µM / cycle. The ATP turnover rate is 

14.11 /s and 14.75 /s at 200-300 ms and at maximal value. Peak Ca2+ transient was 1.3291 µM. 

 

 

Figure 2-4 Hydrolysis of ATP during the isometric contraction evoked by the Ca2+ transient. The x-axis 

indicates the time course (ms). 

Panel A; Ca2+ concentration (µM), Panel B; Fb (mN/mm2), Panel C; eight-state transition scheme, Panel D; 

vATPase (µM), Panel E; the state transition (µM) from panel C, Panel F; halfSL (1.05 µm), Panel G; hp / hpr, 

Panel H; rate g (green) & f (blue;×100) (ms-1) and Q1 (/ 10, µM) 
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Figure 2-5 The ATP hydrolysis rate during the length step experiment under the isometric contraction 

mode. The notation of different phases of relaxation, F1-F4, is indicated in Panel B. The [Ca2+] is 0.647 

µM. 

Panel A; halfSL (µm), Panel B; Fbp (red) & Fbw (chocolate) (mN/mm2), Panel C; [cAMDs] (orange) & 

vATPase (green) (µM), Panel D; jump (ratio) of [cAMDs] (orange) & [cAMDPw] (red) and total Ca2+-unbound 

state (µM) (blue), Panel E; hp (magenta) & hw (lime) (nm), Panel F; rate g (ms-1) 

 

The measurements of relaxation time course evoked by applying a step change in halfSL during 

halfSL-controlled conditions, provide essential parameters for the kinetics of the state transitions of the 

eCB conformations. Thus, we test our new model by reconstructing the length step experiment and 

examine the ATP-hydrolysis under this experimental condition. In the simulation in Figure 2-5, the 

simulation tests the application of 6 nm shortening of halfSL at a constant [Ca2+] of 0.647 µM. At the onset 

of the length step of 6 nm, hp and Fbp decrease to ~0. Thereafter, hp largely recovers within the subsequent 

5 ms because of the rapid intrinsic rate of dhp/dt (from F1 to F2 level illustrated in Figure 2-5; Panel B). 

The simultaneous negative deflection of hw causes a rapid detachment of the eCB by 65% according to 

equation 2 (Figure 2-5; Panel C) through the transient increase in g (Figure 2-5; Panel F). These rapid 

transient changes (F2 and F3 in Figure 2-5; Panel B) last within ~10 ms. The F4 phase of the Fb recovery 

lasts ~600 ms due to the re-equilibration of state transitions as in the original NL model. The time course 

of vATPase change is largely parallel to the time course of [cAMDs] as shown in green and orange lines, 

respectively (Figure 2-5; Panel C). This finding indicates that the ATP consumption should be transiently 
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decreased at the onset of the shortening length pulses are applied. Thereafter, the ATPase activity will 

largely recover during the F4 phase. 

 

2.2.3 Hydrolysis of ATP at isotonic contraction modes 

 The result of isometric contraction with Ca2+ transient was illustrated in Figure 2-6. The maximum 

of Fb is 56 mN/mm2 and the total of ATP consumption is 289.14 µM / cycle. The ATP turnover rate is 

9.91 /s and 10.39 /s at 200-300 ms and at maximal value. Peak Ca2+ transient is 1.3291 µM. The isotonic 

contraction is characterized by the delayed peak in the developed tension Fb and the ATP flux if it is 

compared with the isometric contraction. This delayed peak is caused by the shortening of hp and thereby 

halfSL (Figure 2-6) in contrast to the isometric contraction. This decrease in hp largely inverted hw at the 

onset of contraction followed by gradual relaxation toward the stable length of hw (0.0001 µm) during 

contraction. Thus, the CB detachment rate g, given as a function of hw deviation from hwr (Equation 2), is 

largely increased (Figure 2-6; Panel H). On the other hand, the attachment rate f is nearly constant, though 

increased only slightly. Through these changes in the CB kinetics, the development of cAMDs is largely 

delayed and its magnitude is smaller, if it is compared with the isometric contraction. Thereby, the peak 

tension and the peak of vATPase are delayed according to the time course of the cAMDs state. Note the AMDs 

becomes a significant component only during the late relaxation phase (Figure 2-6). 

  The [cAMDs] is increased according to equation 5. Thereby, the peak tension and the peak of 

vATPase are delayed according to the time course of the state cAMDs. Comparison of the falling phase of 

vATPase with that of Fb shows clearly earlier peak of the vATPase than Fb and vATPase relaxes earlier than that of 

Fb. This difference is explained by the larger weight (Zd = 0.36) of cAMDs than that of AMDs (Yq = 0. 

04656) in equation 12. The time course of Fb is quite similar to those in the original NL model (Negroni & 

Lascano 2008). Thus, it is evident that the addition of the ATP hydrolysis cycle to the NL model does not 

affect the general time course of contraction obtained in the new Hybrid model. 
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Figure 2-6 Hydrolysis of ATP during the isotonic contraction evoked by the Ca2+ transient. External force 

is 150 mN/mm2. 

