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Preface

The contraction of skeletal muscles enables the body to move and maintain 
homeostasis. Human health is markedly affected by any deterioration in the 
material, metabolic, and contractile properties of skeletal muscle. The loss of 
skeletal muscle mass and strength substantially impairs physical performance 
and quality of life. Muscle wasting and weakness such as cachexia, atrophy, and 
sarcopenia are characterized by marked decreases in protein content, myonuclear 
number, muscle fiber size, and muscle strength. To attenuate various forms of 
muscle wasting, many researchers have investigated exercise-based, supplemen-
tal, and pharmacological strategies. This book introduces some approaches to the 
treatment of muscle wasting.

Our circulatory system is managed by the heart, lungs, and vasculature. These 
components serve crucial roles in controlling blood and lymph flow, and in the 
delivery of gases, hormones, and essential nutrients (i.e., glucose, fat, or amino 
acids). Pulmonary arterial hypertension (PAH) is a fatal disease without a cure. 
If untreated, increased pulmonary vascular resistance kills patients within several 
years due to right heart failure. This book also introduces novel applications against 
PAH such as cell reprogramming and the use of anticancer drugs that induce 
programmed cell death.

Vascular smooth muscle cells (VSMCs) are the most prevalent cell types in blood 
vessels and serve critical regulatory roles, particularly for vasoconstriction, 
vasodilatation, and synthesis of the vascular extracellular matrix. Cyclic guanosine 
3′,5′-monophosphate (cGMP) is an intracellular second messenger that facili-
tates a broad spectrum of physiologic processes in multiple cell types within the 
cardiovascular, gastrointestinal, urinary, reproductive, nervous, endocrine, and 
immune systems. In particular, cGMP signaling plays a vital role in regulating the 
endothelium, VSMCs, and cardiac myocytes. This publication also reviews math-
ematical models concerning the molecular mechanism and the targets of cGMP in 
the contraction of VSMCs.

This book will be of interest to professionals in clinical practice, medical and health 
care students, and researchers working in muscle-related fields of science.

Kunihiro Sakuma
Professor,

Institute for Liberal Arts, Environment and Society,
Tokyo Institute of Technology,

Tokyo, Japan
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Chapter 1

Exercise Therapy for Patients 
with Heart Failure: Focusing on 
the Pathophysiology of Skeletal 
Muscle
Nobuo Morotomi, Kunihiro Sakuma and Kotomi Sakai

Abstract

In patients with heart failure (HF), it is important to perform exercise therapy 
with a focus on the pathophysiology of skeletal muscle. Patients with HF have 
multiple clinical symptoms due to cardiac dysfunction. Recent studies demon-
strated the mechanism and treatment strategy for HF, and multiple signaling 
pathways involved in HF result in reduced exercise capacity and skeletal muscle 
mass. On the other hand, exercise therapy for HF is known to inhibit the inflam-
matory cytokines and neurohumoral factors, and increase muscle mass. Therefore, 
in this chapter, we discuss the importance of exercise therapy for HF, with a focus 
on the pathophysiology of skeletal muscle.

Keywords: heart failure, skeletal muscle, muscle abnormality, exercise training, 
combination therapy

1. Introduction

1.1 Pathology of HF

HF is a condition characterized by cardiac decompensation due to organic or 
functional impaired pumping capacity. Reduced exercise capacity in patients with 
HF leads to numerous symptoms such as breath shortness, dyspnea, general fatigue, 
and edema in the foot [1]. One of the causes of reduced exercise capacity is the 
condition of HF. According to the JCS 2017/JHFS 2017 guidelines on the diagnosis 
and treatment of acute and chronic HF [1], HF is categorized into three groups by 
the left ventricular ejection fraction (LVEF). One is HF with LVEF <40%, termed 
heart failure with reduced ejection fraction (HFrEF). HFrEF develops due to left 
ventricular systolic dysfunction. HFrEF is a leading cause of ischemic heart disease 
and coronary sclerosis. Another group is HF with LVEF ≥50%, termed heart failure 
with preserved ejection fraction (HFpEF). HFpEF is known as diastolic dysfunction 
in HF. Diastolic dysfunction is mainly caused by hypertension. The last group is HR 
with LVEF from 40–49%, termed heart failure with mid-range ejection fraction 
(HFmrEF). HFmrEF can develop in the recovery process from HFrEF, but many 
other factors can cause HFmrEF. For example, arrhythmia with tachycardia, such 
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as atrial fibrillation, places strain on the left heart and causes HFmrEF. The exact 
mechanism of HFmrEF remains unclear.

Reduced exercise capacity in patients with HF can also cause organic and func-
tional abnormality of skeletal muscle not only due to abnormal LVEF. Patients with 
HF can lose weight due to these abnormalities of skeletal muscle. A previous study 
reported that weight loss of 7.5% over six months was an independent predictor of 
long-term mortality in patients with HF [2]. In addition to the condition of HR and 
its related skeletal muscle abnormalities, reduced exercise capacity develops slowly 
with age. On the other hand, in 1998, Rosenberg proposed the term “sarcopenia” 
to describe age-related muscle decrease. Elderly patients with HF are included in 
“secondary sarcopenia” and advanced HF patients are defined as having “cardiac 
cachexia”. The Asian definition of sarcopenia was established by the Asian Working 
Group for Sarcopenia in 2014 [3]. Sarcopenia is diagnosed by a low muscle mass and 
low muscle strength or low physical performance. Sarcopenia develops due to aging, 
undernutrition, sedentary lifestyle, and progression of inflammatory diseases, 
cancer, and chronic diseases such as HF and COPD. The reported prevalence of 
sarcopenia is between 4.1% and 11.5% in Asian older people. On the other hand, in 
2013, Fülster reported a prevalence of 19.4% among 200 ambulatory patients with 
stable chronic HF in Germany [4].

The exact mechanism of the development of sarcopenia related to HF is unclear. 
However, previous studies noted specific changes in skeletal muscle in patients with 
HF. Kinugawa et al. reported that patients with HF have skeletal muscle abnormali-
ties, including energy dysbolisms, fiber transformation from type 1 (slow-twitch 
muscle fibers) to type 2 (fast-twitch muscle fibers), and mitochondrial dysfunction 
[5]. Brown et al. demonstrated decreases in mitochondrial density, gene expression, 
and oxygenated capacity in skeletal muscle in patients with HF [6]. Using animal 
studies, Takada et al. found that chronic heart failure (CHF) model mice have a 
low level of protein expression of phosphorylated AMPKα, sirtuin-1, PGC-1, and 
mitochondrial transcription factor A (Tfam) in skeletal muscle [7].

In this review, we describe the molecular mechanisms in skeletal muscle and the 
treatment for HF.

2. Molecular mechanisms of HF

This section presents three representative skeletal muscle mechanisms unique to 
HF that cause organic and functional physical abnormalities.

2.1 Inflammatory cytokines

Inflammatory cytokines are biologically active substances that exert a variety of 
functions by signaling through specific receptors on the cell surface. Inflammatory 
cytokines include interleukin (IL)-6, interferon, tumor necrotic factor (TNF) 
family, and colony-stimulating factor. The excess secretion of inflammatory 
cytokines due to HF disrupts the anabolic catabolic balance of skeletal muscle in HF 
patients. Impaired cardiac cell and vascular endothelial cells with high stress result 
in the secretion of inflammatory cytokines and myocardial infarction. Levine et al. 
reported that HF patients have a high circulating concentration of TNF-α [8].

In 2001, Reid et al. reported that secretion of TNF-α increased the produc-
tion of reactive oxygen species through the mitochondrial electron transport 
system, resulting in the activated ubiquitin-proteasome system through the NF-κB 
signaling pathway [9]. This study suggested progressive skeletal muscle wasting 
through these systems in HF patients. In addition, Chojkier et al. reported that 
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TNF-α-injected mice had increased expression of nitric oxide synthase activity and 
the expression of their albumin synthesis genes was downregulated [10]. Schaap 
et al. reported that high expression of TNF-α and IL-6 led to a reduction of the quad-
riceps muscle area and grip strength in older people [11]. Langhaus et al. reported 
that the secretion of TNF-α induced appetite loss [12]. Saitoh et al. found that 
appetite loss caused malnutrition and resulted in the inhibition of protein anabolic 
action. Moreover, appetite loss was associated with a poor prognosis in HF patients 
in their study [13]. On the other hand, Hollriegel et al. reported that HF patients did 
not have high expression of atrogin-1 mRNA or protein in skeletal muscle [14]. Of 
note, there are few studies on this topic in human subjects [15]. Although TNF-α 
and IL-6 activity affect muscle abnormalities in HF patients, it remains unclear how 
inflammatory cytokine families influence each other in humans.

2.2 Renin–angiotensin–aldosterone system

The accelerated renin-angiotensin-aldosterone (RAA) system leads to skeletal 
muscle dysfunction in HF patients. Angiotensinogen is produced from the liver and 
is the first substrate of the RAA system. Thereafter, renin from the juxtaglomeru-
lar apparatus of the kidney is released into the blood. Angiotensin І is produced 
from angiotensinogen by activated renin. Then, angiotensin ІІ is produced from 
angiotensin І by angiotensin-converting enzyme. Angiotensin ІІ causes vasocon-
striction and stimulates aldosterone secretion through angiotensin ІІ type 1 recep-
tor. Angiotensin ІІ causes an accumulation of fibrosis in skeletal muscle through 
transforming growth factor-β (TGF-β)-dependent signaling [16]. Activation of the 
RAA system in HF patients causes the overproduction of angiotensin ІІ. Their RAA 
system is activated regardless of the severity of HF [17]. This study also revealed 
that their renin activity is significantly higher than that in those without HF 
(3.0 ± 3.7 and 1.2 ± 1.2 ng/mL). In 2007, Cohn et al. investigated the effects of TGF-β 
neutralizing antibodies and angiotensin-receptor blockers (ARB) on skeletal muscle 
function. In this study, the intervention group using ARB had significantly reduced 
TGF-β signaling through angiotensin ІІ and improved skeletal muscle function 
[18]. TGF-β is also known as a factor that elicits apoptosis of muscle satellite cells 
during the process of repairing damaged skeletal muscles. The author suggested 
that inhibition of the angiotensin ІІ type1 receptor by ARB led to the low expression 
of TGF-β.

Fukushima et al. demonstrated that the phosphorylation of Akt (p-Akt) 
decreased in skeletal muscle from mice with HF after myocardial infarction and 
this decrease was caused by an increase in plasma angiotensin ІІ [19]. Another study 
using HF model mice found that angiotensin ІІ directly induced skeletal muscle 
abnormalities [20]. This study reported a significant decrease in the amount of 
p-Akt protein in angiotensin ІІ-treated mice. In addition, angiotensin ІІ induced 
fiber transformation from type І to type ІІ, skeletal muscle atrophy, and weight 
loss. Based on these involved factors, the RAA system is considered to elicit skeletal 
muscle dysfunction in HF. In the future, studies on increased protein catabolism by 
the RAA system need to be conducted in humans.

2.3 Autophagy

Autophagy is an intracellular system that delivers cytoplasmic substrates to 
lysosomes for subsequent degradation and removal. Autophagy is divided into 
three types depending on the mechanisms; macroautophagy, microautophagy, 
and chaperone-mediated autophagy. The research area of macroautophagy is the 
most advanced of these three types. Fasting induces the autophagy system and 
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the isolation membrane is formed. The isolation membrane elongates, engulfing 
protein aggregates and organelles within the cytoplasm, and finally forms double-
membraned structures called autophagosomes. Autophagosomes subsequently fuse 
with lysosomes to degrade their cargo by lysosomal enzymes.

Autophagy influences the muscle abnormalities in HF. There are two mecha-
nisms. First, a maladaptive response for autophagy exacerbates the condition of 
HF, resulting in reduced muscle function. For example, the decrease in Beclin 1 
expression weakens the macroautophagy system in patients with ischemic cardiac 
myopathy [21]. In contrast, Zhu et al. reported that pressure overload in mice mark-
edly increased cardiac autophagy and load-induced autophagic activity remained 
significantly high for at least 3 weeks [22]. This study reported that Beclin 1 over-
expression increased autophagic activity and promoted pathological remodeling. 
Using mice with pressure-overload heart failure, this study revealed that lysosome 
abundance calculated by measuring the lysosomal markers LAMP-1 and cathepsin 
D increased in wild-type hearts and to a greater extent in Beclin 1 transgenic hearts. 
Another study demonstrated that cardiac-specific deficiency of autophagy-related 
5, a protein required for autophagy, leads to cardiac hypertrophy in adult mice [23]. 
Therefore, HF is exacerbated by dysfunctional autophagy and results in skeletal 
muscle abnormality.

Second, cardiac autophagy may directly cause skeletal muscle atrophy regardless 
of the progression of HF. Janning et al. investigated the autophagy pathway using 
myocardial infarction model mice [24]. Their study revealed that although myoat-
rophy in the soleus muscle and plantaris muscle progressed, the expression levels 
of autophagic markers, such as GABARAPL-1 and AtG7, increased in the plantaris 
but not in the soleus muscle. This study provides evidence of autophagy signaling 
regulation in HF-induced muscle atrophy. In addition, the selective degradation 
of mitochondria is termed mitophagy. Oka et al. reported that cardiac cells are 
abundant in mitochondria and dysfunctional mitophagy leads to reduced cardiac 
function through the inflammation inside the cells [25]. It is also possible that 
mitophagy causes skeletal abnormalities.

There is increasing evidence supporting a role of autophagy in age-related dis-
ease states of the cardiovascular system. Sasaki et al. reviewed autophagy in cardio-
vascular disease [26]. Their report states that autophagy is related to age-associated 
cardiovascular diseases, HF, ischemic heart disease, cardiomyopathy, hypertension, 
and atherosclerosis. However, the mechanisms of skeletal muscle dysfunction 
caused by autophagy in HF remain unclear.

3. Exercise training as treatment for HF

Exercise training improved the reduced exercise capacity and skeletal muscle 
power due to HF in several studies. There are two types of exercise; aerobic exercise 
and resistance training (RT). Aerobic exercise induced peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC1-α) expression and improved 
insulin resistance [27]. High-intensity aerobic exercise increases the ratio of type 
1 muscle fibers. Gielen et al. investigated how the expression of cathepsin-L, E3 
ligases MuRF-1, and MaFbx changed after exercise training among HF patients, and 
compared them with healthy subjects [28]. As a result, the expression of MuRF-1 in 
HF patients was significantly higher than that in healthy subjects. In addition, after 
four weeks of exercise training, the expression of MuRF-1 mRNA in HF patients 
was reduced by 32.8% and 37.0% in people aged ≤55 years and ≥ 65 years, respec-
tively. In another study, they investigated the expression of inflammatory cytokines 
(TNF-α, IL-6, and IL-1-β) before and after exercise training in HF patients [29]. 
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Exercise training did not affect the serum levels of TNF-α, IL-6, or IL-1-β, but it 
significantly reduced the expression levels of these cytokines and iNOS (by 52%) in 
skeletal muscle. Thus, exercise training may reduce the expression of inflammatory 
cytokines and maintain high-level muscle function.

St-Jean-Pelletier et al. investigated myofiber changes and mitochondrial density 
in the vastus lateralis in healthy subjects [30]. They found an increased ratio of type 
2a myofibers and decreased mitochondrial density in people aged ≥65 years with 
low physical activity. Campos et al. investigated the effects of exercise training on 
mitochondrial dysfunction using myocardial infarction model mice [31]. This study 
suggested that the improvement in mitochondrial number, density, and oxygen-
ation by exercise training aid in recovery from cardiac dysfunction. Although 
exercise training improved mitochondrial dysfunction in HF mice model, the exact 
mechanism in HF patients remains to be elucidated.

Aerobic exercise increases the exercise capacity, and RT improves skeletal 
muscle mass and strength. Pu et al. demonstrated the effects of resistance training 
on muscle function in HF patients [32]. In their study, the improvement of knee 
extensor muscle power was 43% higher and the six-minute walking distance was 
49 m greater in HF patients than those in the control group. Another study also 
found that RT improved skeletal muscle mass and power more than aerobic exercise 
in dialysis patients [33]. Multimodal exercise programs, including aerobic exercise, 
RT, and respiratory muscle training, were reported to significantly improve dyspnea 
and the quality of life, in addition to quadriceps power and exercise time, in HF 
patients [34].

Saitoh et al. suggested that combination therapy of exercise training with 
standard drugs, such as angiotensin-converting enzyme inhibitors, beta-receptor 
blockers, ghrelin agonists, and myostatin inhibitors, is better than exercise training 
and nutritional supplements for treating cardiac sarcopenia [35]. The following 
section explains the possibility of treatment for HF using combinations of exercise 
training and other therapies (Figure 1).

3.1 Combination of nutritional supplements and exercise training

3.1.1 Amino acids and micronutrients

Sufficient nutritional supplements improve skeletal muscle dysfunction 
accompanying HF. Aquilani et al. investigated the effects of exercise training 
with 8 g of daily essential amino acids (EAA) in 21 HF patients [36]. Based on the 
cardiopulmonary exercise test, the EAA group had no change in oxygen consump-
tion but increased their exercise load. Although there was no significant change 
in the 6-minute walking distance in the control group, the EAA group increased 
their walked distance by 74 m on average. Rozentryt et al. reported that the intake 
of nutritional supplements with a high-calorie (600 kcal) and high-protein (20 g) 
diet increased the body weight by 2.0 kg at the 6-week follow-up and 2.3 kg at the 
18-week follow-up [37]. In this study, oral nutritional supplementation did not 
affect the albumin concentration or peak oxygen consumption, but reduced the 
serum level of TNF-α.

β-Hydroxy-β-methylbutyrate (HMB) is a metabolite of the amino acid leucine 
and has a positive effect on muscle protein anabolism. A study using rats reported 
that HMB supplementation resulted in greater expression of Akt, mTOR, and 
S6K1 than leucine [38]. Berk et al. investigated the effects of a mixture of HMB, 
glutamine, and arginine in advanced cancer patients. However, there were no 
significant differences in the 8-week lean body mass between the placebo and the 
HMB/Arg/Gln groups [39]. Another study examining chronic pulmonary patients 
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described that, in the group receiving pulmonary rehabilitation plus an oral nutri-
tional supplement enriched with HMB, the mean and maximum handgrip and 
fat free mass significantly increased at 12 weeks [40]. The review of HMB supple-
mentation in humans suggested that this agent has positive effects in patients with 
chronic pulmonary disease, hip fracture, and AIDS- related and cancer-related 
cachexia [41], but HF was not mentioned. However, a recent study suggested that 
a high-protein oral nutritional supplement containing HMB increased the body 
weight at day 30 in HF patients [42]. As described above, protein supplementation 
for HF patients increases the body mass and improves muscle function.

In recent years, the role of microelements has gained attention. Magnesium 
insufficiency increase the risk of HF. Sasiwarang et al. examined the relationship 
between the onset of HF and magnesium concentration in healthy subjects for 
15 years [43]. Serum magnesium was inversely related to the risk of incident of 
HF. Moreover, HF patients with hypomagnesemia had high levels of IL-6 and von 
Willebrand factor (VWF). VWF is a marker for endothelial dysfunction and the 
serum level of VWF in HF patients is high. The author suggested that the magne-
sium concentration influences the inflammatory reaction. Microelements also play 
an important role in the treatment of sarcopenia [44]. Magnesium supplementation 
was reported to possibly improve the functional indices such as quadriceps torque 
[45]. In addition, the walking speed of healthy elderly women in the magnesium 
supplementation group became significantly faster than that of those in the 
control group (the supplementation group:∆ 0.21 ± 0.27 m/s, the control group ∆ 
0.14 ± 0.003). However, there are no studies on the effects of combination therapy 
of exercise training and magnesium supplementation in HF patients. As magnesium 
is commonly used for the treatment of arrhythmia and HF, it may be useful for the 
treatment of muscle dysfunction in HF.

3.1.2 Ghrelin

Ghrelin can improve the physical function of patients with HF. Ghrelin is 
produced in the fundic gland of the stomach, and stimulates gastric acid secretion 
and motility. Ghrelin has anabolic, orexigenic, and anti-inflammatory effects [46]. 
Ghrelin levels are lower in older people, especially in those with sarcopenia [47].  

Figure 1. 
It is thepossibility of treatment for HF using combinations of exercise training and other therapies. This figure 
presents the effects of exercise training added by other factors. The square box shows the other factors and the 
dotted box shows treatment effect. EAA: essential amino acids, HMB: β-Hydroxy-β-methylbutyrate, SPPB: 
short physical performance battery, RAA inhibitors: Renin-angiotensin-aldosterone inhibitors, SARM: selective 
androgen receptor modulators.
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A study on anamorelin, a selective ghrelin receptor agonist, demonstrated a signifi-
cant effect on body weight and food intake, but not on muscle strength in patients 
with cancer cachexia [48]. Nagaya et al. reported that the injection of synthesized 
ghrelin (2 μg/kg twice a day for 3 weeks) to HF patients increased the LVEF without 
adverse events, and increased the peak workload and oxygen consumption dur-
ing exercise [49]. On the other hand, rikkunshito, a Japanese herbal medicine, is a 
ghrelin potentiator. Fujitsuka et al. reviewed the promotion of ghrelin activity by 
rikkunshito [50]. Several clinical trials demonstrated that the administration of 
rikkunshito increased the plasma ghrelin levels. These studies support the potential 
use of rikkunshito for improving skeletal muscle function and exercise capacity. 
However, rikkunshito and dipotassium glycyrrhizinate are structural components 
of licorice extract. The accumulation of dipotassium glycyrrhizinate in the body 
may cause pseudo aldosteronism and exacerbate the condition of HF. Thus, rik-
kunshito should be administered carefully. The satisfactory amount of rikkunshito 
should be investigated to manage HF effectively and safely.

3.1.3 Vitamin D

Vitamin D administration improves the exercise capacity in HF patients. The 
role of vitamin D is to maintain homeostatic function of the calcium-phosphorus 
balance and regulate bone metabolism. In recent years, vitamin D was confirmed 
to play an essential role in skeletal muscle function. Vitamin D deficiency or 
mutated vitamin D receptor causes skeletal muscle atrophy [51]. Vitamin D 
receptors are involved in gene expression in skeletal muscle, and regulate muscle 
anabolism and metabolism. The receptors act on calcium channels and directly 
regulate muscle contraction. Therefore, vitamin D deficiency results in lipid 
accumulation in skeletal muscle and atrophy of type 2 myofibers. Hayakawa 
et al. reported that the administration of 1α25 (OH)2D3 to human muscle 
cells inhibited the gene expression of MaFbx and MuRF-1 [52]. Antoniak et al. 
examined the effects of combination therapy of vitamin D administration and 
exercise training in comparison with exercise training and vitamin D alone [53]. 
They found that lower extremity muscle power increased more in the combination 
therapy group than in the exercise training alone group. In addition, the score 
of the short physical performance battery, skeletal muscle power, and femur 
density increased more in the combination therapy group than in the vitamin D 
alone group.

On the other hand, a meta-analysis demonstrated that vitamin D administra-
tion reduced the levels of TNF-α, CRP, and thyroid hormone, but did not improve 
exercise performance [54]. Bauer et al. reported the effects of combination therapy 
using vitamin D and leucine-enriched whey protein on physical function in older 
people with sarcopenia [55]. The active group (n = 184) received vitamin D at 
800 IU, 20 g of whey protein, and 9 g of leucine twice a day for 13 weeks. In the 
active group, the score for the chair-stand test (1.0 second on average) and muscle 
mass (0.19 kg on average) significantly improved when compared with the control 
group. Other several studies using healthy elderly subjects reported the improve-
ment of physical functions using a combination of vitamin D and amino acids, but 
not in HF patients.

3.2 Combination with standard therapeutics for HF

Standard therapeutics for HF can improve the skeletal function in HF patients. 
This section explains the three types of medicines for HF that may be useful for 
skeletal muscle.
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not in HF patients.
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Standard therapeutics for HF can improve the skeletal function in HF patients. 
This section explains the three types of medicines for HF that may be useful for 
skeletal muscle.
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3.2.1 Beta-blockers

Beta-blockers can prevent weight loss in HF patients. Beta-blockers, which have 
inhibitory action against left ventricular remodeling, are used for the treatment of 
HF and hypertension. Bisoprolol is a beta one-selective blocker and carvedilol is an 
alpha-beta blocker, and they are commonly used in the treatment of HF.

Beta-blockers were recently reported to inhibit muscle atrophy. A study using 
cancer cachexia model mice revealed that the administration of bisoprolol inhib-
ited the loss of skeletal muscle mass [56]. This study also reported that bisoprolol 
improved physical activity and oral intake. In patients with rectal cancer or small 
cell carcinoma, the administration of espindolol twice a day improved their life 
prognosis and weight loss [57].

Clark et al. investigated the effects of the administration of carvedilol on body 
weight loss in patients with HF [58]. Carvedilol was initially administered at 3.1 mg 
(twice a day) and later increased to a maximum of 25 mg per dose (twice a day). 
As a result, the administration of carvedilol resulted in body weight gain (1 kg on 
average) after one year.

Based on these studies, beta-blockers may maintain skeletal muscle quality and 
improve skeletal muscle mass in HF patients.

3.2.2  Renin-angiotensin-aldosterone (RAA) inhibitors: angiotensin converting 
enzyme inhibitors (ACEI)/angiotensin-receptor blockers (ARB)

RAA inhibitors can improve muscle function in HF patients. Angiotensin 
converting enzyme inhibitors (ACEI) and angiotensin receptor blockers (ARB) are 
commonly used for the treatment of hypertension. Saitoh et al. reported the protec-
tive action of ACEI for muscle function [59]. Several studies reported that ACEI 
prevent body weight loss due to HF, and improved muscle power and physical func-
tions [60, 61]. Sumukadas et al. investigated the effects of a combination of ACEI 
therapy and exercise training on physical functions in older people [62]. However, 
the 6-minute walk distance, score of the Short Physical Performance Battery, 
handgrip and quadriceps strength, and QOL at 10-week and 20-week follow-up did 
not improve in the intervention group. In this study, some bias was considered to 
have caused the insufficient effects of combination therapy.

RAA inhibitors have direct positive effects on muscle function in HF patients. 
Thus, high-quality studies examining both RAA inhibitors and exercise training in 
HF patients are warranted.

3.2.3 Selective androgen receptor modulators (SARM)

Testosterone may have a positive effect on skeletal muscle mass. On the 
other hand, serious side effects, such as increased risks of developing prostate 
cancer and myocardial infarction, have been reported [63]. Therefore, selective 
androgen receptor repair agents known as selective androgen receptor modula-
tors (SARM) were developed. They exert testosterone-induced muscle mass gain 
effects with less stimulation of the prostate. SARM may increase skeletal muscle 
mass in HF patients. The clinical trial SARMsMK-0773 examined their effects 
on skeletal muscle in female patients with sarcopenia [64]. Muscle mass in the 
intervention group increased significantly compared with that in the placebo 
group, but no effects on physical functions or muscle power were observed in 
this study.

No studies have investigated the effects of combination therapy of SARM and 
exercise training on skeletal muscle mass and physical function in HF patients.
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4. Conclusions

The pathophysiology of skeletal muscle in patients with HF is complex and 
remains unclear. However, recent studies clarified several points. The mechanisms 
do not function independently and instead interact with each other. In the manage-
ment of HF, it is important to assess skeletal muscle and physical functions, and to 
consider treatment combinations including exercise training, electrical stimulation, 
medicine, and supplements. Large-scale, high-quality studies are warranted to 
elucidate the pathophysiology and establish effective treatments for HF patients.
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3.2.1 Beta-blockers

Beta-blockers can prevent weight loss in HF patients. Beta-blockers, which have 
inhibitory action against left ventricular remodeling, are used for the treatment of 
HF and hypertension. Bisoprolol is a beta one-selective blocker and carvedilol is an 
alpha-beta blocker, and they are commonly used in the treatment of HF.

Beta-blockers were recently reported to inhibit muscle atrophy. A study using 
cancer cachexia model mice revealed that the administration of bisoprolol inhib-
ited the loss of skeletal muscle mass [56]. This study also reported that bisoprolol 
improved physical activity and oral intake. In patients with rectal cancer or small 
cell carcinoma, the administration of espindolol twice a day improved their life 
prognosis and weight loss [57].

Clark et al. investigated the effects of the administration of carvedilol on body 
weight loss in patients with HF [58]. Carvedilol was initially administered at 3.1 mg 
(twice a day) and later increased to a maximum of 25 mg per dose (twice a day). 
As a result, the administration of carvedilol resulted in body weight gain (1 kg on 
average) after one year.

Based on these studies, beta-blockers may maintain skeletal muscle quality and 
improve skeletal muscle mass in HF patients.

3.2.2  Renin-angiotensin-aldosterone (RAA) inhibitors: angiotensin converting 
enzyme inhibitors (ACEI)/angiotensin-receptor blockers (ARB)

RAA inhibitors can improve muscle function in HF patients. Angiotensin 
converting enzyme inhibitors (ACEI) and angiotensin receptor blockers (ARB) are 
commonly used for the treatment of hypertension. Saitoh et al. reported the protec-
tive action of ACEI for muscle function [59]. Several studies reported that ACEI 
prevent body weight loss due to HF, and improved muscle power and physical func-
tions [60, 61]. Sumukadas et al. investigated the effects of a combination of ACEI 
therapy and exercise training on physical functions in older people [62]. However, 
the 6-minute walk distance, score of the Short Physical Performance Battery, 
handgrip and quadriceps strength, and QOL at 10-week and 20-week follow-up did 
not improve in the intervention group. In this study, some bias was considered to 
have caused the insufficient effects of combination therapy.

RAA inhibitors have direct positive effects on muscle function in HF patients. 
Thus, high-quality studies examining both RAA inhibitors and exercise training in 
HF patients are warranted.

3.2.3 Selective androgen receptor modulators (SARM)

Testosterone may have a positive effect on skeletal muscle mass. On the 
other hand, serious side effects, such as increased risks of developing prostate 
cancer and myocardial infarction, have been reported [63]. Therefore, selective 
androgen receptor repair agents known as selective androgen receptor modula-
tors (SARM) were developed. They exert testosterone-induced muscle mass gain 
effects with less stimulation of the prostate. SARM may increase skeletal muscle 
mass in HF patients. The clinical trial SARMsMK-0773 examined their effects 
on skeletal muscle in female patients with sarcopenia [64]. Muscle mass in the 
intervention group increased significantly compared with that in the placebo 
group, but no effects on physical functions or muscle power were observed in 
this study.

No studies have investigated the effects of combination therapy of SARM and 
exercise training on skeletal muscle mass and physical function in HF patients.
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Chapter 2

Evidence for the Role of Cell 
Reprogramming in Naturally 
Occurring Cardiac Repair
Nataliia V. Shults and Yuichiro J. Suzuki

Abstract

Pulmonary arterial hypertension (PAH) is a fatal disease without a cure. If 
untreated, increased pulmonary vascular resistance kills patients within several 
years due to right heart failure. Even with the currently available therapies, survival 
durations remain short. By the time patients are diagnosed with this disease, the 
damage to the right ventricle (RV) has already developed. Therefore, agents that 
repair the damaged RV have therapeutic potential. We previously reported that 
cardiac fibrosis that occurs in the RV of adult Sprague–Dawley rats with PAH could 
naturally be reversed. We herein investigated the mechanism of this remarkable 
cardiac repair process. Counting of cardiomyocytes showed that the elimination 
of cardiac fibrosis is associated with the increased RV myocyte number, suggest-
ing that new cardiomyocytes were generated. Immunohistochemistry showed the 
expression of α-smooth muscle actin and Sox-2 in RV myocytes of rats with PAH. 
Transmission electron microscopy detected the structure that resembles maturing 
cardiomyocytes in both the RV of PAH rats and cultured cardiomyocytes derived 
from induced pluripotent stem cells. We propose that the damaged RV in PAH can 
be repaired by activating the cell reprogramming mechanism that converts resident 
cardiac fibroblasts into induced cardiomyocytes.

Keywords: cardiac repair, cardiomyocyte regeneration, cell reprogramming, 
pulmonary hypertension, right ventricle

1. Introduction

Pulmonary arterial hypertension (PAH) affects males and females of any age, 
including children. Despite the availability of approved drugs, PAH remains a 
fatal disease without a cure [1, 2]. The major pathogenic features that increase the 
pulmonary vascular resistance in PAH include the vasoconstriction and the devel-
opment of vascular remodeling, in which pulmonary artery (PA) walls are thick-
ened and the lumens are narrowed or occluded. Increased resistance puts strain on 
the right ventricle (RV), and right heart failure is the major cause of death among 
PAH patients [3, 4]. The median overall survival for patients diagnosed with PAH is 
2.8 years from the time of diagnosis (3-year survival: 48%) if untreated [5, 6]. Even 
with currently available therapies, the prognosis remains poor with only 58–75% of 
PAH patients surviving for 3 years [7–10]. PAH is a progressive disease; and by the 
time patients are diagnosed, RV damage has often already occurred.
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Chapter 2

Evidence for the Role of Cell 
Reprogramming in Naturally 
Occurring Cardiac Repair
Nataliia V. Shults and Yuichiro J. Suzuki

Abstract

Pulmonary arterial hypertension (PAH) is a fatal disease without a cure. If 
untreated, increased pulmonary vascular resistance kills patients within several 
years due to right heart failure. Even with the currently available therapies, survival 
durations remain short. By the time patients are diagnosed with this disease, the 
damage to the right ventricle (RV) has already developed. Therefore, agents that 
repair the damaged RV have therapeutic potential. We previously reported that 
cardiac fibrosis that occurs in the RV of adult Sprague–Dawley rats with PAH could 
naturally be reversed. We herein investigated the mechanism of this remarkable 
cardiac repair process. Counting of cardiomyocytes showed that the elimination 
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ing that new cardiomyocytes were generated. Immunohistochemistry showed the 
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cardiac fibroblasts into induced cardiomyocytes.

Keywords: cardiac repair, cardiomyocyte regeneration, cell reprogramming, 
pulmonary hypertension, right ventricle
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2.8 years from the time of diagnosis (3-year survival: 48%) if untreated [5, 6]. Even 
with currently available therapies, the prognosis remains poor with only 58–75% of 
PAH patients surviving for 3 years [7–10]. PAH is a progressive disease; and by the 
time patients are diagnosed, RV damage has often already occurred.
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RV failure is the major cause of death among patients with PAH. However, no 
treatment strategies are available to manage the RV dysfunctions. Physiologically, 
the RV needs to cope with fold changes in PA pressure. Thus, the RV is capable of 
adapting to increased pressure. Similarly to human patients with PAH, we found 
that the RV of Sprague–Dawley (SD) rats treated with SU5416 and hypoxia to 
produce PAH suffer from severe cardiac fibrosis at 8 to 17 weeks after the initiation 
of the SU5416/hypoxia treatment [11]. Remarkably, at 35 weeks after the initiation 
of the SU5416/hypoxia treatment, RV fibrosis was found to be resolved in these 
rats, despite the RV pressure remained high [12]. Thus, the RV remodeling can 
naturally be reversed in these animals, providing an interesting model of RV repair. 
Understanding the mechanism of such naturally occurring events should shed a 
light on developing therapeutic strategies to repair the cardiac damage in human 
patients. The present study examined the mechanism of this cardiac repair process.

2. Materials and methods

2.1 Experimental animals

Male adult SD rats (Charles River Laboratories International, Inc., Wilmington, 
MA, USA) were subcutaneously injected with SU5416 (20 mg/kg body weight; 
MedChem Express, Monmouth Junction, NJ, USA), maintained in hypoxia for 
3 weeks [11, 12] and then in normoxia for up to 32 weeks (35-week time points). 
Animals were subjected to hypoxia in a chamber (30”w x 20”d x 20”h) regulated 
by an OxyCycler Oxygen Profile Controller (Model A84XOV; BioSpherix, Redfield, 
NY, USA) set to maintain 10% O2 with an influx of N2 gas, located in the animal 
care facility at the Georgetown University Medical Center [11, 12]. Ventilation to 
the outside of the chamber was adjusted to remove CO2, such that its level did not 
exceed 5000 ppm. Control animals were subjected to ambient 21% O2 (normoxia) 
in another chamber. Animals were fed normal rat chow. Animals were anesthetized 
and euthanized by excising the heart and the lungs.

The Georgetown University Animal Care and Use Committee approved all 
animal experiments, and the investigation conformed to the National Institutes of 
Health (NIH) Guide for the Care and Use of Laboratory Animals.

2.2 Immunohistochemistry (IHC)

RV tissues were immersed in buffered 10% formalin at room temperature, 
and were embedded in paraffin. These paraffin-embedded tissues were cut 
and mounted on glass slides. IHC was performed using horseradish peroxidase 
(HRP) labeled polymer and 3,3′-diaminobenzidine (DAB) chromagen (Agilent 
Technologies, Santa Clara, CA, USA) with α-smooth muscle actin (αSMA; Catalog 
# ab32575) and Sox2 (Catalog # ab97959) antibodies (Abcam, Cambridge, UK).

2.3 Transmission electron microscopy (TEM)

The RV free wall tissues of rats subjected to SU5416/hypoxia as well as cultured 
cardiomyocytes derived from human induced pluripotent stem cells (iPSCs) 
purchased from Cell Applications, Inc. (San Diego, CA) were fixed in the 2.5% glu-
taraldehyde/0.05 M cacodylate solution, post-fixed with 1% osmium tetroxide and 
embedded in EmBed812. Ultrathin sections (70 nm) were post-stained with uranyl 
acetate and lead citrate and examined in the Talos F200X FEG transmission electron 
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microscope (FEI, Hillsboro, OR, USA) at 80 KV located at the George Washington 
University Nanofabrication and Imaging Center. Digital electron micrographs were 
recorded with the TIA software (FEI).

2.4 Statistical analysis

Means and standard errors were calculated. Comparisons between three groups 
were analyzed by using one-way analysis of variance (ANOVA) with a Student–
Newman–Keuls post-hoc test using the GraphPad Prism (GraphPad Software, Inc., 
La Jolla, CA, USA). P < 0.05 was considered to be significant.

3. Results

Since the initial discovery that treating SD rats with the SU5416 injection 
plus chronic hypoxia promoted severe PAH with pulmonary vascular lesions that 
resemble those of human patients [13], this experimental model has become a 
gold standard in the research field of PAH. Experimental design usually involves 
the single subcutaneous injection of SU5416, followed by subjecting to chronic 
hypoxia for 3 weeks. In many studies, rats are then maintained in normoxia for 2 
to 5 weeks, and PAH and pulmonary vascular remodeling are observed [13–17]. At 
this stage, some laboratories including ours have reported that the RV is severely 
damaged with fibrosis [11, 14, 18, 19]. At 8 to 17 weeks after the SU5416 injec-
tion, however, we found that, despite the occurrence of severe fibrosis, the RV 
contractility is maintained or even improved, perhaps due to the formation of 
‘super’ RV myocytes [11]. Moreover, our more recent results demonstrated that, 
at 35 weeks (3 weeks hypoxia followed by 32 weeks of normoxia), RV fibrosis 
was largely resolved, despite the RV pressure remained high [12]. The number of 
myofibroblasts that contribute to the formation of fibrosis, as detected using a 
well utilized marker αSMA, is increased in non-vessel regions of the RV of SD rats 
with severe PAH as well as RV fibrosis, and this expression declined in rats with 
repaired RV at 35 week after the SU5416 injection [12]. Thus, the SU5416/hypoxia 
treatment does not cause the death of SD rats and the damaged RV can be repaired 
naturally. Since RV myocytes were not hypertrophied at 35-weeks, the number of 
myocytes must have been increased to fill the post-fibrotic areas. Indeed counting 
cardiomyocytes indicated that, compared to the 17-week time point when fibrosis 
was present, the number of cardiomyocytes increased at 35-weeks when the RV 
was repaired (Figure 1).

Based on these results, we hypothesize that these SD rats possess a mechanism 
that repairs the damaged heart in response to PAH. This raises a question on where 
regenerated cardiomyocytes come from when the RV repair occurs. It is now known 
that some adult cardiomyocytes are capable of proliferating [20]. However, the car-
diac renewal through the cardiomyocyte proliferation would be too slow to replace 
large fibrotic areas that were seen in our experimental model. Another possibility 
is that new cardiomyocytes were regenerated from cardiac progenitor cells. We 
have identified c-kit and isl1-positive cardiac progenitor cells in the RV of SD rats, 
however, their levels were not altered in PAH rats (data not shown).

Our previous experiments described in Zungu-Edmondson et al. [12] using 
the αSMA antibody were originally performed for the purpose of detecting 
myofibroblasts, which express αSMA. By examining αSMA IHC slides from RVs 
of SD rats with PAH (at 17-weeks) with a larger magnification (x1,000) as shown 
in Figure 2A of Zungu-Edmondson et al. [12], we noticed that some brown 
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αSMA stains, in addition to myofibroblasts indicated by arrows, also occurred 
on cardiomyocytes. We initially discarded these observations by thinking that 
they are non-specific artifacts. However, further examinations of a number of 
IHC slides made us convinced that cardiomyocytes are indeed stained with the 
αSMA antibody. This seems to occur regionally as a group in the myocardial 
walls (Figure 2A). Figure 2B shows the amplified view of Figure 2A clearly 
demonstrating that these cardiomyocytes with clear striations express αSMA. By 

Figure 2. 
Discovery of naturally-occurring induced cardiomyocytes (iCMs)? SU5416-injected SD rats were subjected to 
3 weeks hypoxia and then maintained in normoxia to promote PAH. 17 weeks after the injection, myocardium 
tissues were fixed in formalin, embedded in paraffin, and subjected to IHC using the antibody against αSMA 
(brown stains). (A and B) αSMA IHC results shown at x200 and x1,000 magnifications, which clearly show 
the brown stains in RV cardiomyocytes of SD rats with PAH. (C) This brown αSMA stain was not observed in 
control rat RVs without PAH. Scale bars indicate 200 μm for x200 and 50 μm for x1,000.

Figure 1. 
Restoration of RV cardiomyocytes. SU5416-injected SD rats were subjected to 3 weeks hypoxia and then 
maintained in normoxia to promote PAH. 17 and 35 weeks after the SU5416 injection, RV myocardium tissues 
were fixed in formalin, embedded in paraffin, and subjected to H&E staining. The number of cardiomyocytes 
were counted and expressed as % of the control rats (Cont). SD rats with PAH at 17 weeks after the initiation 
of SU5416/hypoxia had significantly reduced RV myocyte number compared to healthy controls. This decrease 
in RV myocyte number was restored at 35 weeks. The symbol * denotes that the values are significantly different 
from each other at p < 0.05.
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contrast, control RVs from healthy rats without PAH did not exhibit the staining 
of cardiomyocytes with the αSMA antibody (Figure 2C).

Cell reprogramming is defined as the conversion of one specific cell type to 
another. This technology has gained considerable attention when Prof. Shinya 
Yamanaka discovered the means to convert fibroblasts into iPSCs and received the 
Nobel Prize [21]. In their study, stem cell-related transcription factors including 
Oct4 and Sox2 were used to convert somatic cells to pluripotent cells that can be 
differentiated into various cell types including cardiomyocytes [22]. More recently, 
a combination of cardiac-specific transcription factors was found to directly 
convert fibroblasts into cardiomyocytes [23, 24]. Figure 3A shows our TEM study 
of cardiomyocytes derived from iPSCs. These induced cardiomyocytes (iCMs) 
are capable of beating, express contractile proteins, and exhibit an organized 
sarcomere structure with clear striations and Z-lines (Figure 3A). In addition, 
some regions with the not well-defined sarcomere organization, which could be 
in the process of maturing into iCMs were also identified in these TEM images 
(Figure 3B). iCMs have been shown to express αSMA [25], while normal adult 
cardiomyocytes do not. Thus, αSMA-positive cardiomyocytes we observed in adult 
SD rats with PAH could be iCM-like cells. Consistently with this hypothesis, our 
examination of TEM images revealed that the structure resembling cardiomyocytes 
maturing from iPSCs as observed in cultured cells (Figure 3B) also occurs in the 
RV of SD rats with PAH (Figure 4B).

These results would support the concept that RVs of SD rats with PAH  
have iCMs-like cells that are produced via cell reprogramming. However, the αSMA 
expression can be induced by the fetal gene program mechanism that is associated 
with cardiac hypertrophy, independent of cell reprogramming. Thus, we exam-
ined if factors more directly related to cell reprogramming are expressed in these 
cardiomyocytes. We found that cardiomyocytes of RV tissues from SD rats with 
PAH also express Sox2 (Figure 5A and B), a stem cell-related transcription factor 
that has been used to generate iPSCs [22]. By contrast, no Sox2 stains were observed 
in healthy control SD rats without PAH (Figure 5C).