Panel A; Ca2+ concentration (µM), Panel B; Fb (mN/mm2), Panel C; eight-state transition scheme, Panel D; 

vATPase (µM), Panel E; the state transition (µM) from panel C, Panel F; halfSL (µm), Panel G; hp / hpr, Panel 

H; rate g (green) & f (blue;×100) (ms-1) and Q1 (/ 10, µM) 
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The rapid release experiment reveals the four phases in the time course of halfSL shortening, 

characterized by the initial jump (phase 1), the rapid hyperbolic shortening (phase 2) within the initial 50 

ms, the subsequent slow almost linear shortening (phase 3), and steady decline (phase 4) as observed, 

typically in the skeletal muscle (Figure 2-7; Panel B). This simulation results are quite comparable to the 

relaxation time course to the original one in NL model (Negroni & Lascano 1996, 2008). Similar time 

courses were typically observed in experiments in cardiac muscles, but obviously, at low time resolution 

because of the intrinsic complexity of the trabeculae in the cardiac tissue (de Tombe & ter Keurs 1991). 

The force clamp experiment is quite straightforward, namely the product of hp multiplied by the 

number of eCB is proportional to the applied load (Fext). The quick release instantaneously decreases hp 

(upper line, Figure 2-7; Panel D) or negative deflection of hw (lower line, Figure 2-7; Panel D). The 

deviation in hw from hwr decreases the number of attached eCB by accelerating the rate of detachment (g) 

of eCB represented by equation 2 like in the length pump simulation. This decrease in the number of eCB 

increases hp to balance the applied Fext. Through these two opposite influences of decreasing and 

increasing hp, the magnitude of hp relaxes approximately to a new steady level during the phases 1-2. The 

fraction of cAMDs reaches a new equilibrium level through almost simple sigmoidal time course. Therefore, 

the rate of ATP-hydrolysis is almost linearly related to the level of test external load during the phase 3, as 

shown in Panel F (Figure 2-7), differently from the length clamp experiment.  

It should be noted that the magnitude of hp remains nearly equal to 6 nm during the phase 4 

shortening. This means that the shortening of halfSL is attributable exclusively to the movement of eCB 

attachment point along the actin fiber. The rate of shortening in phase 4 is nearly an exponential function 

of the mechanical load in Panel E (Figure 2-7) in rough agreement with experimental findings. 
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Figure 2-7 The ATP hydrolysis rate during the step experiment under the isotonic contraction mode. 

Panels A-D, the gradient color lines from green to blue are used, referring to the step size of Fext, as 

obvious in Panel A, during the test pulse. The rates in Panels E and F are measured between 79-80 ms. The 

notation of different phases of relaxation, L1-L4, are indicated in Panel B (Fext from 60  2 mN/mm2). The 

[Ca2+] is 0.647 µM. 

Panel A; Fext (mN/mm2), Panel B; halfSL (µm), Panel C; vATPase (µM), Panel D; hp (upper line) & hw (lower 

line) (nm), Panel E; Fext / velocity (dhp/dt) relationship, Panel F; Load (Fext) / vATPase relationship 
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2.2.4 Integration of present Hybrid model in the simple blood circulation model 

The NL model have been used to examine the hemodynamics in the multi-scale model of 

cardiovascular system using ‘Laplace’s left ventricular hemispherical model (Moriarty 1980, Okada et al. 

2005, Utaki et al. 2016). We replace the presented hybrid model for the original NL model in the 

hemodynamic model of Utaki et al (2016) (Figure 2-8). 

 

 

Figure 2-8 Multi-scale model of cardiovascular system. 

Panel A; Ca2+ concentration (µM), Panel B; Fb (red) & Fp (blue) (mN/mm2), Panel C; the state transition 

(µM) including [MDP (MT)] (red), [cMDP] (blue), [cAMDPw] (green), [cAMDs] (orange), [cAMT] (cyan), 

[cMDP (cMT)] (chocolate), [AMDs] (magenta), and [AMT] (lime), Panel D; pLV-vLV (green) and vATPase-vLV 

(blue) relationship, Panel E; rLV (mm), Panel F; rate g (green) & f (blue;×50) (ms-1), Panel I; halfSL (µm), 

Panel J; pLV (mmHg), Panel K; vLV (ml), Panel L; hLV (mm) 
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We estimate the ATP consumption during the pressure-volume trajectory. As expected from the 

faithful reproduction of the developed tension described above (Figures 2-3 and 2-4), the pressure-volume 

trajectory obtained by the new system model seems to be quite consistent with the previous studies (Figure 

2-9). The PVA of the left ventricle, which well correlates with the myocardial oxygen consumption per 

beat (Suga 1980), is varied (enlarged) by increasing the preload scale, standard Krp ×0.6, ×0.8, ×1.0, ×1.2, 

and ×1.4 in Figure 2-9.  

 

 

Figure 2-9 The ATP consumption of the Hybrid contract ion model during the pressure-volume relation of 

the hemisphere Laplace heart model. The preload scale factor Krp is increased indicated by the arrow. 