Figure 3. 
TEM image of cardiomyocytes derived from iPSCs. The reprogramming technology was used to convert cultured 
human fibroblasts into iPSCs, then to cardiomyocytes (cell applications, Inc.). Fixed iPSC-derived cardiomyocytes 
were observed under a transmission electron microscope. (A) the representative image shows cardiomyocytes 
with clear striations and sarcomere structures (arrow), indicating that iPSCs indeed can become matured 
cardiomyocytes. Magnification, x5,500. (B) we also identified some regions with the not well defined sarcomere 
organization (arrows), which may be in the process of maturing into cardiomyocytes. Magnification, x14,000.
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4. Discussion

In response to pressure overload, the heart ventricles undergo a series of adap-
tive events. In response to systemic and pulmonary hypertension, the left ventricle 
(LV) and the RV, respectively hypertrophy in order to increase the force of muscle 
contraction. Concentric hypertrophy is the first change that occurs in response to 
chronic pressure overload, and this compensatory mechanism allows for improved 
cardiac output. Exercise-induced cardiac hypertrophy, for example, increases the 
force of contraction in accordance the needs associated with strenuous exercise 
and training. This adaptive feature is reversible. However, in chronic disease 
conditions, this compensatory mechanism thickens the ventricular wall too much 
in a manner that decreases the stroke volume and thus the cardiac output. This 
results in the second adaptation to decrease the ventricular wall thickness. In case 
of the LV, the transition from concentric to eccentric hypertrophy predominates, 

Figure 5. 
Expression of Sox2. SU5416-injected SD rats were subjected to 3 weeks hypoxia and then maintained 
in normoxia to promote PAH. 17 weeks after the injection, hearts were fixed and subjected to IHC with 
the antibody against Sox2 (brown stains). (A and B) Sox2 IHC results shown at x200 and at x1,000 
magnifications, which clearly show the brown stains in RV cardiomyocytes of SD rats with PAH. (C) This 
brown Sox2 stain was not observed in control rat RVs without PAH. Scale bars indicate 200 μm for x200 and 
50 μm for x1,000.

Figure 4. 
TEM identification of maturing ICM-like cells in the RV of PAH rats. SD rats were injected with SU5416, 
subjected to 3 weeks hypoxia, and maintained in normoxia. 20 weeks after the injection, RV tissues were 
fixed and analyzed by TEM. (A) the image shows normal cardiomyocytes with clear striations and sarcomere 
structures (arrow). Magnification, x5,500. (B) we also identified some regions with the not well defined 
sarcomere organization (arrows), which may be in the process of maturing into iCMs, similar to the structure 
shown in Figure 3B. Magnification, x14,000.
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resulting in the dilated LV with the thin ventricular wall. This event, however, 
does not seem to occur in the RV in response to chronic pulmonary hypertension 
and the hallmark of cor pulmonale is that the RV myocytes remain concentrically 
hypertrophied at the time of heart failure. In the RV, the attempt to decrease the 
RV wall thickness is expected to be related to the promotion of cell death, although 
it is unclear whether apoptosis really occurs in the RV of human patients with pul-
monary hypertension [26]. However, apoptotic cardiomyocytes have been detected 
in the RV of a rat model of pulmonary hypertension [11]. In these rats, regions of 
the RV where cardiomyocytes die get filled with fibrosis.

Using well-studied model of PAH, in which SD rats are treated with the SU5416 
injection and chronic hypoxia, we previously found that RVs were capable of 
maintaining sufficient force of muscle contraction even severe fibrosis occurred at 8 
to 17 weeks after the initiation of the SU5416/hypoxia treatment [11]. We postulated 
that this is due to the formation of “super RV myocytes” that are capable of elicit-
ing stronger force of contraction via a mechanism involving the downregulation of 
calsequestrin 2, the major Ca2+-binding protein of the sarcoplasmic reticulum.

Further, remarkably at 35 weeks after the SU5416/hypoxia initiation, these fibro-
sis regions disappear and are filled with newly formed cardiomyocytes [12]. The 
present study indeed showed that the number of cardiomyocytes were increased at 
the 35-week time point, compared to the 17-week time point. This increased number 
of cardiomyocytes was found to be associated with the production of RV cardiomyo-
cytes that express αSMA and Sox2 as well as the occurrence of the structure visible 
in TEM that resembles maturing iCMs similar to those observed in cultured cardio-
myocytes derived from iPSCs. From these results, we hypothesize that the damaged 
RV due to PAH can naturally be repaired in SD rats through a mechanism that 
involves the conversion of resident cardiac fibroblasts into iCMs via cell reprogram-
ming (Figure 6). Our finding also suggests that the nature possesses the ability for 
maturing iCMs into functional cardiomyocytes that are capable of eliciting strong 
muscle contraction through a “functionalization” process (Figure 6). Our results 
so far provided evidence to support this novel mechanism of cardiac regeneration, 
however, further work is needed to prove this concept.

Understanding of the endogenous means to repair the heart is important, not 
only to provide basic knowledge of cardiac physiology, but also to develop thera-
peutic strategies to treat conditions in which cardiomyocytes are damaged. Along 
with the cardiomyocyte proliferation and the involvement of cardiac progenitor 
cells, our results suggest a novel mechanism of cardiac regeneration through cell 
reprogramming. Defining this naturally occurring mechanism should contribute to 
the development of technologies to convert resident cardiac fibroblasts into cardio-
myocytes to save lives.

Figure 6. 
Scheme depicting our hypothesis. SD rats possess an RV repair mechanism, in which naturally occurring cell 
reprogramming process converts resident fibroblasts into αSMA-and Sox2-positive induced cardiomyocytes 
(iCMs). These rats also possess the functionalization mechanism that makes functional cardiomyocytes that can 
elicit strong muscle contraction.
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4. Discussion
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50 μm for x1,000.

Figure 4. 
TEM identification of maturing ICM-like cells in the RV of PAH rats. SD rats were injected with SU5416, 
subjected to 3 weeks hypoxia, and maintained in normoxia. 20 weeks after the injection, RV tissues were 
fixed and analyzed by TEM. (A) the image shows normal cardiomyocytes with clear striations and sarcomere 
structures (arrow). Magnification, x5,500. (B) we also identified some regions with the not well defined 
sarcomere organization (arrows), which may be in the process of maturing into iCMs, similar to the structure 
shown in Figure 3B. Magnification, x14,000.

25

Evidence for the Role of Cell Reprogramming in Naturally Occurring Cardiac Repair
DOI: http://dx.doi.org/10.5772/intechopen.94740

resulting in the dilated LV with the thin ventricular wall. This event, however, 
does not seem to occur in the RV in response to chronic pulmonary hypertension 
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muscle contraction through a “functionalization” process (Figure 6). Our results 
so far provided evidence to support this novel mechanism of cardiac regeneration, 
however, further work is needed to prove this concept.
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only to provide basic knowledge of cardiac physiology, but also to develop thera-
peutic strategies to treat conditions in which cardiomyocytes are damaged. Along 
with the cardiomyocyte proliferation and the involvement of cardiac progenitor 
cells, our results suggest a novel mechanism of cardiac regeneration through cell 
reprogramming. Defining this naturally occurring mechanism should contribute to 
the development of technologies to convert resident cardiac fibroblasts into cardio-
myocytes to save lives.
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Scheme depicting our hypothesis. SD rats possess an RV repair mechanism, in which naturally occurring cell 
reprogramming process converts resident fibroblasts into αSMA-and Sox2-positive induced cardiomyocytes 
(iCMs). These rats also possess the functionalization mechanism that makes functional cardiomyocytes that can 
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5. Conclusion

The present study generated evidence to support a fascinating and novel mecha-
nism of naturally occurring cardiac repair that should be important for the develop-
ment of effective therapeutic strategies to treat cardiac failure. This novel mechanism 
involves the conversion of resident cardiac fibroblasts into iCMs through the cell 
reprogramming process that appears to share events occurring in iPSC biology.
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Abstract

Aging affects bones, cartilage, muscles, and other connective tissue in the 
musculoskeletal system, leading to numerous age-related pathologies including 
osteoporosis, osteoarthritis, and sarcopenia. Understanding healthy aging may 
therefore open new therapeutic targets, thereby leading to the development of 
novel approaches to prevent several age-related orthopaedic diseases. It is well 
recognized that aging-related stem cell depletion and dysfunction leads to reduced 
regenerative capacity in various musculoskeletal tissues. However, more recent 
evidence suggests that dysregulated autophagy and cellular senescence might be 
fundamental mechanisms associated with aging-related musculoskeletal decline. 
The mammalian/mechanical target of Rapamycin (mTOR) is known to be an 
essential negative regulator of autophagy, and its inhibition has been demonstrated 
to promote longevity in numerous species. Besides, several reports demonstrate that 
selective elimination of senescent cells and their cognate Senescence-Associated 
Secretory Phenotype (SASP) can mitigate musculoskeletal tissue decline. Therefore, 
senolytic drugs/agents that can specifically target senescent cells, may offer a 
novel therapeutic strategy to treat a litany of age-related orthopaedic conditions. 
This chapter focuses on osteoarthritis and osteoporosis, very common debilitating 
orthopaedic conditions, and reviews current concepts highlighting new therapeutic 
strategies, including the mTOR inhibitors, senolytic agents, and mesenchymal stem 
cell (MSC)-based therapies.

Keywords: Stem cells, senescence, mTOR, Osteoarthritis, Osteoporosis, aging

1. Introduction

Aging is a process of progressive loss of physiological function and reserve, 
characterized by cellular senescence, stem cell exhaustion, DNA damage, telo-
mere attrition, and deregulated nutrient sensing [1]. It is well known that aging-
related stem cell depletion and dysfunction leads to reduced tissue regenerative 
capacity in various stem cell populations. Osteoarthritis (OA) and osteoporosis 
(OP) are two common aging-related skeletal diseases that influence the quality of 
life in the elderly.
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strategies, including the mTOR inhibitors, senolytic agents, and mesenchymal stem 
cell (MSC)-based therapies.

Keywords: Stem cells, senescence, mTOR, Osteoarthritis, Osteoporosis, aging

1. Introduction

Aging is a process of progressive loss of physiological function and reserve, 
characterized by cellular senescence, stem cell exhaustion, DNA damage, telo-
mere attrition, and deregulated nutrient sensing [1]. It is well known that aging-
related stem cell depletion and dysfunction leads to reduced tissue regenerative 
capacity in various stem cell populations. Osteoarthritis (OA) and osteoporosis 
(OP) are two common aging-related skeletal diseases that influence the quality of 
life in the elderly.
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Osteoarthritis is one of the most common chronic degenerative joint diseases 
that cause joint pain and dysfunction. Multiple factors, including mechanical, 
genetic, and aging-related factors, are involved in the development of OA [2]. At the 
cellular level, it is characterized by loss of tissue cellularity, and phenotypic changes 
to chondrocytes, and subsequent damage to the extracellular matrix (ECM) [3]. 
Chondrocytes are resident cells in cartilage tissue and are involved in both the syn-
thesis and turnover of the ECM [4]; therefore, maintaining chondrocyte health is 
an essential factor in preventing articular cartilage degeneration. With age, articular 
cartilage ECM degrades and remodels with the fragmentation of the principal 
proteoglycan protein aggrecan, chondroitin sulfate, and relative increases in keratan 
sulfate and hyaluronan deposition [5, 6]. Chondrocytes also exhibit an autolytic 
phenotype causing the proteolytic cleavage of various collagen molecules [7]. 
Collectively, such ECM perturbations during aging lead to a concomitant decrease 
in water content, affecting tensile strength of the cartilage and transmission of load.

Osteoporosis is a systemic bone degenerative disease characterized by a progres-
sive loss of bone mass accompanied by a significant reduction in the mechanical 
strength of the bones [8]. Bone loss during aging is also characterized by changes 
in bone shape, mineral content, adiposity, mineral turnover, and reduction in bone 
forming osteoblasts [9, 10]. Another bi-product of aging is a reduction of bone 
healing capacity exacerbated by chronic inflammation inherent with advancing age 
[11] that also disrupts homeostatic interactions between signaling factors and bone 
cells, resulting in a state of dysregulated remodeling and bone turnover. Thus, aging 
is one of the factors most closely associated with the development of OP [12]. Brittle 
bones, as a result of OP in the elderly have been known to cause fractures triggered 
by minor trauma, significantly worsening the quality of life and even reduce life 
expectancy [13].

Recent research is beginning to unravel the mechanisms of how aging 
makes bones and joints more susceptible to the development of these diseases. 
Understanding the underlying mechanisms may provide new treatments to delay or 
prevent the development of these aging-related orthopedic disorders. This chapter 
focuses on OA and OP among aging-related dysfunctions of the skeletal system and 
reviews current concepts on new therapeutic strategies, especially the mammalian/
mechanistic target of Rapamycin (mTOR) inhibitors, senolytic agents, and 
mesenchymal stem cells (MSCs).

2. Autophagy as a therapeutic target in aging-related orthopedic diseases

2.1 Autophagy and mTOR in OA

Autophagy is an essential homeostatic process for the clearance of damaged 
intracellular components [14]. It is conserved evolutionarily across species and 
is commonly known to be activated under stress conditions, including nutrient-
deficiency, to generate energy [15]. When cells face nutritional stress, the 
autophagy pathway is activated to degrade unnecessary intracellular components 
while maintaining only the minimum essential components to prevent energy loss. 
Recent evidence has linked autophagy in the pathophysiology of OA. Inhibition of 
autophagy has been reported to promote the expression of OA-like genes induced 
by interleukin-1β (IL-1β), whereas activation of autophagy reduces the intracel-
lular reactive oxygen species (ROS) by removing damaged mitochondria, thereby 
protecting chondrocytes from OA-like changes [16]. During aging and especially in 
OA, autophagic flux is diminished, likely due to decreases in autophagy regulator 
genes ULK1, beclin-1, and LC [17], and is associated with increased chondrocyte 
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apoptosis and mitochondrial dysfunction [18]. These results suggested that 
increased autophagy is an adaptive response to protect chondrocytes from stress 
and that autophagy regulates OA-like gene expression changes via the modulation 
of apoptosis and ROS [19]. Thus, the modulators of autophagy, such as mTOR, may 
represent key targets to for the treatment of OA.

mTOR is a serine/threonine protein kinase that is a negative regulator of autoph-
agy, integrates inputs from nutrients and growth factors, and regulates many basic 
cellular processes through two distinct protein complexes, mTORC1 and mTORC2. 
mTOR is an established longevity axis, and its inhibition either pharmacologically or 
genetically, has been demonstrated to extend lifespan in numerous species [20–22]. 
Recent studies suggest that mTOR plays an important role in cartilage growth and 
development, alters articular cartilage homeostasis, and contributes significantly 
to the cartilage degenerative process associated with OA [23] mTOR expression has 
been shown to be elevated in OA models and has been associated with increased 
chondrocyte apoptosis [24]. Given that mTOR is a negative regulator of autophagy, 
the deleterious effects of age-associated increases in mTOR activity can be linked to 
decreased autophagy in chondrocytes during OA. Pre-clinical experiments in rat OA 
models have also shown that suppressing the PI3K/AKT/mTOR signaling pathway 
promotes articular chondrocyte autophagy and alleviates inflammation [25]. Both 
pharmacological and genetic approaches for inhibiting mTOR signaling have been 
shown to reduce the severity of OA in pre-clinical animal models [24–27].

2.2 Pre-clinical studies targeting mTOR for the treatment of OA

Rapamycin is the oldest known natural mTOR inhibitor that has been tradition-
ally used clinically as an immunosuppressive agent [28]. Rapamycin acts through 
binding of FK506-binding proteins and primarily destabilizes mTORC1, but to 
some extent can prevent the phosphorylation of downstream targets of mTOR1 
[29–31]. Since its FDA approval in 1999, Rapamycin has been used by millions of 
patients. There is a litany of clinical evidence suggesting that Rapamycin is a safe 
and effective drug with few side effects for which all are reversible [31, 32].

Interestingly, recent studies have shown that Rapamycin acts to activate 
human chondrocyte autophagy in vitro primarily by inhibiting mTOR com-
plex 1 (mTORC1) and suppressing the development of OA-like changes [19]. 
Furthermore, systemic administration of Rapamycin has been shown to reduce the 
severity of OA through activation of autophagy in a mouse model [26].

Our group has found that intra-articular injection of Rapamycin was a safe and 
effective therapeutic delivery method to protect articular cartilage from osteoar-
thritic changes in a mouse model of OA [27]. On the other hand, deletion of mTOR 
has been shown to up-regulate autophagy and protect mice from OA in inducible 
cartilage-specific mTOR knockout mice [24]. Torin 1, a selective ATP-competitive 
inhibitor of mTOR, which can cause induction of autophagy, is also regarded as a 
potent inhibitor of both mTORC1 and mTORC2. In a rabbit model of OA, intra-
articular injection of Torin 1 was shown to reduce articular cartilage degeneration 
[33, 34]. Another agent with demonstrated ability to reduce mTOR activity is 
Metformin, which is FDA-approved for the treatment of type 2 diabetes [35]. 
Metformin has been shown to activate 5’ AMP-activated protein kinase (AMPK), 
a negative regulator of mTOR. Recently, Metformin has also been shown to inhibit 
cartilage degeneration in OA mouse models by downregulating mTOR [36]. In 
another murine study, Metformin was shown to reduce OA structural worsening 
and reduce pain scores [37]. Therefore, multiple lines of evidence support the 
theory of mTOR signaling as a promising therapeutic target for OA, mainly through 
the modulation of autophagy.
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Osteoarthritis is one of the most common chronic degenerative joint diseases 
that cause joint pain and dysfunction. Multiple factors, including mechanical, 
genetic, and aging-related factors, are involved in the development of OA [2]. At the 
cellular level, it is characterized by loss of tissue cellularity, and phenotypic changes 
to chondrocytes, and subsequent damage to the extracellular matrix (ECM) [3]. 
Chondrocytes are resident cells in cartilage tissue and are involved in both the syn-
thesis and turnover of the ECM [4]; therefore, maintaining chondrocyte health is 
an essential factor in preventing articular cartilage degeneration. With age, articular 
cartilage ECM degrades and remodels with the fragmentation of the principal 
proteoglycan protein aggrecan, chondroitin sulfate, and relative increases in keratan 
sulfate and hyaluronan deposition [5, 6]. Chondrocytes also exhibit an autolytic 
phenotype causing the proteolytic cleavage of various collagen molecules [7]. 
Collectively, such ECM perturbations during aging lead to a concomitant decrease 
in water content, affecting tensile strength of the cartilage and transmission of load.

Osteoporosis is a systemic bone degenerative disease characterized by a progres-
sive loss of bone mass accompanied by a significant reduction in the mechanical 
strength of the bones [8]. Bone loss during aging is also characterized by changes 
in bone shape, mineral content, adiposity, mineral turnover, and reduction in bone 
forming osteoblasts [9, 10]. Another bi-product of aging is a reduction of bone 
healing capacity exacerbated by chronic inflammation inherent with advancing age 
[11] that also disrupts homeostatic interactions between signaling factors and bone 
cells, resulting in a state of dysregulated remodeling and bone turnover. Thus, aging 
is one of the factors most closely associated with the development of OP [12]. Brittle 
bones, as a result of OP in the elderly have been known to cause fractures triggered 
by minor trauma, significantly worsening the quality of life and even reduce life 
expectancy [13].

Recent research is beginning to unravel the mechanisms of how aging 
makes bones and joints more susceptible to the development of these diseases. 
Understanding the underlying mechanisms may provide new treatments to delay or 
prevent the development of these aging-related orthopedic disorders. This chapter 
focuses on OA and OP among aging-related dysfunctions of the skeletal system and 
reviews current concepts on new therapeutic strategies, especially the mammalian/
mechanistic target of Rapamycin (mTOR) inhibitors, senolytic agents, and 
mesenchymal stem cells (MSCs).

2. Autophagy as a therapeutic target in aging-related orthopedic diseases

2.1 Autophagy and mTOR in OA

Autophagy is an essential homeostatic process for the clearance of damaged 
intracellular components [14]. It is conserved evolutionarily across species and 
is commonly known to be activated under stress conditions, including nutrient-
deficiency, to generate energy [15]. When cells face nutritional stress, the 
autophagy pathway is activated to degrade unnecessary intracellular components 
while maintaining only the minimum essential components to prevent energy loss. 
Recent evidence has linked autophagy in the pathophysiology of OA. Inhibition of 
autophagy has been reported to promote the expression of OA-like genes induced 
by interleukin-1β (IL-1β), whereas activation of autophagy reduces the intracel-
lular reactive oxygen species (ROS) by removing damaged mitochondria, thereby 
protecting chondrocytes from OA-like changes [16]. During aging and especially in 
OA, autophagic flux is diminished, likely due to decreases in autophagy regulator 
genes ULK1, beclin-1, and LC [17], and is associated with increased chondrocyte 
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apoptosis and mitochondrial dysfunction [18]. These results suggested that 
increased autophagy is an adaptive response to protect chondrocytes from stress 
and that autophagy regulates OA-like gene expression changes via the modulation 
of apoptosis and ROS [19]. Thus, the modulators of autophagy, such as mTOR, may 
represent key targets to for the treatment of OA.

mTOR is a serine/threonine protein kinase that is a negative regulator of autoph-
agy, integrates inputs from nutrients and growth factors, and regulates many basic 
cellular processes through two distinct protein complexes, mTORC1 and mTORC2. 
mTOR is an established longevity axis, and its inhibition either pharmacologically or 
genetically, has been demonstrated to extend lifespan in numerous species [20–22]. 
Recent studies suggest that mTOR plays an important role in cartilage growth and 
development, alters articular cartilage homeostasis, and contributes significantly 
to the cartilage degenerative process associated with OA [23] mTOR expression has 
been shown to be elevated in OA models and has been associated with increased 
chondrocyte apoptosis [24]. Given that mTOR is a negative regulator of autophagy, 
the deleterious effects of age-associated increases in mTOR activity can be linked to 
decreased autophagy in chondrocytes during OA. Pre-clinical experiments in rat OA 
models have also shown that suppressing the PI3K/AKT/mTOR signaling pathway 
promotes articular chondrocyte autophagy and alleviates inflammation [25]. Both 
pharmacological and genetic approaches for inhibiting mTOR signaling have been 
shown to reduce the severity of OA in pre-clinical animal models [24–27].

2.2 Pre-clinical studies targeting mTOR for the treatment of OA

Rapamycin is the oldest known natural mTOR inhibitor that has been tradition-
ally used clinically as an immunosuppressive agent [28]. Rapamycin acts through 
binding of FK506-binding proteins and primarily destabilizes mTORC1, but to 
some extent can prevent the phosphorylation of downstream targets of mTOR1 
[29–31]. Since its FDA approval in 1999, Rapamycin has been used by millions of 
patients. There is a litany of clinical evidence suggesting that Rapamycin is a safe 
and effective drug with few side effects for which all are reversible [31, 32].

Interestingly, recent studies have shown that Rapamycin acts to activate 
human chondrocyte autophagy in vitro primarily by inhibiting mTOR com-
plex 1 (mTORC1) and suppressing the development of OA-like changes [19]. 
Furthermore, systemic administration of Rapamycin has been shown to reduce the 
severity of OA through activation of autophagy in a mouse model [26].

Our group has found that intra-articular injection of Rapamycin was a safe and 
effective therapeutic delivery method to protect articular cartilage from osteoar-
thritic changes in a mouse model of OA [27]. On the other hand, deletion of mTOR 
has been shown to up-regulate autophagy and protect mice from OA in inducible 
cartilage-specific mTOR knockout mice [24]. Torin 1, a selective ATP-competitive 
inhibitor of mTOR, which can cause induction of autophagy, is also regarded as a 
potent inhibitor of both mTORC1 and mTORC2. In a rabbit model of OA, intra-
articular injection of Torin 1 was shown to reduce articular cartilage degeneration 
[33, 34]. Another agent with demonstrated ability to reduce mTOR activity is 
Metformin, which is FDA-approved for the treatment of type 2 diabetes [35]. 
Metformin has been shown to activate 5’ AMP-activated protein kinase (AMPK), 
a negative regulator of mTOR. Recently, Metformin has also been shown to inhibit 
cartilage degeneration in OA mouse models by downregulating mTOR [36]. In 
another murine study, Metformin was shown to reduce OA structural worsening 
and reduce pain scores [37]. Therefore, multiple lines of evidence support the 
theory of mTOR signaling as a promising therapeutic target for OA, mainly through 
the modulation of autophagy.
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2.3 Autophagy and mTOR in OP

Multiple proteins involved in the autophagic activity are essential for the sur-
vival, differentiation, and function of bone cells, including osteocytes, osteoblasts, 
and osteoclasts [38]. Autophagy is critical for the necessary crosstalk between 
bone resident cells and thus plays a critical role in the signaling dynamics for bone 
synthesis (osteoblasts) and degradation (osteoclasts). Dysregulation in the level of 
autophagic activity has been found to disrupt the balance between bone formation 
and bone resorption linked to the onset and progression of OP [38–42]. In addition, 
autophagy plays an important role in MSC function and lineage determination from 
adipogenesis to osteoblastogenesis, [43] and it has been linked to the increased 
adipogenic differentiation in bone MSCs [44]. Autophagic activity is known to 
decrease with age, especially in bone cells, [45] hence the regulation of autophagic 
activity is considered a promising strategy for the prevention and treatment of OP 
[14, 46].

Osteoblast dysfunction is a significant cause of aging-related bone loss, but the 
mechanisms underlying osteoblast dysfunction with aging are not fully elucidated. 
mTOR has been shown, through in-vitro studies, to regulate osteogenic genes 
(Runx2, Osterix), stemness genes (Oct3/4, Nanog), and mineralization through 
alkaline phosphatase production [47].

2.4 Pre-clinical studies targeting mTOR for the treatment of OP

Several studies have investigated the efficacy of targeting mTOR for the 
treatment of OP. Systemic delivery of autophagy modulators such as Rapamycin 
and its analogs have been tested in a number of animal models. In a study using 
24-month-old rats, micro-CT showed that Rapamycin effectively inhibited aging-
related bone loss in trabecular bone. In this study, Rapamycin treatment resulted 
in a significant decrease in the number of osteoclasts, as well as the induction 
of osteoclast autophagy and a decrease in osteocyte apoptosis compared to the 
control group [48]. Besides, mTORC2 signaling stimulates osteoblast differentia-
tion and is involved in aging-related OP [49]. The expression of Rictor, a specific 
component of mTORC2, is decreased in osteoblasts during aging, which may 
contribute to aging-related bone loss, and deletion of Rictor in osteoblasts has 
been shown to accelerate aging-related bone loss in a mouse model [49]. The use 
of Everolimus, a Rapamycin analog and predominant mTORC1 inhibitor, has been 
shown to protect against OP onset in ovariectomized rats through the reduc-
tion of osteoclast formation and cathepsin K mediated matrix degradation [50]. 
Rapamycin has also been shown to reduce the severity of age-related bone condi-
tions in trabecular bones of aged male rats by activating osteocyte autophagy [48]. 
Taken together, mTOR may play a critical role in aging-related OP and represents a 
promising therapeutic target.

3.  Cellular senescence: a new therapeutic strategy for the treatment of 
aging-related musculoskeletal decline

3.1 Senescent cells

Senescent cells play a vital role in the aging process and promote degenerative 
diseases, geriatric syndromes, and potentially malignancy through the production 
of a Senescence Associated Secretory Phenotype (SASP) characterized by pro-
inflammatory and catabolic anti-regenerative factors [51]. Senescence is a state 
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defined by replicative arrest and resistance to apoptosis with altered metabolic 
activity, and several factors, often related to cell or tissue damage, can induce 
senescence, including DNA lesions, mechanical/shear stress, reactive metabo-
lites, proteotoxic stress, and inflammation [51]. When present, these factors 
can activate one or more pathways through the p16Ink4a/retinoblastoma protein, 
p53/p21Cip1, or other transcription factor cascades, resulting in cell cycle arrest, 
metabolic shifts, altered gene expression, and the production of deleterious SASP 
factors [51, 52].

Senescent cells accumulate in tissues throughout the lifespan and are normally 
removed by the immune system [53]. However, inefficient removal due to chronic 
stress or pathology may exceed the capacity of the immune system, especially during 
aging, where chronic inflammation disrupts the homeostatic immunologic clearance 
mechanisms [51, 53–55]. SASP factors from senescent cells are especially deleteri-
ous and include various cytokines, chemokines proteins, growth factors, and tissue 
degrading matrix metalloproteinases (MMPs) [51, 56, 57]. These factors stimulate 
inflammation, ECM degradation, fibrosis, and secondary senescence in surrounding 
cells [51, 54, 58]. SASP components can be cell-type specific, and senescence triggers 
are influenced by several factors, including hormones, stress, drugs, and pathogens 
[51]. A schema showing the association between senescence and OA is shown in 
Figure 1. With an increased number of senescent cells, a higher amount of secreted 
SASP components may cause an inflammatory, apoptotic, and cell- and tissue-
destructing effect, eventually resulting in aging and chronic diseases. For these 
reasons, targeting senescent cells has garnered significant attention for the treatment 
of age-associated pathologies, especially musculoskeletal conditions [59].

According to the “geroscience hypothesis” [60], targeting senescent cells is 
appealing as they are a fundamental property of aging and may thus delay or 
reverse physiological consequences of the aging process or the development 
of aging-related diseases [51, 58]. However, there are no established markers 

Figure 1. 
Schema of the association between senescence and OA. Aging is accompanied by the secretion of the senescence-
associated secretory phenotype (SASP), including various chemokines, cytokines, proteases, and growth 
factors, which act alone or together to cause degenerative changes in the subchondral bone, synovial fold, and 
articular cartilage, ultimately leading to OA. IL, interleukin; RANKL, Receptor activator of NF-κβ ligand; 
TNF, tumor necrosis factor; MMPs, Matrix metalloproteinases; TGFβ, Transforming Growth Factor-β; IGF, 
insulin-like growth factor; OPN, Osteopontin; SOST, Sclerostin; OC, Osteocalcin; PGE, Prostaglandin E; 
BMPs, Bone morphogenetic proteins; GM-CSF, Granulocyte Macrophage colony-stimulating Factor; CCL, 
C-C motif chemokine ligand; VEGF, vascular endothelial growth factor; GMCSF, Granulocyte-macrophage-
colonystimulating factor; ADAMTS, A disintegrin and metalloproteinase with thrombospondin motifs; GROα, 
Growth-related oncogene-α; CS-846, The 846 epitope of chondroitin sulfate; COMP, Cartilage oligomeric 
matrix protein; HA, Hyaluronic acid.
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2.3 Autophagy and mTOR in OP

Multiple proteins involved in the autophagic activity are essential for the sur-
vival, differentiation, and function of bone cells, including osteocytes, osteoblasts, 
and osteoclasts [38]. Autophagy is critical for the necessary crosstalk between 
bone resident cells and thus plays a critical role in the signaling dynamics for bone 
synthesis (osteoblasts) and degradation (osteoclasts). Dysregulation in the level of 
autophagic activity has been found to disrupt the balance between bone formation 
and bone resorption linked to the onset and progression of OP [38–42]. In addition, 
autophagy plays an important role in MSC function and lineage determination from 
adipogenesis to osteoblastogenesis, [43] and it has been linked to the increased 
adipogenic differentiation in bone MSCs [44]. Autophagic activity is known to 
decrease with age, especially in bone cells, [45] hence the regulation of autophagic 
activity is considered a promising strategy for the prevention and treatment of OP 
[14, 46].

Osteoblast dysfunction is a significant cause of aging-related bone loss, but the 
mechanisms underlying osteoblast dysfunction with aging are not fully elucidated. 
mTOR has been shown, through in-vitro studies, to regulate osteogenic genes 
(Runx2, Osterix), stemness genes (Oct3/4, Nanog), and mineralization through 
alkaline phosphatase production [47].

2.4 Pre-clinical studies targeting mTOR for the treatment of OP

Several studies have investigated the efficacy of targeting mTOR for the 
treatment of OP. Systemic delivery of autophagy modulators such as Rapamycin 
and its analogs have been tested in a number of animal models. In a study using 
24-month-old rats, micro-CT showed that Rapamycin effectively inhibited aging-
related bone loss in trabecular bone. In this study, Rapamycin treatment resulted 
in a significant decrease in the number of osteoclasts, as well as the induction 
of osteoclast autophagy and a decrease in osteocyte apoptosis compared to the 
control group [48]. Besides, mTORC2 signaling stimulates osteoblast differentia-
tion and is involved in aging-related OP [49]. The expression of Rictor, a specific 
component of mTORC2, is decreased in osteoblasts during aging, which may 
contribute to aging-related bone loss, and deletion of Rictor in osteoblasts has 
been shown to accelerate aging-related bone loss in a mouse model [49]. The use 
of Everolimus, a Rapamycin analog and predominant mTORC1 inhibitor, has been 
shown to protect against OP onset in ovariectomized rats through the reduc-
tion of osteoclast formation and cathepsin K mediated matrix degradation [50]. 
Rapamycin has also been shown to reduce the severity of age-related bone condi-
tions in trabecular bones of aged male rats by activating osteocyte autophagy [48]. 
Taken together, mTOR may play a critical role in aging-related OP and represents a 
promising therapeutic target.

3.  Cellular senescence: a new therapeutic strategy for the treatment of 
aging-related musculoskeletal decline

3.1 Senescent cells

Senescent cells play a vital role in the aging process and promote degenerative 
diseases, geriatric syndromes, and potentially malignancy through the production 
of a Senescence Associated Secretory Phenotype (SASP) characterized by pro-
inflammatory and catabolic anti-regenerative factors [51]. Senescence is a state 
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defined by replicative arrest and resistance to apoptosis with altered metabolic 
activity, and several factors, often related to cell or tissue damage, can induce 
senescence, including DNA lesions, mechanical/shear stress, reactive metabo-
lites, proteotoxic stress, and inflammation [51]. When present, these factors 
can activate one or more pathways through the p16Ink4a/retinoblastoma protein, 
p53/p21Cip1, or other transcription factor cascades, resulting in cell cycle arrest, 
metabolic shifts, altered gene expression, and the production of deleterious SASP 
factors [51, 52].

Senescent cells accumulate in tissues throughout the lifespan and are normally 
removed by the immune system [53]. However, inefficient removal due to chronic 
stress or pathology may exceed the capacity of the immune system, especially during 
aging, where chronic inflammation disrupts the homeostatic immunologic clearance 
mechanisms [51, 53–55]. SASP factors from senescent cells are especially deleteri-
ous and include various cytokines, chemokines proteins, growth factors, and tissue 
degrading matrix metalloproteinases (MMPs) [51, 56, 57]. These factors stimulate 
inflammation, ECM degradation, fibrosis, and secondary senescence in surrounding 
cells [51, 54, 58]. SASP components can be cell-type specific, and senescence triggers 
are influenced by several factors, including hormones, stress, drugs, and pathogens 
[51]. A schema showing the association between senescence and OA is shown in 
Figure 1. With an increased number of senescent cells, a higher amount of secreted 
SASP components may cause an inflammatory, apoptotic, and cell- and tissue-
destructing effect, eventually resulting in aging and chronic diseases. For these 
reasons, targeting senescent cells has garnered significant attention for the treatment 
of age-associated pathologies, especially musculoskeletal conditions [59].

According to the “geroscience hypothesis” [60], targeting senescent cells is 
appealing as they are a fundamental property of aging and may thus delay or 
reverse physiological consequences of the aging process or the development 
of aging-related diseases [51, 58]. However, there are no established markers 

Figure 1. 
Schema of the association between senescence and OA. Aging is accompanied by the secretion of the senescence-
associated secretory phenotype (SASP), including various chemokines, cytokines, proteases, and growth 
factors, which act alone or together to cause degenerative changes in the subchondral bone, synovial fold, and 
articular cartilage, ultimately leading to OA. IL, interleukin; RANKL, Receptor activator of NF-κβ ligand; 
TNF, tumor necrosis factor; MMPs, Matrix metalloproteinases; TGFβ, Transforming Growth Factor-β; IGF, 
insulin-like growth factor; OPN, Osteopontin; SOST, Sclerostin; OC, Osteocalcin; PGE, Prostaglandin E; 
BMPs, Bone morphogenetic proteins; GM-CSF, Granulocyte Macrophage colony-stimulating Factor; CCL, 
C-C motif chemokine ligand; VEGF, vascular endothelial growth factor; GMCSF, Granulocyte-macrophage-
colonystimulating factor; ADAMTS, A disintegrin and metalloproteinase with thrombospondin motifs; GROα, 
Growth-related oncogene-α; CS-846, The 846 epitope of chondroitin sulfate; COMP, Cartilage oligomeric 
matrix protein; HA, Hyaluronic acid.
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universally specific to senescent cells [51, 54]. Higher expression of p16Ink4a and 
p21Cip1 usually occur in senescent cells [61, 62]. One of the prominent hallmarks, 
however, is resistance to apoptosis [63]. Zhu et al. reported that senescent cells anti 
apoptotic pathway (SCAP) networks are expressed at higher levels compared to 
non-senescent cells, playing an essential role in the resistance to apoptosis [64]. Of 
39 transcripts targeted by small interfering RNAs (siRNAs), six transcripts (ephrin 
ligand (EFN) B1, EFNB3, p21Cip1, plasminogen-activated inhibitor-2 (PAI-2), 
phosphatidylinositol-4,5-bisphosphate 3-kinase delta catalytic subunit (PI3KCD), 
and BCL-xL) were found to downregulate SCAPs and elicit apoptosis in senescent 
cells. Targeting several SCAP pathways may also be necessary for senescent cell 
removal and may further increase specificity for senescent cells while not affecting 
healthy non-senescent cells [51, 64].

3.2 Treatment of aging-related skeletal diseases with senolytic agents

The use of senolytic agents is a promising approach to delay aging and reduce 
the severity of chronic diseases through senescent cell depletion [58]. Various drugs 
have now been characterized that demonstrate the ability to eliminate senescent 
cells, namely through reduction in anti-apoptotic signaling [65]. For example, 
Fisetin is a recently characterized senolytic flavonoid phytonutrient found in fruits 
and vegetables that can extend health and lifespan in naturally aged and progeroid 
mice [66]. Yousefzadeh et al. tested ten flavonoids and found that Fisetin demon-
strated the highest senolytic activity [66]. Fisetin has been found to target senes-
cence associated pathways such as SIRT1, [67] BCL-2/BCL-XL, [68, 69] HIF-1α, 
[70] p53/MDM2, [69, 71] and AKT, [69, 72] leading to elimination of senescent 
cells. However, it also has the ability to reduce oxidative stress via SIRT1/Nrf2,  
[73] decrease mitochondria-derived ROS via inhibition of GSK3β, [73] and exhibit 
anti-inflammatory effects. Another example, Metformin, is a widely prescribed 
anti-diabetic drug with lifespan extending effects in mice, [74] and exhibits 
senolytic activity via targeting some similar, but also several different senescence 
associated pathways from Fisetin. Metformin is known to activate AMPK, which 
indirectly inhibits mTOR, the most established nutrient sensing longevity regulat-
ing pathway to date [75]. In addition, Metformin reduces oxidative stress and SASP 
related inflammation through inhibition of NF-kB activity, [75, 76] and inhibits 
insulin and IGF-1 signaling, which are all hyperactivated during aging [75, 77]. 
Thus, many senolytic drugs have pleiotropic effects that mitigate age-related cel-
lular and physiological dysfunction. Furthermore, senolytic agents can be admin-
istered intermittently since they do not interfere with a receptor or an enzyme, 
thereby reducing potential side effects [54]. Accordingly, intermittent treatment 
may maintain the positive effect of senescent cells on wound healing, cancer 
prevention, and homeostasis [78–81].

The list of agents with senolytic potential is growing. Zhu et al. tested 46 
potential senolytic agents and found that Dasatinib and Quercetin demonstrated 
particularly good results in terms of reducing senescent cells [64]. Dasatinib is a 
tyrosine kinase inhibitor used in cancer treatment and is known to interfere with 
ephrin-dependent suppression of apoptosis [82, 83]. Quercetin is a naturally occur-
ring flavonoid found in several fruits and vegetables known to inhibit PI3K, kinases, 
and serpines [64]. Noteworthy, Dasatinib, in combination with Quercetin was able 
to induce apoptosis more effectively in a broader range of senescent cell types than 
either one alone [84]. Navitoclax, a lymphoma drug, inhibits the anti-apoptotic 
proteins in the Bcl-2 family and has been used in cancer treatment [85]. It has 
demonstrated senolytic effects in several cell types in vitro. However, in aged mice, 
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it demonstrated reduced trabecular bone volume and impaired osteoblast function 
[86]. Additionally, Navitoclax is directed against a small number of SCAP network 
molecules and has shown poor specificity for senescent cells with increased risk of 
side effects, including thrombocytopenia due to its effect on platelets [87]. Thus, 
not all drugs with senolytic ability are clinically suitable due to a range of potential 
side effects or drug-to-drug interactions with existing medications. However, the 
ability to transiently dose and the existence of natural compounds with favorable 
safety profiles (ex. Fisetin, Quercetin, Metformin, Rapamycin, Geldanamycin etc.) 
offer the potential for continuous administration.

Some senolytic agents have been tested for their effects on the musculoskeletal 
system, demonstrating a potential to reduce aging-related diseases and conditions. 
Here we will focus on the use of senolytic agents in the setting of OA and OP.

3.2.1 Agents for the treatment of OA

3.2.1.1 Pre-clinical studies of senolytic agents for the treatment of OA

Senescent cells have long been associated with OA [88, 89]. Articular cartilage 
from patients with advanced OA have a significant number of senescent chon-
drocytes, [90, 91] with canonical hallmarks of senescence, including metabolic 
dysfunction, telomere attrition, and decreased autophagy [51, 52]. Aging-related 
oxidative stress, in addition to mechanical stress from cartilage loading, may 
contribute to chondrocyte senescence [88]. The cell’s ability to compensate for 
stress reduces with aging, and an accumulation of senescent cells results in a loss of 
homeostasis with increased secretion of inflammatory mediators, reduced matrix 
synthesis, and impaired response to growth factor stimulation. This may result in 
the development of OA. The link between senescence and OA was demonstrated 
by Xu et al. [92]. Three months after injection of senescent cells into the knee joint 
of mice, they found changes suggestive of OA, including damage to cartilage and 
menisci, osteophytes, and changes of the subchondral bone. The mice also dem-
onstrated pain and reduced function. These changes were not found in the control 
group, suggesting that high concentrations of senescent cells may act detrimentally 
on the articular cartilage homeostasis [92]. In addition, other groups have shown 
that local clearance of senescent cells genetically within the intra-articular space 
significantly reduced the development of injury-induced OA and promoted a pro-
regenerative environment [93].

The role of the senescence marker p16Ink4a was studied by Diekman et al. [94]. 
The mRNA expression of p16Ink4a was significantly higher in aged mice than in 
young mice, which inhibited chondrocyte proliferation. Interestingly, SASP fac-
tors correlated to the expression of p16Ink4a regardless of age; however, inhibition 
of p16Ink4a did not affect the SASP production or prevent the development of 
age-induced or post-traumatic OA of the knee joint. In another study, Zheng et al. 
studied the effect of Fisetin in vitro on IL-1β stimulated human chondrocytes and 
in vivo in murine OA models [95]. In the IL-1β stimulated human chondrocytes, 
Fisetin increased the expression of the enzyme silent information regulator (SIRT) 
1 and thereby inhibited the IL-1β induced increased levels of NO, PGE2, IL-6, TNF-
α. Additionally, the mRNA expression and the protein levels of the IL-1β induced 
iNOs, COX-2, MMP-3, MMP-13, ADAMTS-5 were inhibited, and the induced 
downregulation of SOX-9, aggrecan, and collagen-II degradation was increased. 
Sirtinol, an inhibitor of SIRT1, reversed the effects of Fisetin on chondrocytes. In 
the murine OA models, Fisetin demonstrated findings of attenuated progression of 
OA, thus highlighting its potential as a senolytic treatment for OA [67].
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it demonstrated reduced trabecular bone volume and impaired osteoblast function 
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SIRT1 has been reported to be important for cartilage homeostasis by promoting 
chondrocyte survival and ECM homeostasis [96]. However, data suggest that SIRT1 
is proteolytically inactivated during OA [97]. Batshon et al. demonstrated that the 
NT/CT SIRT1 fragments were found in serum, and an elevated serum NT/CT SIRT1 
ratio was associated with both post-traumatic and aging-related OA in mice [98]. A 
similar increase was found in humans with OA. Further analysis confirmed that the 
elevated NT/CT SIRT1 fragments are derived from chondrocytes. Senolytic treat-
ment decreased the serum NT/CT SIRT1 ratio and enhanced the intracellular level 
of SIRT1 in chondrocytes, which correlated with the reduced severity of OA. Dai 
et al. showed that the combination of Dasatinib and Quercetin to remove senescent 
chondroprogenitor cells can inhibit SASP formation and thus effectively improve 
the results of distraction arthroplasty in vitro and in vivo [84]. Recently, it has also 
been found that intra-articular injection of Navitoclax in post-traumatic OA rats 
can reduce inflammation, remove senescent chondrocytes in OA, and promote 
chondrogenic phenotype [99]. Jeon et al. recently tested UBX0101, a senolytic that 
was found to selectively eliminate senescent cells, found that intra-articular admin-
istration of UBX0101 reduced the incidence of post-traumatic OA and associated 
pain resulting in the development of a prochondrogenic environment [93]. Faust 
et al. reported that IL-17 expression was increased in mice with post-traumatic OA 
and in aged mice, and that there was a correlation between senescent cells and IL-17. 
In their study, senescent fibroblasts increased the level of Th17 cells, when stimu-
lated by IL-6, IL-1β, and TGF-β, and Th17 cells induced senescence in fibroblasts. 
Inhibition of senescent cells in mice reduced Th17 cells and IL-17; however, both 
local (UBX0101) and systemic (Navitoclax) senolytic treatment was necessary to 
reduce cartilage degeneration in aged mice [100]. These findings would provide 
markers for diagnostic screening and targets for senolytic agents in the treat-
ment of OA.