Panel A; The pressure-volume relationship (black line) and vATPase-volume (gray line) at different preload 

scale factors, Panel B; the linear relationship between PVA and the amount of vATPase per beat (orange cross 

marks)  

 

The ATP usage of the hybrid contraction model is simultaneously plotted in the same figure, but 

at different scale (Figure 2-9; Panel A, depicted in gray). During the ejection period, the ATP hydrolysis 

rate decreases because of the decrease in the number of powered CB. This is different more than the 

gradual increase in the ventricular pressure, due to the decrease in the radius of the hemisphere Laplace 

heart. The relationship between PVA (mmHg × ml) and the corresponding integration of ATP usage 

(µM/ms) is examined in Panel B (Figure 2-9). The linear relationship between PVA and vATPase indicates 

the relevance of using the hybrid model in calculating the ATP consumption. 
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2.3 The summary of the present Hybrid contraction model 

A new Hybrid contraction model is developed by combining the biochemical model elaborated by 

Månsson (2010) with the biophysical NL model (Negroni & Lascano 2008). The former is in succession to 

the foregoing dynamic CB models developed by Lombardi & Piazzesi (1990), Piazzesi et al. (1992), 

Edman et al. (1997) based on the tetanus contraction in skeletal muscle. On the other hand, the latter model 

of the TS reconstructs Fb in the cardiac myocytes over a wide variety of physiological experimental 

findings. In the new hybrid model, the scheme of the state transition among the A0-A3 states in the 

Månsson model is used as it is, but the rate constants for individual state transitions are simplified. In the 

original model, the rate was calculated by assuming a Gibbs free energy profile as a function of the 

distance (x) between the CB head and the nearest binding site on actin fiber. In the hybrid model, a 

constant rate is used for individual state transitions of eCB by referring to the rate change based on the 

Gibbs free energy profile. The new model well inherits the major characteristics of either type of the two 

models, such as the concentration-response relation of [Ca2+]-Fb or [Ca2+]-vATPase (Figure 2-3), the time 

course of the developed tension activated by the intracellular Ca2+ transient (Figures 2-4 & 2-6), the 

turnover rate of the AM ATPase, the Fb responses to jumps in the halfSL (Figure 2-5) and Fext (Figure 2-7) 

under the isometric and isotonic contraction modes, respectively, and the load-velocity relation (Figure 2-

7). When the new model is implemented in the hemodynamic blood circulation model, the ATP 

consumption is proportional to the PVA of the hemisphere Laplace heart (Figure 2-9). 

 

2.3.1 Simultaneous reconstruction of the ATP consumption as well as the developed tension 

As a minimum requirement, mathematical models of cardiac contracting fibers should capture 

following four essential steps of the CB cycle tightly coupled with the accompanying ATP-hydrolysis.  

Step 1; The binding of ATP in place of ADP to the catalytic domain of the S1 segment rapidly 

detaches myosin head from actin binding site to relax the rigor state (Siemankowski & White 1984, 

Rayment et al. 1993, Spudich 1994, Yount et al. 1995).  

Step 2; ATP is hydrolyzed associated with a structural change of a swing of the myosin lever arm 

(a recovery stroke), leaving products of ATP-hydrolysis, ADP and Pi bound to the active site of myosin 

head (Lymn & Taylor 1971, Rayment et al. 1993, Sugi et al. 2008).  

Step 3; The Ca2+ binding to troponin dislocates tropomyosin complex during the Ca2+ transient 

within the cell (Ford 1991) and thereby allows the myosin head (carrying ADP and Pi) to bind with actin 

filament, forming a weakly bound state of CB (Shimizu et al. 1992, Spudich 1994).  

Step 4; The attachment of the myosin head to the actin binding site causes ~100-fold increase of 

the rate of Pi release (Månsson et al. 2015). Dissociation of Pi from the S1 segment is tightly coupled with 

the power stroke of the CB, resulting in the sliding motion between the thin and thick filaments to stretch 

the elastic elements in the CB (Trentham et al. 1976, Geeves et al. 1984, Goldman 1987), which is 

responsible for the developed tension Fb. 

The steps 1, 2 and 4 were precisely described in the biochemical models (Månsson model), while 

the NL model well simulated the step 3 based on biophysical experimental findings, such as the time 
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course of Fb evoked by the Ca2+ transient, the response of the shortening of the halfSL evoked by the rapid 

release protocol in the isotonic contraction, and the time course of Fb recovery evoked by the step 

shortening of the halfSL in the isometric contraction mode. The hyperbolic increase of shortening velocity 

with decreasing external load is reconstructed based on the time course of halfSL shortening reconstructed 

by the numerical integration in the model by applying the quick release protocol according to the 

experimental findings. In the Månsson model, this relationship was theoretically predicted indirectly from 

the state transitions. 

The new hybrid model successfully calculates the rate of ATP hydrolysis simultaneously with the 

accompanying development of Fb. Thus, the presented hybrid model largely facilitates development of 

new whole cell models for analyzing the cardiac energetics, development of the force of contraction as 

well as the ATP dependency of the muscle contraction. The merit of using the NL model might be largely 

due to the introduction of the eCB, which represents the average behavior of the whole population of CBs 

within a cell. This kind of spatial average model of whole population of CBs has been used in variety of 

simplified models. In the NL model, the behavior of the eCB was thoroughly fitted to the classical 

experimental findings (Huxley & Simmons 1971, Huxley 1974, Ford et al. 1977, models; Izakov et al. 

1991, Peterson et al. 1991, Landesberg & Sideman 1994). The time-dependent change of eCB elongation, 

hp or hw, is continuous as described in equations 16 or 17, and the rate g of detachment of CB is given as a 

function of hw (Negroni & Lascano 2008, NL model) or hp (Negroni & Lascano 1996, NL model). This g 

provides the basis of explaining the halfSL-dependence of the [Ca2+]-Fb relationship (Kentish et al. 1986) 

(Figure 2-3). The relationship between the Fext and dhp/dt is also explained by the eCB kinetics, and the 

rate of quick recovery of Fb at the onset of the halfSL jump, and the time course of the shortening of halfSL 

evoked by the release of Fext. 