3.2.1.2 Clinical studies of senolytic agents for the treatment of OA

Several Phase 1 and 2 clinical trials on senolytic agents for the treatment of OA 
are underway (ClinicalTrials.gov ID: NCT03513016, NCT04229225, NCT04129944, 
NCT04210986). At our clinic, we are carrying out multiple Phase I/II randomized 
controlled trials examining the efficacy of Fisetin in the setting of knee OA with 
(NCT04210986) or without co-treatment with bone marrow concentrate (BMC). 
In these studies, patients diagnosed with Kellgren-Lawrence grade II-IV knee OA 
and a numerical rating scale (NRS) pain score of 4–10 are included. Outcome 
measures include safety and tolerability of Fisetin administration for two days on 
and 28 days off (20 mg/kg), as well as patient report pain and function indices, OA 
and SASP related biomarkers, and magnetic resonance imaging (MRI) of cartilage. 
There have also been multiple other trials using the senolytic agent UBX0101 car-
ried out by Unity Biotechnology (NCT04229225, NCT04129944, NCT03513016, 
NCT03100799). Many of these studies demonstrated the safety and tolerability of 
UBX0101 injected intra-articularly with different dosing regimens (single- vs. multi-
dose, ascending doses) (https://doi.org/10.1016/j.joca.2020.02.752). However, none 
of the studies demonstrated a significant reduction in pain up to 12 weeks as assessed 
by the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) 
scoring system. A long-term outcome trial measuring safety and tolerability of 
UBX0101 at one year was also terminated, failing to meet primary or secondary 
objectives. (https://clinicaltrials.gov/ct2/show/NCT04349956) While many of these 
trials are underway, senolytic treatment for OA may nonetheless be a potentially 
groundbreaking novel treatment strategy to ameliorate the onset and/or progression 
of OA. More studies are needed to better understand therapeutic delivery (oral vs. 
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intra-articular), dosing, and senolytic drug of choice. It stands to reason that a com-
bination of senolytic agents or alternative senolytics with higher potency to eliminate 
senescent cells of the joint may provide a more effective intervention.

3.2.2 Senolytic agents for the treatment of OP

3.2.2.1 Pre-clinical studies of senolytic agents for the treatment of OP

Several studies have located senescent cells in bone with aging [101, 102]. Farr 
et al. reported a higher expression of the senolytic markers p16Ink4a, p21Cip1, and 
p53, especially in osteocytes and myeloid cells, in aged mice compared to young 
mice [101]. Corresponding with the senescent osteocytes, the aged mice also 
demonstrated higher levels of SASP genes. Similar results were reported in bone 
biopsies from humans [103], suggesting that senescent osteocytes and SASPs may 
play an important role in aging-related OP. The role of senescent cells was further 
linked using a transgenic mouse line carrying a suicide transgene (INK-ATTAC) 
whereby p16Ink4a cells could be eliminated with the treatment of a drug (AP20187). 
The results showed that the AP20187 treated aged mice demonstrated clearance 
of senescent cells, lower osteoclast numbers, and improved trabecular bone of the 
spine and femur compared to the vehicle treated mice. In contrast, treatment with 
AP20187 in young mice did not change the bone quality. Further, this study showed 
similar results with oral senolytic treatment using Dasatinib and Quercetin, which 
led to significantly lower p16Ink4a mRNA expression and percentage of senescent 
osteocytes in bone compared to vehicle. They also found that the use of the JAK 
inhibitor Ruxolitinib reduced the SASP factors IL-6, IL-8, and PAI-1 with concomi-
tant improved spine and femur bone microarchitecture [104]. These results suggest 
that targeting senescent cells or SASP from senescent cells may reduce bone resorp-
tion and maintain or enhance bone formation. Therefore, senolytic drugs may be a 
promising alternative for treating aging-related OP.

3.2.2.2 Clinical studies of senolytic agents for the treatment of OP

Osteoporosis is a debilitating disease that significantly increases the risk of 
fracture, costing an estimated 13.8 billion USD annually, and directly increases 
the mortality rate by more than 30% in elderly Americans [105]. Pharmacological 
treatment for OP consists of two main categories; antiresorptive (bisphosphonates, 
estrogen agonists, etc.) and anabolic drugs, all with the intent to reduce fracture 
incidence [106]. However, current therapies are limited given the widely known side 
effects of chronic use, including the functional decline of the gastrointestinal tract 
and kidneys, osteonecrosis, esophageal cancer, osteogenic sarcoma, atrial fibrilla-
tion, and venous thromboembolism [107]. Further, anti-resorptive therapies, the 
general first-line approach, are uniformly associated with a concomitant reduction 
in bone formation, which prevents optimal fracture healing [108]. Thus, disease 
modifying alternatives with a better safety profile (or that require less dosing) is 
certainly needed for the treatment of OP. Like OA, cellular senescence is thought to 
be a fundamental driver of age-associated decline in a bone [104]. Several clinical 
trials are investigating the use of senotherapeutic drugs in the setting of OP.

In one Phase 2 randomized controlled trial, the senolytic drugs Dasatinib plus 
Quercetin and Fisetin alone are being tested in healthy elderly women aged 70+, 
when bone density is known to be reduced (ClinicalTrials.gov ID: NCT04313634). 
Bone turnover serum markers CTX-I and P2NP are measured with and without 
senolytic treatment. There are also two other active trials examining the effects of 
Fisetin for the treatment of frailty syndrome (NCT03675724, NCT03430037), an 
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age-related condition characterized by sarcopenia and decreased bone density. In 
these studies, primary endpoints include serum inflammatory markers and mobility 
based on a 6-min walk test.

Another promising senolytic drug is Metformin. There are at least four 
active trials measuring the effects of Metformin on pre-frail to frail patients 
(NCT03451006, NCT02570672, NCT04221750, NCT02325245). Primary endpoints 
in these studies are mobility and motor skills functions, including gait speed, 
balance ability, and grip strength test, geriatric depression score, and weight loss. 
Similar to OA trials, many of these trials are not complete, but there is compelling 
evidence that senolytic agents might benefit a litany of age-related skeletal decline. 
Details of preclinical animal studies and clinical trials of major senolytics in OA and 
OP and their mechanisms are summarized in Table 1 [59, 109].

4.  Mesenchymal stem cell (MSC)-based therapy for the treatment of 
aging-related musculoskeletal decline

4.1 Biological mechanisms of MSCs

Mesenchymal stem cells (MSCs) are present in a variety of human tissues, 
including bone marrow, adipose tissue, synovial tissue, and cord blood [110–112]. 
However, there is currently a lack of conclusive evidence regarding the potential 
biological mechanisms of MSCs for the treatment of aging-related musculoskeletal 
diseases. Understanding the function of MSCs opens up the possibility of develop-
ing robust MSC-based therapies for musculoskeletal regenerative medicine. Until 
now, there are two theories on the mechanism of function: (1) Direct adherence and 
incorporation into the host tissue and (2) trophic effects resulting from the MSC-
derived secretomes.

4.1.1 Direct adherence and incorporation of MSCs

One of the primary advantages of MSCs is their ability to interact with vari-
ous chemokine receptors (such as CXCR4, which is involved in MSC migration), 
integrins, selectins, and vascular cell adhesion molecule-1, to home damaged tissues 
[113–119]. The original hypothesis regarding the tissue regeneration mechanism of 
MSCs was that implanted cells would migrate directly to injury sites, where they 
would differentiate into functional cells and eventually promote repair of damaged 
connective tissue [120]. In support of this hypothesis, it has been reported that 
injected MSCs have the potential to adhere to the injury site and repair the host car-
tilage through regeneration, and interestingly, MSCs may also migrate to the injury 
site for tissue regeneration [121, 122]. However, whether the introduced MSCs are 
actually taken up into the host tissue and act directly on the damaged tissue has yet 
to be verified.

4.1.2 Trophic effects of MSCs

With decades of research on the underlying functionality of MSCs, it has been 
found that there exists a discrepancy between the frequency and duration of 
transplants and the remarkable healing power of MSCs [120]. Numerous studies 
have been conducted to resolve this conundrum, presenting the concept that MSCs 
possess the ability to maintain the proliferation and survival of certain cell types 
by secreting trophic factors, and regulating certain aspects of the immune system, 
thereby ushering MSC-based therapies into a new phase [123].
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Analysis of the MSC secretion and proteome has revealed various paracrine 
factors that can reduce apoptosis and inflammation and stimulate angiogenesis 
and self-renewal of progenitor cells [120]. Notably, MSCs are known to act as 
immunosuppressive cells that can alleviate inflammation and reduce monocyte 
activation by releasing anti-inflammatory factors, including interleukin-1 recep-
tor antagonist (IL-1ra) [124]. Pro-inflammatory cytokines, such as interleukin-1β 
(IL-1β), are widely known to play an essential role in OA progression [95] and 
IL-1ra confers an overall inhibitory effect on IL-1ß mediated inflammation and 
matrix degradation. Taken together, MSCs should confer a therapeutic potential in 
OA patients.

4.2  Properties and benefits of each type of MSCs on aging-related 
musculoskeletal decline

4.2.1 Bone marrow-derived MSCs (BM-MSCs)

4.2.1.1 Characteristics and advantages of BM-MSCs

Bone marrow is generally considered to be the home of hematopoietic stem 
cells and is known to contain MSCs as part of the stromal fraction [125]. BM-MSCs 
possess a high potential for cartilage repair due to their ready availability [126]. 
BM-MSCs have also been widely studied as a treatment for OP due to their high 
ability of osteogenesis.

4.2.1.2 Pre-clinical studies of BM-MSCs for OA

The effect of BM-MSCs on OA has been verified in numerous animal stud-
ies. Chiang et al. investigated the effects of intra-articular injection of allogeneic 
BM-MSCs in an in vivo rabbit OA model. They observed that the BM-MSCs trans-
plantation group had significantly better histological scores than the hyaluronic 
acid injection group [127]. Furthermore, Song et al. compared the efficacy of 
bone marrow mononuclear cells (BMMCs) and BM-MSCs in a sheep OA model 
and demonstrated that the BM-MSCs group had smaller lesions and a relatively 
smoother femoral condyle. They also reported that ICRS scores showed a greater 
improvement in the BM-MSCs group than the BMMCs and PBS (control) groups. 
They further stated that the results of histology showed fewer changes to cartilage 
and bone in the BM-MSCs group [128].

4.2.1.3 Pre-clinical studies of bm-MSCs for OP

Ichioka et al. demonstrated that direct injection of allogenic BM-MSCs into 
the bone marrow cavity of irradiated P6 sub-strain of senescence-accelerated 
mice (SAMP6), an osteoporotic mouse, resulted in inhibition of osteoblast and 
osteoclast formation in an age-dependent manner and promoted adipogenesis, 
increased trabecular bone and decreased bone mineral density [129]. Autologous 
BM-MSC transplantation has been reported to improve bone formation and 
strengthen osteoporotic bones in ovariectomy (OVX) -treated rabbits [130] and 
in estrogen-deficient goats, mimicking the postmenopausal OP that occurs in 
elderly women [110]. However, there is limited support for autologous BM-MSCs 
to treat OP in elderly patients because BM-MSCs isolated from the bone marrow 
of elderly patients have shown reduced proliferation and osteogenic capacity in 
vitro [131, 132].
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actually taken up into the host tissue and act directly on the damaged tissue has yet 
to be verified.
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With decades of research on the underlying functionality of MSCs, it has been 
found that there exists a discrepancy between the frequency and duration of 
transplants and the remarkable healing power of MSCs [120]. Numerous studies 
have been conducted to resolve this conundrum, presenting the concept that MSCs 
possess the ability to maintain the proliferation and survival of certain cell types 
by secreting trophic factors, and regulating certain aspects of the immune system, 
thereby ushering MSC-based therapies into a new phase [123].
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4.2.2 Adipose-derived MSCs (A-MSCs)

4.2.2.1 Characteristics and advantages of A-MSCs

MSCs were first reported in adipose tissue in 2001 [133] and have been touted 
as an attractive source of MSCs. Although A-MSCs have the advantage of being 
easier to isolate than BM-MSCs, [134] BM-MSCs have been shown to be prone to 
chondrogenic differentiation, both in vitro and in vivo [135]. Interestingly, however, 
it has also been reported that the addition of paracrine or cytokine factors increases 
the cartilage capacity of A-MSCs to a level comparable to that of BM-MSCs [136]. 
It is worth noting that the yield of A-MSCs and their proliferation and differentia-
tion ability is dependent on the site of tissue collection [137] and the age of the 
donor [138].

4.2.2.2 Pre-clinical studies of A-MSCs for OA

The effect of A-MSCs on OA has been investigated in numerous animal stud-
ies. Tang et al. compared the efficacy of three types of intra-articular injections, 
subcutaneous A-MSCs, visceral A-MSCs, and PBS (control), in a rat model of 
OA. Subcutaneous They found that A-MSCs injection decreased osteophyte 
and fibrous tissue formation compared to PBS or visceral A-MSCs. In addition, 
histologically, a smooth cartilage surface and distribution of lacunae and chon-
drocytes were observed in rats treated with subcutaneous A-MSCs [139]. Kuroda 
et al. verified the efficacy of A-MSCs for OA treatment using a rabbit model. They 
found that nearly normal cartilage was observed in the A-MSCs group, with less 
cartilage damage than in the control group. Further, the proportion of MMP-13- 
positive cells was significantly lower in sections of the A-MSCs group than in the 
control group [140].

4.2.2.3 Pre-clinical studies of A-MSCs for OP

The effects of A-MSCs have also been evaluated in OP animal models. Mirsaidi 
et al. performed the A-MSCs injection to SAMP6 mice and observed improvement 
of trabecular bone quality [141]. Additionally, Cho et al. studied the efficacy of 
human A-MSCs using OVX nude mice, showing that human A-MSCs could inhibit 
OVX-induced bone loss over eight weeks [142]. Furthermore, Ye et al. found that 
autologous A-MSCs enhanced bone regeneration in an OVX-induced rabbit model 
of OP, suggesting that this was due not only to autologous osteogenic differentiation 
but also to the promotion of osteogenesis and inhibition of adipogenesis through 
the activation of BMP-2 and BMPR-IB signaling pathways [143].

4.2.3 Synovium-derived MSCs (S-MSCs)

4.2.3.1 Characteristics and advantages of S-MSCs

In 2001, De Bari et al. isolated the first MSCs from the synovium of the human 
knee joint [144]. Since then, S-MSCs have attracted attention because they are 
more readily accessible, possess a higher growth rate, and are less immunogenic 
compared with MSCs from other origins [145]. Sakaguchi et al. compared the 
yield, expandability, differentiation potential, and epitope profiles of human MSCs 
derived from five different mesenchymal tissue sources: bone marrow, synovium, 
periosteum, adipose tissue, and muscle, and concluded that S-MSCs had the highest 
capacity for chondrogenesis [146].
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4.2.3.2 Pre-clinical studies of S-MSCs for OA

The beneficial effects of S-MSCs in promoting cartilage regeneration have been 
reported in pig, [146] leporin, [135] and canine models [147]. In a recent systematic 
review of in vivo studies on synovium-derived mesenchymal stem cell transplanta-
tion for cartilage regeneration, To et al. showed, in 4 human and 16 animal articles, 
that S-MSCs possess overall good chondrogenic potential and positive effect for 
treating chondral lesions and preventing OA [148]. Ozeki et al. found that intra-
articular injection of S-MSCs in a rat model of OA could inhibit the OA progression 
and attenuate synovitis when administered once a week instead of a single dose 
[149]. Accumulating evidence that S-MSCs possess a strong chondrogenic potential 
and the fact that MSCs derived from synovial tissue is specific to target joints have 
led to a growing interest in the application of S-MSCs for a stem cell therapy of 
knee OA.

4.2.3.3 Pre-clinical studies of S-MSCs for OP

As it pertains to osteogenic potential, Sakaguchi et al. showed that S-MSCs pos-
sessed a higher capacity than adipose tissue- and muscle-derived cells, comparable 
to bone marrow-, and periosteal-derived [150]. However, S-MSC-based therapy for 
OP has yet to be well investigated.

4.2.4  Muscle-derived stem cells (MDSCs)/muscle-derived stem progenitor cells 
(MDSPCs)

4.2.4.1 Characteristics and advantages of MDSCs/MDSPCs

MDSCs/MDSPCs are pluripotent cells isolated from postnatal skeletal muscle via 
established preplating techniques. They are characterized by multiple critical features 
such as long-term proliferation/self-renewing capacity, resistance to oxidative and 
inflammatory stress, and multilineage differentiation potential [151–153]. Recently, it 
has been shown that skeletal muscle-derived MSCs from OA patients exhibit superior 
biological properties compared to the bone-derived MSCs counterpart, making 
them a promising candidate for autologous stem cell therapy [154]. MDSPCs have 
been shown to improve the regenerative capacity of various tissues, including bone, 
cartilage, skeletal muscle, and cardiac muscle, by promoting angiogenesis [155–159].

Of note, several studies have investigated differences in the proliferation and 
differentiation ability of MDSCs by sex and age [158, 160, 161]. It has been shown 
that male murine MDSPCs displayed higher chondrogenic differentiation capacity 
and cartilage regeneration potential than female murine MDSPCs [160]. Similarly, 
Corsi et al. showed that the osteogenesis of male murine MDSPCs was superior to 
that of female MDSPCs [162]. Furthermore, our group has recently found that in 
human MDSPCs, male MDSPCs possess a greater ability to undergo chondrogenesis 
and osteogenesis than female MDSPCs [161].

Our group, on the other hand, have reported that not only donor but also host 
sex affects bone regeneration; male murine hosts showed a greater amount of 
MDSPC-mediated ectopic bone formation and cranial defect healing than did 
female hosts [163].

4.2.4.2 Pre-clinical studies of MDSCs/MDSPCs for OA

An interesting study by Kuroda et al. indicated that local delivery of BMP-4 
by genetically engineered MDSCs promoted chondrogenesis with a significant 
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improvement of articular cartilage repair in rats [164]. This suggests that MDSCs 
are advantageous concerning chondrogenic differentiation potential. Furthermore, 
Matsumoto et al. demonstrated in a rat model that MDSCs therapy with sFlt-1 and 
BMP-4 promotes chondrogenesis in OA, and inhibits cartilage resorption by inhibit-
ing angiogenesis, thus enabling sustained cartilage regeneration and repair [165].

4.2.4.3 Pre-clinical studies of MDSCs/MDSPCs for OP

Our group isolated young and old populations of gender-matched human 
muscle-derived stem cells (hMDSCs) to examine the effect of age on osteogenic 
differentiation using a critical-size calvarial bone defect mouse model. In addi-
tion, the effect of donor and host age on hMDSC-mediated bone regeneration was 
investigated. We showed that donor age did not impair hMDSC-mediated bone 
regeneration, while host age had the adverse effect. We also found that hMDSCs 
form functional bone regardless of the age of the donor or host, suggesting that 
these cells are a promising resource for bone regeneration [166].

4.3  Clinical studies of MSC-based therapy for the treatment of aging-related 
musculoskeletal decline

4.3.1 Clinical studies of MSC-based therapy for OA

More than 30 clinical trials on the administration of intra-articular MSCs for 
the treatment of OA have been completed to date, including randomized controlled 
trials, retrospective studies, and cohort studies (https://www.clinicaltrials.gov/), 
and most of the published results have shown clinical benefit [111, 112, 167–178]. 
Currently, B-MSCs and A-MSCs are the most commonly used cell sources in clinical 
trials for OA, [179] however, finding an optimal treatment with MSCs is challenging 
due to the great diversity of patient populations, delivery methods, cell numbers, 
culture expansion methodology, and follow-up periods.

Until now, no clinical trials on the benefit of intra-articular administration of 
S-MSCs in patients with OA have been published. Interestingly, however, Sekiya et 
al. found that arthroscopic S-MSCs transplantation improved the clinical outcome 
of knees with articular cartilage defects at a mean follow-up of 52 months in 10 
patients based on MRI, histology, and clinical outcome score evaluation [180]. 
Furthermore, Shimomura et al. conducted the first human pilot study of implanting 
scaffold-free tissue-engineered constructs generated from S-MSCs to the injury site 
for five patients with symptomatic knee cartilage lesions, demonstrating that self-
assessed clinical scores for pain, symptoms, activities of daily living, sports activi-
ties, and quality of life improved significantly at 24 months postoperatively, with 
no serious adverse events. In addition, second-look arthroscopy and MRI confirmed 
complete defect filling in all cases, and biopsy of the regenerated cartilage showed 
that the repair tissue consisted of hyaline cartilage [181]. These results showed that 
implantation of S-MSCs could repair articular cartilage damage and prevent its 
progression to OA, and therefore, future clinical applications in patients with OA 
may be promising. There is also evidence that, in a phase I/II study, repeated admin-
istration of umbilical cord-derived-MSCs improved safety and clinical outcomes for 
long-term pain in patients with knee OA [112].

4.3.2 Clinical studies of MSC-based therapy for OP

A recent Phase 1 clinical trial has been conducted using fucosylated BM-MSCs 
for patients with OP. In this study, autologous BM-MSCs were harvested 30 days 
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Abstract

Pulmonary arterial hypertension (PAH) is a fatal disease without a cure. By the 
time patients are diagnosed with PAH, thickening of pulmonary arterial (PA) walls 
and the narrowing of vascular lumen have already developed due to the abnormal 
growth of pulmonary vascular cells, contributing to the elevated pulmonary vascu-
lar resistance and the right ventricle (RV) damage. Therefore, agents that eliminate 
excess pulmonary vascular wall cells have therapeutic potential, and the apoptosis-
based therapy using anti-cancer drugs may be promising for the treatment of PAH. 
However, cell death agents could also exert adverse effects including cardiotoxicity, 
complicating the development of such therapies for PAH patients who already have 
the damaged heart. We tested the concept that programmed cell death-inducing 
anti-cancer drugs may reduce the PA wall thickening using rat models of PAH. We 
found that: (i) The treatment of PAH animals with anthracycline-, proteasome 
inhibitor- or Bcl-2 inhibitor-classes of anti-cancer drugs after the pulmonary vascu-
lar remodeling had already developed resulted in the reversal of PA wall thickening 
and opened up the lumen; (ii) These effects were accompanied by the apoptosis of 
PA wall cells in PAH rats, but not in normal healthy rats, suggesting the anti-cancer 
drugs selectively kill remodeled vascular cells; (iii) The RV affected by PAH was 
not further damaged by anthracyclines or proteasome inhibitors; (iv) While the left 
ventricle (LV) was damaged by these drugs, we identified cardioprotective agents 
that protect the heart against drug-induced cell death without affecting the efficacy 
to reverse the PA remodeling; and (v) docetaxel, not only reversed pulmonary 
vascular remodeling without exerting RV or LV toxicity, but also repaired the RV 
damage caused by PAH. Thus, the inclusion of programmed cell death-inducing 
anti-cancer drugs should be considered for treating PAH patients.

Keywords: anti-cancer drugs, apoptosis, autophagy, heart, programmed cell death, 
pulmonary hypertension, vascular remodeling
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1. Introduction

Pulmonary arterial hypertension (PAH) is a fatal disease that can affect 
both females and males of any age including children. If untreated, increased 
pulmonary vascular resistance results in right heart failure and kills patients 
within several years [1, 2]. Even with the currently available therapeutic drugs 
that are mainly vasodilators, the survival duration of the patients remains unac-
ceptably short [3, 4]. It has been reported that the median survival for patients 
diagnosed with PAH is 2.8 years from the time of diagnosis (3-year survival: 48%) 
if untreated [5, 6]. Even with currently available therapies, only 58–75% of PAH 
patients survive for 3 years [7–10]. PAH is a progressive disease, and by the time 
patients are diagnosed, thickening of pulmonary artery (PA) walls and the nar-
rowing of vascular lumen have already developed due to the abnormal growth of 
pulmonary vascular cells, contributing to the elevated pulmonary vascular resis-
tance and the right ventricle (RV) damage. Therefore, agents that eliminate excess 
pulmonary vascular wall cells have therapeutic potential, and we hypothesize that 
the programmed cell death-based therapy using anti-cancer drugs would help 
treat PAH patients [11]. However, cell death agents could also exert adverse effects 
including cardiotoxicity, complicating the development of such therapies for PAH 
patients with the already damaged heart.

2. Anti-cancer drugs reverse pulmonary vascular remodeling

In our earlier study, we found that an anthracycline anti-cancer drug daunoru-
bicin (DNR) is an effective agent that can cause apoptosis of cultured PA smooth 
muscle cells (PASMCs) [11, 12]. Based on these results, we hypothesized that the 
administration of DNR to rats would result in the reversal of pulmonary vascular 
remodeling. In these experiments, Sprague-Dawley (SD) rats were treated with 
chronic hypoxia (10% oxygen) for 2 weeks to promote the thickening of PA medial 
walls. After the PA wall thickening was developed, rats were injected with DNR and 
maintained in the hypoxia condition for 3 days. As shown in hematoxylin and eosin 
(H&E) stain images of Figure 1A, DNR effectively reduced the PA wall thickness 
[13]. Similarly, in this study, another class of anti-cancer drugs, proteasome inhibitors 
such as MG132 and bortezomib (Figure 1B) also reduced the PA wall thickening in 
the chronic hypoxia model of pulmonary hypertension (PH) in rats [13].

An animal model, in which SD rats are injected with SU5416 and exposed to 
hypoxia promoting severe PAH with pulmonary vascular lesions resembling those 
of humans [14], has become a gold standard to study PAH [15]. The experimental 
design often involves a single subcutaneous injection of SU5416, followed by 
subjecting the animals to chronic hypoxia for 3 weeks. Subsequently, the animals 
are kept in normoxia, and severe PAH and pulmonary vascular remodeling are 
progressively developed. We found that programmed cell death-inducing anti-
cancer drugs reversed pulmonary vascular remodeling in this model of PAH as 
well. Figure 1C shows the results of our experiments, in which another proteasome 
inhibitor, carfilzomib (CFZ) injected 4 times over two weeks after the pulmonary 
vascular remodeling was developed effectively reduced the PA wall thickness in 
PAH rats [16]. Proteasome inhibition-dependent reversal of pulmonary vascular 
remodeling occurred through the reduction of both intimal and medial wall 
thickening, suggesting that both endothelial cells and smooth muscle cells (SMCs) 
can be affected by these anti-cancer drugs [13].
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While anthracyclines such as DNR and proteasome inhibitors are effective 
inducers of apoptosis of PASMCs [11, 13, 16], these agents could exert other biologic 
actions. Thus, we tested the effects of a more ‘pure’ apoptosis inducer, navitoclax 
(ABT-263) that inhibits anti-apoptotic proteins Bcl-2 and Bcl-xL. We found that this 
drug also reversed PA remodeling in SD rats as well as in Fischer rats with PAH pro-
moted by SU5416 + hypoxia (Figure 1D; [17]). The reversal of pulmonary vascular 
remodeling by navitoclax was also recently reported by van der Feen et al. [18] in a 
different experimental model of PAH in rats.

These results provided important information, in live experimental animals, 
showing that programmed cell death-inducing anti-cancer drugs are capable of 
reversing pulmonary vascular remodeling in multiple models of PH. While this 
knowledge established a basis for exploring whether causing the death of pulmo-
nary vascular cells clinically benefits PAH patients, it also generated many questions 
that need to be addressed.

Figure 1. 
Effects of programmed cell death-inducing anti-cancer drugs on pulmonary vascular remodeling. (A & B) SD 
rats were treated with chronic hypoxia for 2 weeks to produce pulmonary vascular thickening and injected with 
DNR or bortezomib. Rats were then placed back in the hypoxic environment. Three days after the injection, 
lungs were harvested and H&E staining was performed (Adapted from Ibrahim et al. [13] with permission). 
(C & D) SD rats were subjected to SU5416/hypoxia to promote PAH. After pulmonary vascular remodeling 
was developed, rats were injected with CFZ or navitoclax twice a week for 2 weeks. Lungs were harvested and 
H&E staining was performed (Adapted from Wang et al. [16] and Rybka et al. [17] with permission). Bar 
graphs represent means ± SEM of % PA wall thickness. * denotes that the values are significantly different from 
each other at P < 0.05.
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can be affected by these anti-cancer drugs [13].
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While anthracyclines such as DNR and proteasome inhibitors are effective 
inducers of apoptosis of PASMCs [11, 13, 16], these agents could exert other biologic 
actions. Thus, we tested the effects of a more ‘pure’ apoptosis inducer, navitoclax 
(ABT-263) that inhibits anti-apoptotic proteins Bcl-2 and Bcl-xL. We found that this 
drug also reversed PA remodeling in SD rats as well as in Fischer rats with PAH pro-
moted by SU5416 + hypoxia (Figure 1D; [17]). The reversal of pulmonary vascular 
remodeling by navitoclax was also recently reported by van der Feen et al. [18] in a 
different experimental model of PAH in rats.

These results provided important information, in live experimental animals, 
showing that programmed cell death-inducing anti-cancer drugs are capable of 
reversing pulmonary vascular remodeling in multiple models of PH. While this 
knowledge established a basis for exploring whether causing the death of pulmo-
nary vascular cells clinically benefits PAH patients, it also generated many questions 
that need to be addressed.

Figure 1. 
Effects of programmed cell death-inducing anti-cancer drugs on pulmonary vascular remodeling. (A & B) SD 
rats were treated with chronic hypoxia for 2 weeks to produce pulmonary vascular thickening and injected with 
DNR or bortezomib. Rats were then placed back in the hypoxic environment. Three days after the injection, 
lungs were harvested and H&E staining was performed (Adapted from Ibrahim et al. [13] with permission). 
(C & D) SD rats were subjected to SU5416/hypoxia to promote PAH. After pulmonary vascular remodeling 
was developed, rats were injected with CFZ or navitoclax twice a week for 2 weeks. Lungs were harvested and 
H&E staining was performed (Adapted from Wang et al. [16] and Rybka et al. [17] with permission). Bar 
graphs represent means ± SEM of % PA wall thickness. * denotes that the values are significantly different from 
each other at P < 0.05.
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3.  Susceptibility of normal and diseased cells toward apoptosis-inducing 
anti-cancer drugs

One question is whether both the proliferative synthetic phenotype and the 
differentiated contractile phenotype of PASMCs are killed by these drugs. It is 
preferable that only abnormally grown cells are killed, as it is important to preserve 
contractile SMCs that are needed for the pulmonary circulatory system to function.

The examination of PAs from rats treated with DNR by terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL) staining, which detects 
apoptotic cells, demonstrated that only remodeled PAs of rats with PH exhibited 
apoptotic cells, but not healthy control rats (Figure 2A; [13]). Similar results were 
obtained in the analysis of cleaved caspase-3 as an indication of the occurrence of 
apoptotic cells by Western blotting. As shown in Figure 2B, PAs from rats treated 
with chronic hypoxia to promote PH and subsequently treated with DNR exhibited 
significantly higher levels of cleaved caspase-3 compared to healthy rats injected 

Figure 2. 
Effects of programmed cell death-inducing anti-cancer drugs on apoptosis. (A & B) SD rats were treated with 
chronic hypoxia for 2 weeks to produce pulmonary vascular thickening and injected with DNR. Rats were then 
placed back in the hypoxic environment. Three days after the injection, lungs were harvested and TUNEL 
staining and Western blotting with the cleaved caspase-3 antibody were performed to monitor apoptosis 
(Adapted from Ibrahim et al. [13] with permission). (C & D) SD rats were subjected to SU5416/hypoxia 
to promote PAH. After pulmonary vascular remodeling was developed, rats were injected with CFZ twice a 
week for 2 weeks. Lungs were harvested and TUNEL staining and Western blotting with the cleaved caspase-3 
antibody were performed to monitor apoptosis (Adapted from Wang et al. [16] with permission). Bar graphs 
represent means ± SEM. * denotes that the values are significantly different from each other at P < 0.05.
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with DNR [13]. These results revealed that unwanted abnormally grown pulmonary 
vascular cells can preferentially be killed by this anti-cancer drug.

Results shown in Figure 2C and D demonstrated that this increased suscep-
tibility of pulmonary vascular cells in PH animals can also be seen with another 
anti-cancer drug. CFZ also caused the apoptosis in PAs of rats with PAH induced by 
SU5416/hypoxia, while no apoptosis signals were observed in control healthy rats 
treated with CFZ as monitored by TUNEL assay (Figure 2C) and Western blotting 
using the cleaved caspase-3 antibody (Figure 2D) [16].

We hypothesized that anti-cancer drugs preferentially kill the proliferating 
phenotype of SMCs over differentiated SMCs. Our experiments using cultured 
PASMCs showed that only proliferating SMCs, but not differentiated SMCs, 
were killed by DNR [13]. Figure 3 shows similar experimental results when 
proliferating and differentiated human PASMCs were treated with genistein, 
a naturally occurring isoflavone. DePsipher Mitochondrial Potential assay 
(Trevigen, Gaithersburg, MD, USA) showed that green fluorescent apop-
totic cells were only observed when proliferating PASMCs were treated with 
genistein, while differentiated PASMCs produced by using the Differentiation 
Medium (Cell Applications, Inc., San Diego, CA, USA) were resistant to be killed 
by the same concentration of genistein. These results demonstrate that prolifer-
ating PASMCs are more susceptible to undergo apoptosis compared to differenti-
ated PASMCs, suggesting that apoptosis-inducing drugs eliminated unwanted 
proliferating PASMCs while preserving the contractile phenotypic cells with 
muscle functions.

4. Role of autophagic cell death

One interesting observation we came across in relation to the mechanism of 
PASMC killing by anthracycline- and proteasome inhibitor-classes of anti-cancer 
drug is that, in addition, to apoptosis, another programmed cell death mechanism, 
namely autophagic cell death is also involved. We initially found that autophagy 
of the cells is increased in PAs of PH rats treated with DNR [13]. Similar results 
were observed in cultured proliferating human PASMCs when cells were treated 
with DNR. Further, DNR-induced cell killing was attenuated when an autophagy 
mediator, LC3B, was knocked down [13]. CFZ-induced cell killing was also found to 
involve autophagy, and we further identified the role of tumor protein p53-inducible 
nuclear protein 1 (TP53INP1) in this mechanism [16].

Figure 3. 
Effects of genestein on proliferating and differentiated human PASMC apoptosis. Proliferating human PASMCs 
purchased from Cell Applications grown in Human SMC Growth Medium and differentiated PASMCs 
produced using the Human SMC Differentiation Medium were treated with genistein (50 μM). Apoptotic cells 
were identified by green fluorescence produced using the DePsipher Mitochondrial Potential assay.
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5.  The ability of the remodeled RV to cope with program cell  
death-inducing drugs

Drugs that promote programmed cell death are effective anti-cancer drugs, 
however, they also exert serious potentially life-threatening complications [19]. 
Cardiotoxicity is a major complication that accompanies the use of anti-cancer 
drugs especially anthracyclines. Since PAH patients already have the weakened 
heart, the use of these anti-cancer drugs would be considered to be contraindica-
tions. However, we found that the RV affected by PAH is remarkably resistant 
to drug-induced myocardial cell killing. As we characterized the RV of PAH rats 
injected with DNR to reverse PA remodeling as described above, we found that 
DNR administration to PAH rats did not influence the RV contractility or the 
RV structure [13]. This study also found that DNR did not promote apoptosis of 
cardiomyocytes in hypertrophied RV in rats with PH (Figure 4A; [13]). Similarly, 
CFZ that was found to effectively reverse PA remodeling did not cause apoptosis in 
the RV in SU5416/hypoxia model of PAH in rats (Figure 4B; [16]). These are highly 
significant findings revealing that the RV affected by PAH is resistant to DNR and 
CFZ, drugs that are known induce cardiotoxicity and cardiomyocyte killing in the 
normal heart, providing evidence that the clinical use of these anti-cancer drugs in 
PAH patients may not be contraindications.

By contrast, bortezomib was found to promote apoptosis in both RV and left 
ventricle (LV) of rats with PH induced by monocrotaline [20]. Also, navitoclax 
(ABT-263; an inhibitor of anti-apoptotic proteins, Bcl-2 and Bcl-xL), not only 

Figure 4. 
Effects of programmed cell death-inducing anti-cancer drugs on the RV affected by PAH. (A) SD rats were 
treated with chronic hypoxia for 2 weeks to produce pulmonary vascular thickening and injected with DNR. 
Rats were then placed back in the hypoxic environment. Three days after the injection, RV tissues were 
harvested and Western blotting with the cleaved caspase-3 antibody was performed to monitor apoptosis 
(Adapted from Ibrahim et al. [13] with permission). (B) SD rats were subjected to SU5416/hypoxia to promote 
PAH. After pulmonary vascular remodeling was developed, rats were injected with CFZ twice a week for 2 
weeks. RV tissues were harvested and Western blotting with the cleaved caspase-3 antibody were performed to 
monitor apoptosis (Adapted from Wang et al. [16] with permission). Bar graphs represent means ± SEM. All 
the values were not significantly different from each other at P < 0.05.
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caused apoptosis in the remodeled PA [17], but also promoted apoptosis in RV 
myocytes in PAH rats. Figure 5 shows the transmission electron microscopy images 
of normal SD rat RV myocytes (Figure 5A) and RV myocytes from PAH SD rats 
treated with navitoclax exhibiting signs of apoptosis (Figure 5B). The nuclei PAH 
rats treated with navitoclax underwent the fragmentation with dramatic changes 
in the nuclear chromatin with the segregated heterochromatin that distributed 
preferentially within the nuclear envelope as sharply defined clumped bodies 
(Figure 5B, red arrowheads). The quantification of apoptotic nuclei revealed that 
the most of RV myocytes in PAH rats became apoptotic when treated with navito-
clax (Figure 5C).

These results suggest that, while three classes of anti-cancer drugs have so 
far been found to be effective in reversing PA remodeling, hypertrophied RV 
myocytes are only resistant to DNR and CFZ, while Bcl-2/Bcl-xL inhibition seems 
target downstream of apoptotic pathway thus escapes from the resistance to car-
diomyocyte killing. Whether the RV damaging effects of bortezomib in PAH rats 
[20] is specific to the model induced by monocrotaline that can exert non-specific 
pathophysiologic actions need further investigations, however, the data so far do 
not support the use of bortezomib in the PAH treatment. CFZ that is considered 
to be a safe alternative to bortezomib in cancer therapy [21] and is a more selective 
and irreversible inhibitor of the chymotrypsin-like activity of the 20S proteasome 
[22, 23] could be more promising.

6.  Cardioprotective agents to cope with LV myocyte death  
by anti-cancer drugs

Our laboratory previously found a cell-signaling pathway for the downregula-
tion of Bcl-xL/Bcl-2 that results in the apoptosis of cardiomyocytes [24]. This 
pathway was found as a consequence of our laboratory cloning the promoter region 
of the GATA4 transcription factor that regulates gene transcription of Bcl-xL and 
Bcl-2. We found that CBF/NF-Y binding to the CCAAT box of the Gata4 promoter 
is inhibited by DNR through the activation of p53 in cardiomyocytes [24], but not 
in PASMCs [13]. Thus, we hypothesized that p53 inhibitors would protect the heart 
against cardiotoxicity induced by anti-cancer drugs without affecting the efficacy 
of these drugs to reverse PA remodeling.

Figure 5. 
Navitoclax promotes cardiomyocyte apoptosis in the RV affected by PAH. (A) The normal RV structure of RV 
cardiomyocytes as monitored by transmission electron microscopy. Magnification ×16,000. (B) SD rats were 
subjected to SU5416/hypoxia to promote PAH. After pulmonary vascular remodeling was developed, rats were 
injected with navitoclax twice a week for 2 weeks as described in Rybka et al. [17]. RV tissues were harvested 
and a transmission electron microscope was used to analyze the apoptotic nuclei. Bar graphs represent means 
± SEM. * denotes that the values are significantly different from each other at P < 0.05. Transmission electron 
microscopy studies were performed as described in Shults et al. [32].
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myocytes in PAH rats. Figure 5 shows the transmission electron microscopy images 
of normal SD rat RV myocytes (Figure 5A) and RV myocytes from PAH SD rats 
treated with navitoclax exhibiting signs of apoptosis (Figure 5B). The nuclei PAH 
rats treated with navitoclax underwent the fragmentation with dramatic changes 
in the nuclear chromatin with the segregated heterochromatin that distributed 
preferentially within the nuclear envelope as sharply defined clumped bodies 
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In our study of CFZ as described above, we found that this proteasome inhibitor 
is effective in reversing PA remodeling and that the RV affected by PAH is resistant 
to CFZ toxicity [16]. However, as expected from the earlier cancer studies, CFZ did 
cause the cardiomyocyte apoptosis in the LV of PAH rats (Figure 6A). As a support 
for our hypothesis, this CFZ-induced apoptosis of LV cardiomyocytes was inhibited 
by a p53 inhibitor, pifithrin-α in PAH rats (Figure 6A), while this cardioprotective 
agent did not interfere with CFZ reducing the PA wall thickening (Figure 6B). 
Interestingly, we found that a clinically used cardioprotective drug, dexrazoxane, 
also protected that LV of PAH rats from CFZ toxicity without affecting the reversal 
of PA remodeling. Further investigations are needed to determine whether these 
actions of dexrazoxane involve p53. Nevertheless, these results suggest including 
dexrazoxane or a p53 inhibitor to protect the LV against drug-induced damage while 
treating PAH patients with anti-cancer drugs.

7.  Docetaxel as a fascinating drug that reduces pulmonary vascular  
wall thickening and repairs the damaged right ventricle

Since experiments described above provided results that support the use of 
anti-cancer drugs to reverse pulmonary vascular remodeling, we further searched 
for other drugs that could be useful. In an effort to find effective drugs that prefer-
entially kill proliferating PASMCs, we screened various drugs [25]. We found that 
docetaxel (a taxane class of anti-cancer drugs that stabilizes and inhibits micro-
tubules) effectively killed proliferating human PASMCs, but not differentiated 
human PASMCs in culture [25]. As we tested docetaxel for reversing pulmonary 
vascular remodeling in the SU5416/hypoxia model of PAH, we found that this drug 
indeed was effective in reducing thickened pulmonary vascular walls (Figure 7A). 
Effects were similar to anthracycline-, proteasome inhibitor-, and Bcl-2/Bcl-xL 

Figure 6. 
Dexrazoxane (DEX) and pifithrin-α (PFT-α) protects the LV from CFZ-induced apoptosis without affecting 
the efficacy of CFZ in reversing PA remodeling. (A) PAH rats (SU5416/hypoxia) were divided into 4 groups. 
DEX or PFT-α was injected intraperitoneally along with CFZ, twice a week for two weeks. Rats were then 
sacrificed 3 days after the last injection. LV tissues were homogenized, and subjected to Western blotting for the 
cleaved capase-3 formation. The bar graph represents means ± SEM. * denotes that the values are significantly 
different from each other at P < 0.05. (B) The reduction of remodeled PA thickness induced by CFZ was not 
affected by DEX or PFT-α by analyzing H&E staining. The bar graph represents means ± SEM. * denotes that 
the values are significantly different from the PAH value at P < 0.05. (Adapted from Wang et al. [16] with 
permission).
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inhibitor-classes of drugs. As described above, we found that DNR and CFZ did 
not have adverse effects on the hypertrophied RV in PAH rats while Bcl-2/Bcl-xL 
inhibition resulted in the apoptosis of RV myocytes. Docetaxel also did not exhibit 
adverse effects on the hypertrophied RV in PAH rats. Moreover, this drug repaired 
damaged RV caused by PAH. In SU5416/hypoxia model of PAH, the RV was found 
to have significant cardiac fibrosis as shown in the blue stain of Masson’s trichrome 
staining in Figure 7B. Remarkably, these fibrotic lesions were eliminated by the 
treatment of PAH rats with docetaxel (Figure 7B; [25]).

These results suggest that docetaxel is an effective drug that can reverse pulmo-
nary vascular remodeling and at the same time it can also repair the damaged RV 
caused by PAH at least in SD rats treated with SU5416/hypoxia. Another taxane 
drug, paclitaxel has also been shown to attenuate pulmonary vascular remodeling 
in rodent models of PAH induced by monocrotaline or SU5416/hypoxia [26–30]. 
However, the ability of paclitaxel to repair the RV in PAH animals has not been 
reported. It is interesting to note that paclitaxel has been shown to improve cardiac 
function during ischemia in isolated rat and rabbit hearts [31], reinforcing the idea 
that taxanes have the capacity to promote cardiac repair.