In the original model of Lombardi & Piazzesi (1990), fractions of CBs in Al, A2, and A3 states 

were calculated by applying the numerical integration method with a discrete interval of (x) less than 0.5 

nm at every x-points. It was also assumed that the elongation of CB was increased by an interval of the 

neighboring actin binding sites for each state transition of A1-A2, and A2-A3. When calculating the force–

velocity relationship, the smooth continuous change in the velocity as well as force of CB were obtained 

theoretically by averaging for whole population of CB states without reconstructing the experimental 

response to quick release. Using a linear stiffness of the CB elongation, the force of contraction (for 

example with a unit of mN/mm2) were calculated from the sum of A2 (weak bound) + A3 (strong bound) 

over the range of x. 

Negroni & Lascano elegantly simplified the calculation of developed tension and the CB kinetics 

by assuming the eCB, which might be roughly represent the average CB elongation hp or hw, so the unitary 

developed tension (fi) is calculated with a stiffness (a) of the elastic structure (fi = a×h), and the movement 

rate of the CB head along the actin fiber is calculated as dh/dt. The dh/dt is defined for both hp and hw as, 

 

 rhhB
dt

dh


                     Eq. 34 
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Note, equation 34 is equivalent with equation 16 provided that halfSL is constant during a time 

interval concerned, like in the phase L4 in the isotonic contraction (Figure 2-7). Thus, dhp/dt is used to 

calculate the movement of the CB head when attached. In the detached CB head, h relaxes quickly to the 

resting elongation (hr). Note, the x0 giving the energy minima in the detached A3 state of the Månsson 

(2010) is about 7-8 nm apart from the corresponding position of energy minima in A1 and A2 state, which is 

close to hr (= 6 nm) in the NL model, though Piazzesi et al. (1992) and Edman et al. (1997) assumed 

slightly different x0 of energy minima. The binding rate was described as a function of the velocity of the 

CB head movement along the actin fiber in the Månsson model (2010). This assumption may correspond 

to the h-dependent detaching rate of g in the NL model. 

The sequential steps of Q7 - Q9 and Q12 - Q13 are adopted from Månsson model, in which the 

weakly bound CB is separated from the powered CB according to experimental findings (Brenner et al. 

1982, Geeves & Holmes 1999, Baumann et al. 2004, Ferenczi et al. 2005, Wu et al. 2010, Smith et al. 

2008) and are combined with Q1 - Q4 and Q10 - Q11 steps of the 2008 version of the NL model. This 

modification does not largely modify the time course of developed tension if it is compared to NL model, 

because the newly implemented cycle of ATP-hydrolysis is much faster than in the entire state transition 

cycle in the original NL model. In the new hybrid model, the ATP-binding to the catalytic domain is also 

assumed in the Ca2+-unbound state, AMDs, which appears during the relaxing phase shown in Figure 2-1. 

This assumption is justified by the recent finding that ATP-hydrolysis occurrs in the reconstructed myosin 

fiber in the absence of both Ca2+ and actin (Sugi et al. 2008). In our simulation (Figure 2-4), the 

contribution of AMDs, however, is only 3.5% of the total ATP consumption. 

The ATP turnover rate of the new contraction model is 14.75 s-1 at the peak tension in Figure 2-4. 

This rate at the peak tension are roughly in the range of experimental measurements. Namely, quite 

consistent rates of 2.7-3.3 s-1 (Kentish & Stienen 1994, Ebus et al. 1994, Ebus & Stienen 1996) were 

reported in rat chemically skinned trabeculae in the presence of saturating concentration of Ca2+ at the 

room temperature (20-21ºC). If these rates are corrected for the physiological temperature using Q10 of 

~3.5 obtained by de Tombe & Stienen (2007), an experimental turnover rate of 20-24 s-1 is expected, 

which is slightly larger than the simulation results. In the simulation shown in Figure 2-4, however, the 

development of the ATP flux is obviously interrupted by the decrease in [Ca2+], which is ~0.4 µM near the 

peak of ATP flux (300 ms). Thus, it may be concluded that the turnover rate of 20-24 s-1 obtained in the 

present human ventricular cell model is roughly in good agreement with the experimental values. It should 

be noted that the measurements of the turnover rate as well as Q10 showed variations. A much larger ATP 

turnover rate (~10 s-1 per myosin head at 24°C) was reported in skinned rat trabeculae (Wannenburg et al. 

1997). On the other hand, a lower value was described in pig cardiac preparation, ~0.5 s-1 at 24C (Kuhn et 

al. 1990) or in rat ~3 s-1 at 20C using different experimental protocol (Ebus et al. 1994, Kentish & Stienen 

1994, de Tombe & Stienen 1995, Ebus & Stienen 1996). Also, the temperature coefficient Q10 of ATP-

hydrolysis were variable (Siemankowski et al. 1985, Q10 = ~5; Burchfield & Rall 1986, Q10 = ~4; de 

Tombe & Stienen 2007, Q10 = ~3.5). Species-specific differences in the ATP-hydrolysis rate might be 

attributed to differences in composition of isoforms of S1-myosin isoform (Stienen et al. 1996). While, the 
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original NL model has been proved that its kinetics are well adapted to the physiological temperature when 

incorporated in the whole cell models of guinea pig or human ventricular myocytes (Asakura et al. 2014, 

Himeno et al. 2015, Negroni et al. 2015). 