Figure 7. 
Docetaxel reverses pulmonary vascular remodeling and cardiac fibrosis in the RV in PAH rats. SD rats were 
subjected to SU5416/hypoxia to promote PAH. After pulmonary vascular remodeling was developed, rats were 
injected with DTX twice a week for 2 weeks. (A) Lungs were harvested and H&E staining was performed. The 
bar graph represents means ± SEM of % PA wall thickness. * denotes that the values are significantly different 
from each other at P < 0.05. (B) Heart tissues were harvested and Masson’s trichrome staining was performed 
to monitor fibrosis. The bar graph represents means ± SEM of % fiborsis in the RV. * denotes that the values are 
significantly different from the PAH value at P < 0.05. (Adapted from Ibrahim et al. [13] with permission).
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permission).
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inhibitor-classes of drugs. As described above, we found that DNR and CFZ did 
not have adverse effects on the hypertrophied RV in PAH rats while Bcl-2/Bcl-xL 
inhibition resulted in the apoptosis of RV myocytes. Docetaxel also did not exhibit 
adverse effects on the hypertrophied RV in PAH rats. Moreover, this drug repaired 
damaged RV caused by PAH. In SU5416/hypoxia model of PAH, the RV was found 
to have significant cardiac fibrosis as shown in the blue stain of Masson’s trichrome 
staining in Figure 7B. Remarkably, these fibrotic lesions were eliminated by the 
treatment of PAH rats with docetaxel (Figure 7B; [25]).

These results suggest that docetaxel is an effective drug that can reverse pulmo-
nary vascular remodeling and at the same time it can also repair the damaged RV 
caused by PAH at least in SD rats treated with SU5416/hypoxia. Another taxane 
drug, paclitaxel has also been shown to attenuate pulmonary vascular remodeling 
in rodent models of PAH induced by monocrotaline or SU5416/hypoxia [26–30]. 
However, the ability of paclitaxel to repair the RV in PAH animals has not been 
reported. It is interesting to note that paclitaxel has been shown to improve cardiac 
function during ischemia in isolated rat and rabbit hearts [31], reinforcing the idea 
that taxanes have the capacity to promote cardiac repair.

Figure 7. 
Docetaxel reverses pulmonary vascular remodeling and cardiac fibrosis in the RV in PAH rats. SD rats were 
subjected to SU5416/hypoxia to promote PAH. After pulmonary vascular remodeling was developed, rats were 
injected with DTX twice a week for 2 weeks. (A) Lungs were harvested and H&E staining was performed. The 
bar graph represents means ± SEM of % PA wall thickness. * denotes that the values are significantly different 
from each other at P < 0.05. (B) Heart tissues were harvested and Masson’s trichrome staining was performed 
to monitor fibrosis. The bar graph represents means ± SEM of % fiborsis in the RV. * denotes that the values are 
significantly different from the PAH value at P < 0.05. (Adapted from Ibrahim et al. [13] with permission).
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8. Conclusions

We tested the concept that cell death-inducing anti-cancer drugs may reduce 
the PA wall thickening using rat models of PAH. We found that: (1) The treatment 
of PAH rats with anthracycline-, proteasome inhibitor- or Bcl-2/Bcl-xL inhibitor-
classes of drugs after pulmonary vascular remodeling had occurred resulted in the 
reversal of pulmonary vascular remodeling and opened up the lumen; (2) These 
effects were accompanied by the apoptosis of PA wall cells in PAH rats, but these 
drugs did not promote apoptosis in normal healthy rats, suggesting the anti-cancer 
drugs selectively kill remodeled vascular cells; (3) DNR, an anthracycline, and 
CFZ, a proteasome inhibitor, did not adversely affect the hypertrophied RV of PAH 
rats. (4) While the LV was damaged by CFZ, we identified cardioprotective agents 
(dexrazoxane and pifithrin-alpha) that can protect the heart against drug-induced 
cell death without affecting the efficacy of the drugs to reduce PA remodeling;  
(5) Docetaxel, a taxane class of anti-cancer drugs, not only reversed pulmonary 
vascular remodeling without exerting RV or LV toxicity, but also repaired the RV 
damaged caused by PAH. These findings from our laboratory as well as reports by 
other laboratories on the topic of the effects of programmed cell death-inducing 
anti-cancer drugs on remodeled PA and the RV affected by PAH in experimental 
animals are summarized in Table 1.

These results demonstrate that certain anti-cancer drugs effectively and selec-
tively cause programmed cell death of abnormally grown cells in the remodeled 
pulmonary vasculature without adversely affecting the RV in rat models of PAH. 
Thus, the inclusion of programmed cell death-induced anti-cancer drugs may be 
promising for treating PAH patients. Human clinical trials of PAH treatment that 
test the effectiveness of these anti-cancer drugs as mono-therapies or combination 
therapies along with cardioprotective agents described here as well as already avail-
able vasodilators are warranted.
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Reduces remodeled PA Affects remodeled RV

Daunorubicin, DNR (Anthracycline) Yes No effects

Carfilzomib, CFZ (Proteasome inhibitor) Yes No effects

Bortezomib (Proteasome inhibitor) Yes Apoptosis

Navitoclax, ABT-263 (Bcl-2/Bcl-xL inhibitor) Yes Apoptosis

Docetaxel, DTX (Taxane; Microtubule inhibitor) Yes Repairs

Paclitaxel (Taxane; Microtubule inhibitor) Yes Unknown

Table 1. 
Abilities of various anti-cancer drugs to affect PA and RV remodeling.
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Chapter 5

Hypothenar Muscles and Guyon’s 
Canal
Georgi P. Georgiev

Abstract

The increased number of articles in the last years about hypothenar variations 
and some misdescriptions and the role of the additional structures to ulnar nerve 
and artery compression, as well as my unostentatious contribution in the field, 
provoked me to write this chapter. The aim of it is to present in detail the usual 
hypothenar muscular anatomy, including the origins and insertions of the hypo-
thenar muscles, their relations to each other, the vascular supply and innervation, 
the function of the muscles, the reported variations and their possible clinical 
implications. Herein, I also presented briefly the Guyon’s canal anatomy and some 
interesting comments about it. Presenting the compendium about hypothenar 
muscles and the canal to my opinion will help the anatomists and the clinicians to 
better understand the clinically oriented anatomy. They also will be more qualified 
in the anatomical dissection course as well as during the surgical interventions. The 
detailed knowledge of the anatomy in the region would be also useful to medical 
students in better understanding the hypothenar region.

Keywords: hypothenar muscles, anatomy, variations, Guyon’s canal,  
clinical significance

1. Introduction

Muscular variations of the hypothenar have been well described in the medical 
literature [1–3]. In most cases, these muscles are asymptomatic and are found dur-
ing anatomical dissections, surgical interventions or imaging modalities. In some 
cases, variant hypothenar muscles may cause ulnar nerve and artery compression, 
as presented in some surgical case reports [4–10]. Shea and McClain [11] reported 
that around 3% of compression neuropathies are due to variant muscle.

At the region of the wrist, the ulnar nerve passes through a fibro-osseous tunnel 
known as “Guyon’s canal” or “distal ulnar tunnel”, in which the ulnar nerve could 
be compressed [4, 6, 8, 12–14]. Different causes as trauma, lipoma, false aneurysm 
of the ulnar artery, ganglion cyst and rarely aberrant muscular slips have been 
reported [3, 15]. In some surgical reports, different variant muscles, usually abduc-
tor digiti minimi, followed by flexor digiti minimi brevis have been reported, as 
a cause of ulnar nerve compression [4, 6, 8, 12–14]. In all cases the excision of the 
additional muscle was curative. However, it should be pointed out that the clinical 
appearance of the variant muscles should be related to two factors: the anatomi-
cal site and the muscle hypertrophy [4]. According to Turner and Caird [16], 
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a provoking factor, such as acute injury or repetitive minor trauma, as well as the 
type of the work, could predispose to hypertrophy of the variant muscles. There are 
reports of ulnar nerve compression syndromes provoked by anomalous muscles in 
which additional factors exist [1, 4, 17]. In addition to nerve compression, a hypo-
thenar muscle variation could be also associated with thrombosis of the ulnar artery 
in Guyon’s canal [7, 18].

In recent years the increased interest and numerous articles about hypothenar 
variants and Guyon’s canal provoke me to make a brief review and make a com-
pendium of normal anatomy of the muscles in the hypothenar region as well to 
present the reported variations and their possible clinical significance. I hope that 
this chapter will make future studies on this theme easier and help anatomist, hand 
surgeons and medical students for better knowledge of anatomy and for better 
clinical practice.

2. Anatomy, variations and clinical significance

2.1 Palmaris brevis muscle (Pbm)

Pbm is a small cutaneous hand muscle, located superficially to the hypothenar 
eminence and considered to be atavistic remnant of the panniculus carnosus. The 
Pbm is usually presented by a thin, quadrilateral in form muscle body, lying beneath 
the skin of the ulnar aspect of the palm. It has been reported to start from the flexor 
retinaculum and palmar aponeurosis and insert in the skin and fascia of the medial 
palm (Figure 1) [19–24].

2.1.1 Variations

The variations of the Pbm are rarely reported in the literature. This muscle could 
vary in size and may be absent or duplicated; it could also insert to flexor digiti 
minimi brevis muscle or the pisiform bone [25, 26].

Figure 1. 
Schematic anterior view of the wrist and hand presenting the Pbm (asterisk).

75

Hypothenar Muscles and Guyon’s Canal
DOI: http://dx.doi.org/10.5772/intechopen.91477

2.1.2 Clinical application

This muscle and its variants could simulate soft tissue tumor [27] or provoke 
ulnar nerve compression at the wrist [17, 28]; Pbm flap could be used in the treat-
ment of recurrent carpal tunnel syndrome [29] and Pbm spasm syndrome [30].

2.1.3 Actions

Pbm deepens the hollow of the palm and presents muscular barrier of the ulnar 
neurovascular bundle at the wrist [21].

2.1.4 Innervation

The Pbm is innervated by the motor component of the superficial branch of the 
ulnar nerve [24].

2.2 Abductor digiti minimi muscle (ADMm)

The ADMm is situated more ulnarly of the hypothenar muscles and arises 
from the pisiform bone and from the tendon of the flexor carpi ulnaris muscle; 
it attaches as a flat tendon that finally divides into two parts: one that inserts 
to the ulnar side of the base of the proximal phalanx of the little finger and the 
other to the ulnar border of the aponeurosis of the extensor digiti quinti proprius 
(Figure 2) [20, 21].

2.2.1 Variations

Different variations of ADMm have been reported in the anatomical and 
surgical literature. They include the absence and presence of a second head, vari-
ant origin (from the pisiform bone, fascia of the forearm, palmaris longus tendon, 

Figure 2. 
Schematic anterior view of the wrist and hand presenting the ADMm (asterisk).
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fascia of the flexor carpi radialis, intermuscular fascia, flexor carpi ulnaris, flexor 
retinaculum, both from the flexor retinaculum and antebrachial fascia), fusion with 
the flexor digiti minimi brevis, presence of a “deep abductor-flexor”(m. abductor-
flexor digiti minimi profundus), triple origin and also coexistence with reversed 
palmaris longus muscle [4, 5, 9, 15, 25–27, 31–38].

2.2.2 Clinical application

Hypertrophied ADMm could simulate soft tissue tumor [5] or ulnar nerve 
compression at the wrist [13, 14] and may be associated with ulnar artery 
thrombosis in Guyon’s canal [7]; ADMm myocutaneous flap can be used for 
opponensplasty [39].

2.2.3 Actions

The ADMm abducts the little finger from the ring finger and contributes to the 
fifth metacarpophalangeal joint flexion and interphalangeal extension [20, 21].

2.2.4 Innervation

ADMm is innervated by the deep branch of the ulnar nerve (C8, Th1) [20, 21].

2.3 Flexor digiti minimi brevis muscle (FDMBm)

The FDMBm is situated more radially than the ADMm. It starts from the 
hamulus of the hamate bone, and the anterior surface of the flexor retinaculum, 
and inserts into the ulnar side of the base of the phalanx of the little finger 
(Figure 3) [20, 21].

Figure 3. 
Schematic anterior view of the wrist and hand presenting the FDMBm (asterisk).
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2.3.1 Variations

The reported variations of the FDMBm in the available literature are absence and 
presence of an accessory slip from the palmaris longus tendon, presence of a slip to 
the metacarpal, replacement by a tendinous band arising from the flexor carpi ulnaris 
muscle and inserting into the fifth proximal phalanx and the hamate bone, presence 
of accessory FDMBm, fusion with ADMm or opponens digiti minimi muscles, origin 
from the antebrachial fascia, deep abductor-flexor of little finger, FDMBm with triple 
origin and origin from flexor carpi radialis muscle [25, 26, 33, 40–43].

2.3.2 Clinical application

Hypertrophied FDBMm could simulate soft tissue tumor [44] or ulnar nerve 
compression at the wrist [8, 12].

2.3.3 Actions

The FDBMm flexion of the proximal phalanx, also with some lateral rotation 
[20, 21].

2.3.4 Innervation

FDBMm is innervated by the deep branch of the ulnar nerve (C8, Th1) [20, 21].

2.4 Opponens digiti minimi muscle (ODMm)

The ODMm has a triangular form, lying beneath the ADMm and FDMBm. It 
starts from the hamulus of the hamate bone and near part of the flexor retinaculum 
and attaches to the ulnar margin and palmar surface of the fifth metacarpal bone 
(Figure 4) [20, 21].

Figure 4. 
Schematic anterior view of the wrist and hand presenting the ODMm (asterisk).
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2.4.1 Variations

The reported variations of the ODMm are rarely described in the literature and 
include absence, splitting into two parts and merging with ADMm [25, 26].

2.4.2 Clinical application

There is no clinical application reported.

2.4.3 Innervation

The ODMm is innervated by the deep branch of the ulnar nerve (C8, Th1) [20, 21].

2.4.4 Actions

The ODMm flexes and laterally rotates the fifth metacarpal bone at the carpo-
metacarpal joint, brings the fifth finger into opposition with the thumb and together 
with the ADMm and FDMBm absorbs forces on the ulnar border of the hand [20, 21].

3. Anatomy of Guyon’s canal

The Guyon’s canal or ulnar canal is a fibro-osseous tunnel situated between the 
pisiform and the hook of the hamate and measured around 40–45 mm in length 
[45, 46]. In 1861, it is first described by the French surgeon Jean Casimir Félix 
Guyon. He presented it as an intra-aponeurotic compartment which the anterior 
wall is constituted by a fibrous layer and its posterior wall by the anterior carpal 
ligament [47]. Guyon’s canal is situated between the proximal edge of the palmar 
carpal ligament to the fibrous arch of the hypothenar muscles at the level of the 
hook of the hamate (Figure 5). Through this canal the ulnar nerve and artery pass 
from the forearm to the palm, as the nerve is lying deep and ulnar to the artery. Of 
course, the vena comitans and connective fatty tissue fill up this space [48, 49].

Guyon’s canal has been described as a space with complex and variable anatomy 
[48]. It should be pointed out that the canal is not a rigid structure and varying in 
its dimensions [50]. According to Ombaba et al. [49], it has dynamic space, and its 
relationships are changed during wrist movement.

Precise knowledge of the anatomy of Guyon’s canal is essential in understanding 
the diagnosis and treatment of ulnar tunnel syndrome [51]. This tunnel is a potential 
entrapment site that could provoke compression of the ulnar nerve, presented by pares-
thesia or numbness, or both, to the ulnar two digits, as well as hand weakness, atrophy 
and ungainliness [51]. The compression could be localized in three zones [11, 52]:

Zone I: compression occurs proximal to or within Guyon’s canal, before the 
nerve bifurcation, and presents with combined motor and sensory deficits.

Zone II: compression involves only the deep motor branch and occurs as the 
ulnar nerve exits Guyon’s canal or at the hook of the hamate level.

Zone III: compression, with isolated superficial sensory branch involvement, 
may also occur as the nerve exits Guyon’s canal or at the hook of the hamate distal to 
the bifurcation.

Importantly during surgical interventions, all three compartments should 
be decompressed, including the pisohamate hiatus, by releasing the pisohamate 
arcade [49].

Different muscular variations have been reported as the most common 
anatomical predispositions that might contribute to the ulnar nerve compression 
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in Guyon’s canal [51]. Different muscular variations related to the ADMm, 
followed by FDMBm, are reported [8, 12–14]. In these cases, ultrasonography 
or MRI could help clinicians to clearly identify the muscular variants in Guyon’s 
canal [38, 53].

4. Conclusion

This chapter summarizes the existing data in the literature concerning the 
anatomy of the hypothenar muscles, as well as its variants and the anatomy of 
Guyon’s canal. I hope that the presented literature data will help students in 
learning anatomy, help the anatomists and hand surgeons during their works, 
as well as for better scientific production and to better understand, describe and 
classify the muscular variations and Guyon’s canal. Using the chapter, they will 
avoid mistakes in classifying different variations of the hypothenar muscles. I 
think that the knowledge of reported variants will ensure self-confidence and 
avoid confusions during wrist and palm procedures, especially during releasing 
Guyon’s canal, extended carpal tunnel release, or palmar fasciectomy. Precise 
knowledge of the anatomy and its variant also would help radiologist in their 
routine work on ultrasonography and MRI, where different variations could be 
evaluated in cases of soft tissue tumor or in diagnosis of primary or recurrent 
ulnar nerve compression.
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Figure 5. 
Anatomy of Guyon’s canal. Pisohamate ligament (asterisk); deep motor branch of the ulnar nerve (arrow); 
pisiform bone (Pis.); hamate bone (ham.); ulnar nerve (UN); ulnar artery (UA).
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Chapter 6

Molecular Mechanisms and
Targets of Cyclic Guanosine
Monophosphate (cGMP) in
Vascular Smooth Muscles
Aleš Fajmut

Abstract

Molecular mechanisms and targets of cyclic guanosine monophosphate (cGMP)
accounting for vascular smooth muscles (VSM) contractility are reviewed. Mathe-
matical models of five published mechanisms are presented, and four novel mech-
anisms are proposed. cGMP, which is primarily produced by the nitric oxide (NO)
dependent soluble guanylate cyclase (sGC), activates cGMP-dependent protein
kinase (PKG). The NO/cGMP/PKG signaling pathway targets are the mechanisms
that regulate cytosolic calcium ([Ca2+]i) signaling and those implicated in the Ca2+-
desensitization of the contractile apparatus. In addition to previous mathematical
models of cGMP-mediated molecular mechanisms targeting [Ca2+]i regulation, such
as large-conductance Ca2+-activated K+ channels (BKCa), Ca2+-dependent Cl�
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cyclase (sGC). In 1980, it was reported that a diffusible substance causing vasodi-
latation is released from the endothelium. The so-called endothelium-derived
relaxing factor (EDRF) was identified seven years later as NO. See [1] for review.

The molecular mechanisms of cardiovascular NO signaling are not entirely
understood. Still, it is currently accepted that many effects are mediated, at least in
part, via cGMP-dependent pathways. Within the cardiovascular system, these
signaling pathways play a vital role in vasodilatation as well as in proliferation,
migration, differentiation, and inflammation of VSMC and endothelial cells (ECs),
in the modulation of myocyte contractility as well as of cardiac remodeling and
thrombosis [2–4]. Impaired functioning at any signaling step from the synthesis
through the effector activation and the degradation process of either NO or cGMP
accounts for numerous cardiovascular diseases, such as hypertension, athero-
sclerosis, cardiac hypertrophy, and heart failure [3, 4]. Hence, these signaling
pathways represent the potential targets for pharmacological treatment.

2. Nitric oxide (NO) and cyclic guanosine monophosphate (cGMP)
production and degradation

Various stimuli can trigger relaxation responses of VSMC via the production and
signaling of NO in the vascular endothelium. These are endogenous neurotransmit-
ters (e.g., substance P and acetylcholine), humoral substances (e.g., bradykinin),
and mechanical stimuli (e.g., the increase in hemodynamic shear stress or
intraluminal pressure). They all trigger a complex cascade of biochemical reactions,
accounting for either the mobilization, activation, or increase in the catalytic activ-
ity of NOS to produce NO or for upregulation of its gene expression. In the cardio-
vascular system, most of NO is produced in the endothelium by the endothelial
NOS (eNOS). eNOS is also detected in cardiac myocytes, platelets, certain neurons,
and kidney tubular epithelial cells. The other two isoforms are neuronal- and
inducible- NOS (nNOS and iNOS, respectively). The former is mainly located in the
nervous system, and the latter, which is induced by cytokines, is predominantly
found in the immune system. They all catalyze the oxidation of the amino acid L-
arginine into L-citrulline, where the by-product is NO [5].

Sensing of shear stress is still under intensive research since it is mediated by
rapid and almost simultaneous activation of various membrane molecules and
microdomains, including ion channels, tyrosine kinase receptors, G-protein-
coupled receptors, caveolae, adhesion proteins, cytoskeleton, glycocalyx, primary
cilia, and filaments [6]. Though the underlying biochemical signaling processes are
not entirely understood, three main mechanisms of mechanotransduction were
proposed. The first one involves the mechanisms which account for the entry of
Ca2+ across the EC plasma membrane either via capacitive Ca2+ entry (CCE) [7] or
via activation of mechanosensing ion channels (MSICs) [8]. Both processes lead to
further increases in [Ca2+]i, its consequent interaction with calmodulin (CaM), and
finally to NOS activation. The other two mechanisms cross-correlate many signaling
pathways mediated by G protein-coupled receptors (GPCR) and integrins involving
protein kinases A, B, C, and G (PKA, Akt, PKC, and PKG, respectively), as well as
phosphatidylinositide 3-kinase (PI3K). These signaling pathways regulate the acti-
vation of different nuclear factors affecting NOS gene expression [9], the recruit-
ment of NOS from caveolae, the phosphorylation of NOS, and the cytosolic [Ca2+]i
concentration and signaling [6].