 

2.3.2 Integration of the present Hybrid contraction model in ventricular cell model 

We developed a human ventricular cell model that includes the detailed Ca2+-induced Ca2+ release 

model and the contraction model in addition to the membrane excitation supported by the regulation of the 

intracellular ion concentration (Asakura et al. 2014, Himeno et al. 2015). However, the model which 

provides the measurement of ATP consumption during the muscle electrical excitation and contraction is 

not available. 

When integrating the new hybrid model of contraction to analyze the energetics, the macroscopic 

measurements of ATP consumption might be referred because of its consistency. Usually it is estimated 

that the AM ATPase uses ~60% and other components including sarcoplasmic reticulum Ca2+-ATPase 

(SERCA) and Na/K-ATPase use ~40% of the total ATP consumption under the physiological condition 

(Gibbs 1978, Suga 1990). Schramm et al. (1994) attributed 76% to actomyosin-ATPase and 15, and 9% to 

the SERCA and Na/K-ATPase, respectively. Note, the estimation of the ATP consumption from the ionic 

pump activities in the whole cell cardiac cell models is now well established by the refined magnitude of 

ionic fluxes underlying the membrane excitation (Grandi et al. 2010, OHara et al. 2011) as well as the 

Ca2+ fluxes underlying the cytosolic Ca2+ dynamics regulated by the sarcoplasmic reticulum (Hinch 2004, 

Asakura et al. 2014, Himeno et al. 2015). Thus, the magnitude of the ATP consumption by the AM 

ATPase might be safely adjusted in the whole cell model by referring to the fractional ATP consumptions. 

Theoretically, Han et al. (2012) compared the myocardial energetics proposed by Gibbs formalism (1978) 

based on heat (or enthalpy) measurement and Suga formalism (1980) based on the pressure-volume 

relationship. They assumed that the fundamental difference between Suga’s phenological isoefficiency and 

Gibbs’ load-dependent efficiency cannot be reconciled. 

 

2.3.3 Limitation of the new Hybrid model 

Taken together, the simulation results of the presented hybrid model are in good accordance to the 

experimental data so far published. However, the limitation of this new contraction mode is obvious, since 

the ability to generate realistic response does not prove that the underlying biophysical mechanisms are 

correctly represented. 
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Chapter 3: Mitochondria in cardiomyocyte; Diseases & Diagnosis 
 

 

3.1 Mitochondria in cardiomyocytes 

Mitochondria play the important role as the energy producer for cardiomyocytes. The 

mitochondria of adult cardiomyocytes produce 90% of ATP via electron transport chain (see Chapter 1). 

However, heart requires rhythmic contraction of pump throughout the life. The tight coupling between 

mitochondria and ATP consumption which mainly from cardiac contraction (see Chapter 2), requires the 

optimized cellular organization. The malfunction of mitochondria could impair cell energetics leading to 

heart failure causing reduced ATP production, increased reactive oxygen species production, and aberrant 

apoptotic induction (Tuppen et al. 2010). Due to the mutations, there is the accumulation in the number of 

mitochondrial DNA (mtDNA) before the symptoms occurred. In addition, mitochondrial genetics are non-

Mendelian genetics in following ways (Figure 3-1): 1) Maternal inheritance; mtDNA is strictly inherited 

from mother, 2) Heteroplasmy; normally mtDNA are identical. When the mutations are occurred at the 

beginning, it affects some but not all (wild type + mutant called ‘heteroplasmy’), 3) Mitotic segregation; 

there is the random distribution of organelles at the time of cell division, and 4) Threshold effect; the 

clinical phenotype is determined by the relative proportion between wild type and mutant mitochondrial 

molecules. Threshold expression is usually 50%-100% mutant mtDNA that determines the disease stage. 

 

 

Figure 3-1 Maternal inheritance, heteroplasmy, mitotic segregation, and threshold effects distinguish 

mitochondrial genetics from Mendelian genetics. 

Source Swerdlow 2011 
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3.2 Mitochondrial diseases 

 Mitochondrial diseases are the complex diseases associated to dysfunction or failures of the 

mitochondria (the changes in ATP production) and they are the results of either inherited or spontaneous 

mutations in mtDNA or nuclear DNA. The ~15% mitochondrial diseases are caused by mutations in 

mtDNA (acquired or inherited). However, there are a variety in the symptoms and any organs can be 

affected, especially in organ with high energy demands (high number of mitochondria), e.g., heart, brain, 

muscles, and endocrine system. 

 Mitochondrial cardiomyopathy is described by abnormal heart-muscle structure and/or function, 

secondary to genetic defects involving the electron transport chain, in the absent of concomitant coronary 

artery disease, hypertension, valvular disease, or congenital heart disease. The typical cardiac diseases 

associated to mitochondrial diseases are including hypertrophic and dilated cardiomyopathy, arrhythmias, 

left ventricular myocardial noncompaction, and heart failure (Holmgren et al. 2003, Debray et al. 2007, 

Meyers et al. 2013). Nevertheless, mitochondrial cardiomyopathy often shows clinically expression by 

multisystemic diseases described below. (Meyers et al. 2013).  

• Cardiovascular system [heart failure, arrhythmias, murmurs, sudden death, left ventricular 

myocardial noncompaction, apical ballooning syndrome] 

• Pulmonary system [dyspnea, orthopnea, respiratory failure, respiratory acidosis] 

• Neurological system [encephalopathy, ataxia, movement disorders, seizure disorders, mental 

retardation] 

• Renal system [renal failure, benign renal cysts, focal segmental glomerulosclerosis, proximal 

tubulopathy, nephritic syndrome, tubulointerstitial nephritis] 

• Hematological system [anemia, leukopenia, thrombocytopenia, eosinophilia] 

• Endocrine system [diabetes mellitus, diabetes insipidus, hypothyroidism, hypoparathyroidism, 

adrenocorticotropic hormone deficiency, hypogonadism, amenorrhea, gynecomastia] 

• Musculoskeletal system [muscle weakness with normal creatine kinase levels and normal 

electromyographic and nerve-conduction studies, short stature, microcephaly, round face, high 

forehead, low-set ears, short neck] 

• Skin and soft tissue [hypertrichosis, eczema, vitiligo, multiple lipomatosis, reticular pigmentation] 

• Gastrointestinal system [periodontosis, anorexia, abdominal pain, nausea, vomiting, diarrhea, 

malabsorption, villous atrophy, constipation, pseudo-obstruction, pancreatitis, elevated liver 

enzyme levels] 

• Ophthalmic system [external ophthalmoparesis, retinitis pigmentosa] 

• Auditory system [sensorineural hearing loss] 
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On the other hand, some mitochondrial syndromes are associated to cardiovascular manifestation 

(Meyers et al. 2013) such as; 

• Dilated cardiomyopathy and left ventricular hypertrabeculation [Barth syndrome (lethal infantile 

cardiomyopathy) and Mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes] 

• Arrhythmia [Chronic progressive external ophthalmoplegia and Kearns-Sayre syndrome] 

• Cardiomyopathy [Neurogenic muscle weakness, ataxia, and retinitis pigmentosa, and Maternally 

inherited Leigh syndrome] 

• Cardiomyopathy and arrhythmia [Leigh syndrome (subacute necrotizing encephalomyelopathy), 

and Myoclonic epilepsy and ragged red fibers] 

• Left ventricular hypertrabeculation and arrhythmia [Maternally inherited diabetes and deafness] 

 

3.2.1 DNA mutations related to mitochondrial diseases 

Current knowledge reveals that mitochondrial diseases can results from mutations in either the 

mtDNA or nuclear DNA (Table 3-1).  

 

Table 3-1 The pathophysiology of mitochondrial disorders from DNA mutations. 

Complex* Nuclear DNA mutations Mitochondrial DNA mutations 

I 

 

 

Leigh syndrome 

Leukodystrophy 

 

Leber hereditary optic neuropathy 

Mitochondrial encephalomyopathy, lactic 

acidosis, and stroke-like episodes 

II 

 

 

Leigh syndrome 

Paraganglioma 

Pheochromocytoma 

- 

 

 

III 

 

 

Leigh syndrome 

Growth retardation, aminoaciduria, 

lactic acidosis, and early death 

Cardiomyopathy 

Encephalomyopathy 

 

 

IV 

 

Leigh syndrome 

Cardioencephalomyopathy 

- 

Sporadic anemia 

Myopathy 

Amyotropic lateral sclerosis-like 

syndrome 

V  Neuropathy, ataxia, and retinitis 

pigmentosa  

Maternally inherited Leigh syndrome 

Familial bilateral striatal necrosis 

*see Figure 1-3 

Source Meyers et al. 2013  
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The mtDNA mutations are frequently found in 1 of every 200 samples of core blood (Elliott et al. 

2010, Chinnery et al. 2012). In pathological state, however, mutations are commonly observed (Fabrizi et 

al. 1996, Choi et al. 2008) since the mutation rates of mtDNA are 10 times higher than in nuclear DNA. 

Over 50 pathogenic mtDNA based substitution mutations such as single deletions, one to several point-

mutations have been identified. The mtDNA has a very high mutation rate and described in a mixture of 

wild-type and mutant mtDNA. 

Mitochondrial mutations are the typical cause of left ventricular myocardial noncompaction, 

which is also known as left ventricular hypertrabeculation, characterized by prominent ventricular 

trabeculations and deep recesses that extend from the left ventricular cavity to subendocardial surface of 

the ventricular (Stollberger et al. 2002, Jenni et al. 2001, 2007). 

 

3.2.2 Mutations in cytochrome b gene of mtDNA 

Missense mutations in mtDNA, particularly in cytochrome b gene sequences in complex III 

located at position 14,747-15,887 on the mitochondrial genome have been associated with several diseases 

with cardiac and muscle involvement described in Table 3-2.  

Moreover, hypertrophic cardiomyopathy have been associated with the mutations in mitochondrial 

cytochrome b gene (Valnot et al. 1999, Andreu et al. 2000, Hagen et al. 2013) e.g., 14751 C>T (Hinttala et 

al. 2006), 14813 A>G (Behar et al. 2008), 14927 A>G (Obayashi et al. 1992, Marin-Garcia et al. 2000, 

Casademont & Miro 2002), 15024 G>A (Tang et al. 2010a), 15257 G>A (Rose et al. 2001), 15287 T>C 

(Ballana et al. 2008), 15315 C>T (Fraumene et al. 2006), 15452 C>A (Marin-Garcia & Goldenthal 1997), 

15482 T>C, and 15813 T>C (Behar et al. 2008). 
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Table 3-2 Mutations in mitochondrial cytochrome b gene sequence associated with muscle diseases. 

Position Nucleotide 

substitution 

Amino acid 

substitution* 

Diseases References 

14846 G > A G > S Exercise intolerance Andreu et al. 1999b, 

Taivassalo et al. 2001, 

2002, Filosto et al. 2003, 

Pereira et al. 2011 

14849 T > C S > P Exercise intolerance Schuelke et al. 2002, 

Massie et al. 2010, 

Pereira et al. 2011 

15059 G > A G > Ter Mitochondrial myopathy Andreu et al. 

1999a,1999b 

15084 G > A W > Ter Exercise intolerance Andreu et al. 1999b, 

Filosto et al. 2003 

15150 G > A W > Ter Exercise intolerance Legros et al. 2001 

15168 G > A W > Ter Exercise intolerance Andreu et al. 1999b, 

Filosto et al. 2003 

15170 G > A G > Ter Exercise intolerance Bruno et al. 2003 

15197 T > C S > P Exercise intolerance Legros et al. 2001, 

Pereira et al. 2011 

15243 G > A G > E Hypertrophic cardiomyopathy Valnot et al. 1999, 

Nishigaki et al. 2010, 

Bannwarth et al. 2013 

15497 G > A G > S Exercise intolerance Okura et al. 2003,  

Tanaka et al. 2004, 

Tarnopolsky et al. 2004, 

Pereira et al. 2011 

15498 24 base pairs 

deletion 

GDPDNYTL 

deletion 

Exercise intolerance Andreu et al. 1999b, 

Taivassalo et al. 2001 

15579 A > G Y > C Exercise intolerance Wibrand et al. 2001, 

Pereira et al. 2011,  

Ghelli et al. 2013,  

Krag et al. 2013 

15615 G > A G > D Exercise intolerance Bouzidi et al. 1996, 

Dumoulin et al. 1996, 

Pereira et al. 2011 

15649 18 base pairs 

deletion 

ILAMIP 

deletion 

Exercise intolerance Carossa et al. 2014 
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Table 3-2 (continued) 

Position Nucleotide 

substitution 

Amino acid 

substitution* 

Diseases References 

15693 T > C M > T Possibly left ventricular 

noncompaction 

cardiomyopathy-associated  

Tang et al. 2010 

15699 G > C R > P Muscle weakness  Blakely et al. 2005, 

Bannwarth et al. 2013 

15723 G > A W > Ter Exercise intolerance Andreu et al. 1999b 

15761 G > A G > Ter Mitochondrial myopathy Mancuso et al. 2003 

15762 G > A G > E Mitochondrial myopathy Andreu et al. 1998 

15800 C > T Q > Ter Exercise intolerance / 

Myopathy 

Lamantea et al. 2002, 

Valente et al. 2009 

*amino acid abbreviation; one letter code (below) and Ter = Termination or stop codon 

A  Alanine   R  Arginine  N  Asparagine 

D  Aspartic acid  C  Cysteine  E  Glutamic acid 

Q  Glutamine  G  Glycine   H  Histidine 

I  Isoleucine  L  Leucine   K  Lysine 

M  Methionine  F  Phenylalanine  P  Proline 

S  Serine   T  Threonine  W  Tryptophan 

Y  Tyrosine  V  Valine 

 

3.3 Diagnosis of mitochondrial diseases 

 Routinely, the muscle biopsy is the gold standard for the diagnosis of mitochondrial diseases. 

However, this technique could observe the structure changes providing the sensitivity and specificity less 

than 100%. Meyers et al. (2013) summarized several proposed diagnostic criteria that including clinical, 

histological, enzymological, functional, and molecular factors (Table 3-3). 
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Table 3-3 Diagnosis criteria for mitochondrial disorders. 

Factors Major diagnosis criteria Minor diagnostic criteria 

Clinical 

 

 

 

 

 

 

 

Mitochondrial syndrome or involvement of 

any 3 of the following systems: 

neurologic, muscular, cardiac, renal, 

nutritional, hepatic, endocrine, 

hematologic, otologic, ophthalmologic, 

dermatologic, or dysmorphic; 

exacerbations; family history of 

mitochondrial DNA mutations; or 

exclusion of alternate diagnosis 

Symptoms compatible with the respiratory 

chain defect 

Histological >2% ragged red fibers in skeletal muscle 1%–2% ragged red fibers in patient 30 to 

50 years, any ragged red fibers in a patient 

<30 years, >2% subsarcolemmal 

mitochondrial accumulations in a patient 

<16 years, or widespread electron 

microscopic abnormalities in any tissue 

Enzymological >2% cytochrome c oxidase-negative fibers 

in a patient <50 years, >5% cytochrome c 

oxidase-negative fibers in a patient ≥50 

years, <20% activity of any respiratory 

chain complex in a tissue, <30% activity of 

any respiratory chain complex in a cell 

line, or <30% activity of the same 

respiratory chain complex activity in ≥2 

tissues 

Antibody-based demonstration of a defect 

in respiratory chain complex expression, 

20%-30% activity of any respiratory chain 

complex in a tissue, 30%-40% activity of 

any respiratory chain complex in a cell 

line, or 30%-40% activity of the same 

respiratory chain complex activity in ≥2 

tissues 

Functional Fibroblast ATP synthesis rates >3 SD units 

below the mean 

Fibroblast ATP synthesis rates 2 to 3 SD 

units below the mean, or fibroblasts 

unable to grow on media with glucose 

replaced by galactose 

Molecular Identification of nuclear DNA or 

mitochondrial DNA mutation of 

undisputed pathogenicity 

Identification of nuclear DNA or 

mitochondrial DNA mutation of probable 

pathogenicity 

Metabolic - One or more metabolic indicators of 

impaired respiratory chain function 

Source Meyers et al. 2013 (reproduced from Bernier et al. 2002) 
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3.3.1 Mutations diagnosis using PCR based sequencing 

 Diagnosis of the mutations using molecular techniques could provide the health monitoring and 

disease investigating at early stage. Molecular techniques, especially polymerase chain reaction (PCR) and 

sequencing, are high sensitivity and specificity and useful for early stage detection.  

Up to date, the new generation sequencing shows the capability to sequence whole mitochondrial 

genomes at high coverage of over 1000-fold, which provides sufficient depth to identify the mutation at 

even low levels (Zaragoza et al. 2010, Goto et al. 2011). Although the advantages of using such 

technology are clear, and can detect the mutations which are interpreted as being true mutations but are 

erroneous (Loman et al. 2012). 

 We designed the universal primers for detecting the mutations located at the conserved sequence 

of mitochondrial cytochrome b gene (Table 3-4). These novel primers could be the merit for human and 

wide range of experimental animals to observe the mutations in cytochrome b gene of mtDNA. The 

mutation results will notice by observing the double peak on sanger sequence chromatograms (Figure 3-2). 

The alignment of human mtDNA with novel primers from Muangkram et al. (2016) was illustrated in 

Figure 3-3.  

 

Table 3-4 Universal primers for mutations diagnosis. 

Primers Sequences Position* Annealing 

temperature  

Forward primer 

Reverse primer 

5-TTY GCA TAC GCA ATC YTA CGA TC-3 

5-GTT GKC CTC CRA TTC ATG TRA G-3 

15572-15594 

15749-15770 

55ºC 

 

*The position on mitochondrial DNA based on human mitochondrial genome (GenBank number 

V00662.1; Anderson et al. 1981).  

Source Muangkram et al. 2016 

 

 

Figure 3-2 Double peak of missense mutations from sanger sequence chromatograms. 

Source Izumi et al. 2015 
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Five mutations in cytochrome b gene of mtDNA located at position 15595-15749 of human 

mitochondrial genome could be diagnosed by using the novel primers (Figure 3-3). 

 

 

Figure 3-3 The alignment of human mitochondrial cytochrome b gene sequence with new primers. 

Primers could amplify the fragment of mitochondrial cytochrome b gene sequence sized 154 base pairs in 

length (PCR product sized 199 base pairs in length) with the ability to investigate the mutations 5 positions 

(25%). The ‘.’ refers to the mutation position related with muscle diseases from Table 3-2 and the letter in 

square refer to the nucleotide changes. The ‘*’ indicates the first base of deletion mutations. The baseline 

of these sequences corresponds to position number 14747 of complete human mitochondrial genome 

(J01415.2; Anderson et al. 1981). 
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3.3.2 The application in high resolution melt analysis 

High resolution melt (HRM) analysis is the useful tool for investigating the single nucleotide 

polymorphism. This technique could eliminate the errors which may come from the sequencing reactions 

or long PCR amplification (Elliott et al. 2012, Lloyd et al. 2012). HRM technique provides the high 

sensitivity level as reported in wide studies (Figure 3-4). However, the limitation of HRM technique is the 

DNA fragment should less than 200 base pairs. The implication of novel primers with HRM could serve as 

useful tool to detect the mutations at early stage. 

 

 

Figure 3-4 Application of high resolution melt analysis.  

Panel A; Capillary sequencing between wild type and mutation, Panel B; Sensitivity level of ion torrent to 

detect specific percentage of mutation (mixed sample), Panel C; The results of HRM 

Source Yeung et al. 2014  
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Conclusion 
 
 
 In this doctor dissertation, two novel methods have been proposed: 

1. We have established the new crossbridge (CB) model based on the molecular mechanisms 

of ATP-hydrolysis by S1 segment of myosin with the biophysical contraction model and 

implemented in the simple blood circulation model of cardiovascular system. The new 

Hybrid model well describes the behavior of CB kinetics with the estimating the energy 

consumption. The linear relationship between pressure-volume area and the amount of 

vATPase per beat are clearly described. 

2. The specific technique for diagnosing the mutations in cytochrome b gene sequence of 

mitochondrial DNA that leading to the changes of energy production which is necessary for 

cardiomyocyte has been developed. This technique provides the high sensitivity and 

specificity to investigate the mutations at the early stage. Moreover, the development of our 

study with high resolution melt analysis could provide the fast, reliable, and inexpensive 

technique to diagnosis the mutations. 
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Appendix: Model equations 
 

Model equations 

 

• Dynamics of equivalent crossbridge 

 

pp hhalfSLX        Eq. S1 
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• Calculation of state transitions 
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• Differential equations 
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• Rate functions 
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• ATP rate by contraction 
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• Concentration of myosin S1 segment 
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• Magnitude of contraction 
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• [Ca2+]-Fb-vATPase relationships 
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• Ca2+ dynamics 
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• Multi-scale of cardiovascular model 
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