Downstream the NO production cGMP is produced either by the soluble or the
membrane-bound particulate guanylate cyclases, sGC and pGC, respectively, in
response to either elevated NO or brain and atrial natriuretic peptides (BNP and
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ANP, respectively). Natriuretic peptides (NPs) activate pGC, while NO diffuses
into the cytosol, binds to, and activates sGC. cGMP exerts its action predominantly
through binding and activating its target, cGMP-dependent protein kinase (PKG)
[3]. There are two other types of cGMP-target effector molecules. The first type is
phosphodiesterases (PDEs), which also degrade other cyclic nucleotides. The sec-
ond type is nonselective cation channels, which are present in the visual and olfac-
tory systems. PDEs degrade cGMP and, hence shape its spatiotemporal levels.
CGMP also cross-regulates cyclic adenosine monophosphate levels (cAMP) since
other PDEs (e.g. PDE2) that degrade both cAMP and cGMP are stimulated by
cGMP [10]. In addition to PDE5, which selectively degrades cGMP, several other
PDE isoforms can hydrolyze both, cGMP and cAMP. These are PDE1, PDE2, and
PDE3. The strategy of inhibiting PDEs to enhance cGMP and related signaling has
already been successfully used with the PDE5 inhibitors, especially sildenafil, to
treat erectile dysfunction, pulmonary hypertension, and chronic heart failure [10].
Other cGMP-elevating drugs, such as nitrovasodilators that donate NO, and various
NP analogs, have also been successfully used in humans to treat cardiovascular
diseases. NO-generating drugs such as glyceryl trinitrate or sodium nitroprusside
have been used to treat angina pectoris in humans for more than 100 years [11].

3. Calcium-contraction coupling in vascular smooth muscle cells
(VSMC)

The contractile state of VSMCs is regulated dynamically by hormones and neu-
rotransmitters via the increase of the cytosolic calcium concentration ([Ca2+]i). Ca

2+

is mostly released from its intracellular store sarcoplasmic reticulum (SR) via IP3
sensitive or ryanodine receptor channels (IP3R and RyR, respectively). In part, Ca2+

entry to the cytosol could be ascribed to the fluxes across the plasma membrane via
the Ca2+- selective voltage-dependent channels. The rise in [Ca2+]i initiates binding
of Ca2+ to CaM and the consequent interactions of myosin light chain kinase
(MLCK) with Ca2+/CaM complexes. Active MLCK is the one that is bound with the
Ca4CaM complex. Active MLCK phosphorylates the regulatory myosin light chain
(MLC), enabling the attachment of myosin heads to the actin filaments and cross-
bridge cycling [12]. The smooth muscle cell’s contractile state is determined by the
extent of MLC phosphorylation regulated by the balance of MLCK and MLC phos-
phatase (MLCP) activities. The latter dephosphorylates MLC. High vascular tone is
maintained as long as the phosphorylation rate is higher than that of dephosphory-
lation. Relaxation occurs when [Ca2+]i decreases, which results in the dissociation of
Ca2+ from CaM and inactivation of MLCK. In that case, the activity of MLCP
predominates the activity of MLCK, and the active actin-myosin cross-bridge
cycling is not established. However, a passive latch state is possible [13]. The level of
smooth muscle contractility can also be modulated at constant [Ca2+]i. The protein
kinase C (PKC) and Rho kinase (ROCK) pathways play an essential role in regulat-
ing MLCP activity. They may cause diminished activity of MLCP and result in
increased levels of phosphorylated MLC and a higher tension at a given [Ca2+]i. This
increased contractility is called Ca2+ sensitization [12]. In reality, the process is
much more complex since it is composed of many cross-interacting pathways with
different feedbacks, nonlinear behavior of the interactions, dynamical changes of
many variables – especially [Ca2+]i [14]. In this complex system of interactions
[Ca2+]i signaling still represents a bottleneck according to its bow-tie structure of
encoding and decoding [15]. cGMP/PKG signaling occurs on both – the encoding
and the decoding sides and represents a predominant mechanism in regulating
vasoactivity, particularly vasorelaxation. More than ten substrates being
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phosphorylated in vivo by PKG were identified, and many of them take part in the
[Ca2+]i encoding and decoding processes [3, 16].

3.1 cGMP-dependent protein kinase (PKG)

The enzyme PKG belongs to the family of serine/threonine (Ser/Thr) kinases. In
mammals, PKG-I and PKG-II are encoded by different genes, prkg1 and prkg2,
respectively. PKG-I exists in two isoforms PKG-Iα and PKG-Iβ. PKG-I is present at
high concentrations in all smooth muscles, including the uterus, vessels, intestine,
and trachea. PKG-II is expressed in several brain nuclei, intestinal mucosa, kidney,
adrenal cortex, chondrocytes, and lung. Only PKG-Iα and PKG-Iβ are expressed in
the vascular system. See [3] for a review. All types of PKG are homodimers. Each
monomer contains a regulatory and a catalytic domain. Each of the PKG regulatory
domains binds two cGMP molecules allosterically with high cooperativity. The
affinities of the two binding sites on each of the subunits of PKG-Iα differ by
approximately tenfold. Binding sites occupied by cGMP induce significant confor-
mation changes in the molecular structure. By that, autoinhibition of the catalytic
center is released, and the basal activity is increased. Hence, the phosphorylation of
serine/ threonine residues of the target proteins as well as of the
autophosphorylation site is possible. All four binding sites have to be occupied with
cGMP for the fully active holoenzyme PKG [17]. PKG-I mediates both receptor-
triggered and depolarization-induced vasorelaxation by several mechanisms. Many
of them are not entirely understood, and some of them are still unknown. In
general, PKG-mediated relaxation is induced either by attenuation of [Ca2+]i and/or
desensitization of the contractile apparatus. The first effect is achieved by nega-
tively affecting the “[Ca2+] i-on” mechanisms and by positively affecting the
“[Ca2+]i-off” mechanisms. On the [Ca2+]i-decoding part, PKG’s effect is concen-
trated mainly on the activation of the MLCP, which desensitizes the contractile
apparatus to [Ca2+]i [18].

3.2 “[Ca2+]i-on”mechanisms as targets of cGMP/PKG signaling

One of the primary targets of cGMP/PKG signaling to elevate [Ca2+]i is the IP3
receptor channel type 1 (IP3R1) and its correlated cGMP-associated kinase substrate
protein (IRAG). If IRAG is colocalized with IP3R1 and PKG-Iβ in the presence of
cGMP, it inhibits Ca2+ release through IP3R1 via its phosphorylation [19]. It was
shown that PKG-Iβ exclusively phosphorylated only the type 1 but not the type 2
and 3 IP3R in vivo and that both, PKG and PKA, phosphorylated IP3R1 in vitro in
gastric smooth muscles, which resulted in diminished IP3 and Ca2+-induced Ca2+

release (ICICR) from the SR [20]. In vivo experiments on mice with mutated IRAG,
which did not interact with IP3R, showed that PKG/IRAG/ IP3R interactions indeed
decrease the receptor-triggered [Ca2+]i and hence contraction [21]. In the in vitro
experiments, it was also shown that PKG-Iβ phosphorylated IRAG but not IP3R
[22]. The same was confirmed with COS-7 transfected cells where the phosphory-
lation of IRAG resulted in the reduced Ca2+ release during concurrent activation of
PKA and PKG. The effect was observed for all three IP3R sub-types [23]. It is
supposed that IRAG signaling does not modulate basal tone but might be important
for blood pressure regulation under pathophysiological conditions [24].

PKG-Iα may also attenuate receptor-activated contraction via inhibition of IP3
production mediated by GPCR signaling [25] and interfering with phospholipase
C-β (PLC-β) [26]. It has been shown that the isoform PKG-Iα binds, phosphory-
lates, and activates the regulator of G protein signaling 2 (RGS2), which terminates
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the signal transduction of the contractile agonists mediated by the Gq-coupled
receptors and terminates thereby the activity of PLC [25]. It was also proposed that
PKG-Iα/RGS2 pathway might inhibit hormone receptor-triggered Ca2+ release and
vasoconstriction in vivo [27]. It has also been shown that PKG can directly phos-
phorylate PLC-β in vitro in cultured COS-7 cells and in vivo in aortic VSMC, which
blocked the activation of the enzymes correlated with the G-protein subunits and
attenuated agonist-induced IP3 production and Ca2+ release [26].

There is also evidence that PKG may cause vasodilatation by suppressing the Ca2+

influx across the plasma membrane through the voltage-operated Ca2+ channels
(VOCC). cGMP/PKG has the opposite effect as cAMP/PKA on this type of channel.
The former inhibited and the latter enhanced L-type Ca2+ channel (LTCC) activity in
rabbit portal vein myocytes [28]. On the other hand, in rat cerebral arterial VSMC,
which express T-type Ca2+ channels (TTCC) PKA [29] and PKG [30] both had a
suppressing effect on their conductance. In both cases, a rightward shift of the
voltage-response curve was observed. A similar effect was observed for the
nonselective transient receptor potential cationic 1/3 channels (TRPC1/3) [31]. On
the other hand, the experiments on the macroscopic and single-channel Ca2+ currents
from guinea-pig basilar artery showed that the addition of 10 μM cGMP did not affect
single-channel properties, such as conductance, voltage dependence, the number of
open states, and different time constants, but significantly reduced the channel
availability [32].

3.3 “[Ca2+]i-off”mechanisms as targets of cGMP/PKG signaling

cGMP/PKG is supposed to enhance the activities of all three major Ca2+-removal
systems in VSMCs. The Primary [Ca2+]i-off mechanism is refilling the Ca2+ stores
via sarco�/endo- plasmic reticulum Ca2+-ATPase (SERCA). The increase in SERCA
activity in response to cGMP was first identified in isolated SR vesicles from cardiac
and smooth muscles [33]. Later it was demonstrated that NO-induced relaxation of
cultured VSMC from the aorta was associated with increased PKG-dependent
phospholamban (PLB) phosphorylation [34]. Using a solid-state nuclear magnetic
resonance (NMR) spectroscopy, it was found that PLB binds to SERCA allosterically
[35]. Moreover, the phosphorylation at Ser16 of PLB, which gradually lowers PLB
interaction with SERCA, was found to increase SERCA activity [35]. In gastric SMC,
cGMP-mediated Ca2+ uptake via SERCA was observed in vitro in a concentration-
dependent manner [36].

Experiments on cultured aortic VSMC provided evidence that cGMP also accel-
erates [Ca2+]i extrusion by stimulating the Na+/ Ca2+ exchangers (NCX) at different
Na+ concentrations [37]. cGMP increased both forward and reversed Na+/ Ca2+

exchange modes by approximately 50% after adding 500 μM of membrane-
permeable cGMP analog. The [Ca2+]i pumping activity gradually increased with
cGMP concentration. Phosphorylation by PKG was proposed as the underlying
mechanism for this effect [37].

Another cGMP/PKG-mediated [Ca2+]i-off mechanism is the plasma membrane
Ca2+ ATP-ase (PMCA). The evidence was first obtained with experiments on iso-
lated proteins [38] and experiments performed on cultured VSMC [39]. All results
suggested that the phosphorylation of the PMCA by PKG was responsible for
stimulating the Ca2+-pumping activity, which was 2.4-fold higher after adding
500 μM of membrane-permeable cGMP analog. The leftward shift in the pumping
activity vs. [Ca2+]i dependence was also observed [39]. Experiment on isolated and
purified PMCA from porcine aorta [40] confirmed the previous two results at much
smaller cGMP concentrations.
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nonselective transient receptor potential cationic 1/3 channels (TRPC1/3) [31]. On
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erates [Ca2+]i extrusion by stimulating the Na+/ Ca2+ exchangers (NCX) at different
Na+ concentrations [37]. cGMP increased both forward and reversed Na+/ Ca2+

exchange modes by approximately 50% after adding 500 μM of membrane-
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suggested that the phosphorylation of the PMCA by PKG was responsible for
stimulating the Ca2+-pumping activity, which was 2.4-fold higher after adding
500 μM of membrane-permeable cGMP analog. The leftward shift in the pumping
activity vs. [Ca2+]i dependence was also observed [39]. Experiment on isolated and
purified PMCA from porcine aorta [40] confirmed the previous two results at much
smaller cGMP concentrations.
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3.4 cGMP/PKG-dependent mechanisms that indirectly affect [Ca2+]i

The mechanisms by which cGMP/PKG signaling interferes with [Ca2+]i are
primarily linked with cell-membrane depolarization/hyperpolarization. Although
depolarization-induced contraction remains mostly unresolved, these mechanisms
are intensively studied [41]. One of the established targets of cGMP/PKG signaling
is the large-conductance Ca2+-activated K+ channel (BKCa). The modulation of
BKCa by different protein kinases in different smooth muscle tissues as well as the
sites and mechanisms of their action remain unresolved [42]. The activation BKCa
presumably hyperpolarises the cell membrane, thereby influences the gating of
voltage-operated Ca2+ channels and lowers [Ca2+]i. PKG-I is known to activate BKCa
either directly by phosphorylation [43] or indirectly via protein phosphatase regula-
tion [44]. Activation of BKCa in the presence of NO/cGMP in isolated rat afferent
arterioles attenuated extracellular Ca2+ influx upon KCl stimulation [45]. The role and
importance of BKCa in vasorelaxation were highlighted with the experiments
performed on BKCa-deficient mice. Their deletion led to a relatively mild increase in
blood pressure. However, it increased vascular tone in small arteries due to a com-
plete lack of spontaneous K+ efflux and, therefore, depolarised state of the mem-
brane, and reduced suppression of Ca2+ transients in response to cGMP [46].

Another mechanism by which cGMP/PKG signaling may affect [Ca2+]i influx is
via Ca2+-activated Cl� channels [47]. These type of channels was observed in VSMC
of mesenteric resistance arteries. Since their activation required phosphorylation,
was sensitive to PKG inhibitors, and was evoked by adding PKG, it is believed that
the effect of cGMP on the Cl� current is mediated through PKG [47]. The physio-
logical role of Ca2+-activated Cl� channels is ambiguous since their excessive acti-
vation would promote an inward Cl� current leading to cell depolarization,
activation of VOCC, increase in [Ca2+]i, and, hence, vasoconstriction.

Information on the effect of cGMP/PKG on Na+/K+ ATPase (NKA) [48] and
cotransport of Na+/K+/Cl� (NKCC) [49] in terms of VSMC physiology is very
limited and vague. However, these mechanisms have been implicated in the math-
ematical models [50, 51]. It was reported that cGMP might increase the activity of
NKCC in vascular SMC of rat thoracic aorta by up to 3.5-fold [49]. In the canine
pulmonary artery SMC, nitroprusside/cGMP-mediated relaxation was accompanied
by increase NKA activity [48].

3.5 cGMP/PKG signaling targeting the Ca2+-desensitization mechanisms

PKG may also cause vasodilatation by desensitizing the contractile apparatus in
response to elevated [Ca2+]i, resulting from either MLCP activation or MLCK deac-
tivation. Both effects lead to MLC dephosphorylation, myosin cross-bridge detach-
ment, and relaxation even at high [Ca2+]i. The enzyme MLCP plays a major role in
the Ca2+-desensitization since it is not directly Ca2+-dependent, and it embodies
various possibilities for regulating its activity [52]. These different options arise
from its complex structure and widespread distribution in different tissues. MLCP
holoenzyme is composed of three subunits – catalytic (PP1c), regulatory (MYPT1),
and a small subunit (M20/M21). It is a Ser/Thr phosphatase that belongs to the
protein phosphatase type 1 (PP1) family. Active PP1c is required for its catalytic
activity, while MYPT1 targets the enzyme to its substrates and also autoregulates
the catalytic activity of PP1c. This autoregulation emerges because MYPT1 contains
different, for its structure and activity important, phosphorylation sites. In human
sequence, these phosphorylation sites are Thr696 and Thr853, which are phosphor-
ylated by ROCK [53] and other agonist-induced kinases. There are also Ser695 and
Ser852 phosphorylation sites on MYPT1, which are phosphorylated by PKA and
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PKG [54]. The residues Ser695 and Thr696 as well as Ser852 and Thr853, are close
within the MYPT1 sequence, and thus phosphorylation of one site prevents the
phosphorylation of the neighboring site. It was proposed and also demonstrated
that PKA or PKG-dependent phosphorylation of Ser695 and Ser852 prevents the
phosphorylation of Thr696 and Thr853 and vice versa [12, 54, 55].

The current hypothesis is that the phosphorylation of Thr696 and Thr853
induces such structural changes in MYPT1 that these phosphorylated sites interact
with the MLCP catalytic subunit PP1c [56] and is supported by the fact that MYPT1
is quite flexible at this part of the structure. Moreover, the sequences around
Thr696 or Thr853 are similar to that of Ser19, where MLC is phosphorylated [57]. It
is hypothesized that P-Thr696 and P-Thr853 may represent either substrate analogs
to P-Ser19 of MLC or a potent autoinhibitory site docking to the PP1c catalytic
subunit of MLCP [56]. In all these scenarios, the MLCP-dependent rate of MLC
dephosphorylation is decreased. On the other hand, if MYPT is phosphorylated at
Ser695 and Ser852 beforehand, Thr696 and Thr853 phosphorylation is blocked
[54, 56].

Phosphorylation of Thr853 is a less potent inhibitor of MLCP than Thr696 [56].
It was also reported that PKA could phosphorylate all four sites, Ser695, Thr696,
Ser852, Thr853, simultaneously. However, such a form of MYPT1 did not inhibit
PP1c [58]. Another possibility of MLCP activity inhibition is binding the phosphor-
ylated form of PKC-potentiated phosphatase inhibitor protein of 17 kDa (CPI-17) to
the catalytic subunit PP1c. The phosphorylation increases the affinity of CPI-17 for
PP1c by approximately 1000-fold, resulting in suppressed MLCP activity [59]. CPI-
17 is expressed predominantly in tonic smooth muscles with slow and sustained
contraction, especially in VSMC from the aorta and femoral arteries. The enzymes
linked with the phosphorylation of CPI-17 are PKC, ROCK, zipper-interacting pro-
tein kinase (ZIPK), integrin-linked kinase (ILK). However, PKC and ROCK are
most commonly mentioned [60]. ROCK signaling interferes with PKG and PKA
signaling since PKA and PKG phosphorylate RhoA, the ROCK activator. Increased
level of RhoA phosphorylation attenuates ROCK activity. In this way, PKGmediates
vasorelaxation via reduced activity of ROCK and the correlated reduced inhibition
of MLCP. That leads to faster MLC dephosphorylation and relaxation [61].

The role of PKC and ROCK in the stimulation-contraction coupling is still not
well understood [62]. It is also possible that their role and importance in different
smooth muscles is different. However, it is believed that CPI-17 phosphorylation
and the corresponding inhibition of MLCP is the predominant process of the early
phase of contraction. It was reported that PKC is believed to be primarily responsi-
ble for fast CPI-17 phosphorylation during the early phase of vasoconstriction, and
ROCK was found responsible for slow, sustained CPI-17 phosphorylation during the
sustained phase of contraction [63]. On the other hand, in the rat airways, ROCK
activation and the consequent MLCP inhibition contributed to the early phase of the
smooth muscles’ contractile response. Whatever the agonist in that system was, the
ROCK inhibitor Y27632 did not modify the basal tension. Still, it decreased the
amplitude of the short duration response without altering the superimposed
delayed contraction [64]. That indicates that in rat airway SMC, ROCK plays a
major role in CPI-17 phosphorylation and that other kinases are responsible for
Thr696 and Thr853 phosphorylation [62].

Moreover, PKG may affect MLCP activity also by the phosphorylation of
telokin, which is a smooth muscle-specific protein whose sequence is identical to
that of the noncatalytic terminus of MLCK. Telokin does not increase MLCP activity
per se but acts synergistically with PKA and PKG [65]. By binding to either phos-
phorylated MYPT1 and/or phosphorylated MLC, telokin is supposed to facilitate the
interaction between the enzyme and its substrate and de-inhibits the auto-
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suppressed MLCP activity emerging from Thr696 and Thr853 phosphorylation.
This mechanism results in an increased rate of MLC dephosphorylation [66]. The
majority of the described mechanisms and targets of cGMP/PKG signaling are
summarized in Figure 1. 11 targets are depicted, from which 9 of them are
described by mathematical models presented in the following chapter.

4. Mathematical modeling of cGMP/PKG-mediated ionic fluxes and
Ca2+-desensitization of the contractile apparatus

The first attempt to build a whole-cell-like model of VSMC, also considering the
NO/sGC/cGMP signaling cascade, was performed by Yang et al. [67]. They
upgraded their existing models for rat cerebrovascular arteries [68]. The model [67]
predicted the NO-induced cGMP production and the corresponding attenuation of

Figure 1.
Molecular mechanisms and targets of cyclic guanosine monophosphate (cGMP)/protein kinase G (PKG)
signaling in vascular smooth muscle cells (VSMCs) described in chapters 4.1 to 4.9 (full dark red lines denoted
with Ch. 4.1 to 4.9) and others described in the text (dashed dark red lines). For explanation see text.
Abbreviations used: GPCR (G protein-coupled receptor), RGS2 (regulator of Gq protein signaling 2), Gq (G
protein), PLC (phospholipase C), PKC (protein kinase C), IP3 (inositol 1,4,5-trisphosphate), NO (nitric
oxide), NPR (natriuretic peptide receptor), NP (natriuretic peptide), GTP (guanosine 50-triphosphate),
cGMP (cyclic guanosine monophosphate), 5’-GMP (guanosine 50-monophosphate), pGC (particulate
guanylate cyclase), sGC (soluble guanylate cyclase), PDE5 (phosphodiesterase 5), BKCa (large-conductance
Ca2+-activated K+ channels), ClCa (Ca2+-dependent Cl� channels), VOCC (voltage-operated Ca2+ channel),
NCX (Na+/Ca2+ exchanger), NKA (Na+/K+-ATPase), NKCC (Na+/K+/Cl� cotransport), PMCA (plasma
membrane Ca2+-ATPase), RhoA (ROCK activator), ROCK (rho kinase), CPI-17 (PKC-potentiated
phosphatase inhibitor protein of 17 kDa), PP1c (MLCP catalytic subunit), MYPT1 (MLCP regulatory
subunit), M20 (MLCP small subunit), MLCP (myosin light chain phosphatase),T696/ T853 (threonine 696/
853 of the MYPT1), S695/S852 (serine 696/853 of the MYPT1), MLCK (myosin light chain kinase), MLC-
20 (20 kDa myosin light chain), Ca4CaM (calmodulin with bound 4 Ca2+), Ca2+-CaM (Ca2+-calmodulin
complexes), SR (sarcoplasmic reticulum), SERCA (sarco�/endo- plasmic reticulum Ca2+-ATPase), PLB
(phospholamban), [Ca2+]i (cytosolic Ca

2+ concentration), IRAG (IP3R1-correlated cGMP-associated kinase
substrate protein), IP3R1 (1,4,5-trisphosphate receptor channel type 1), P (phosphorylated form of protein).
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[Ca2+]i, Ca
2+-desensitization of the contractile apparatus, and the reduction in force.

In terms of cGMP-mediated target-regulation, they considered the effects on the
BKCa and the contractile mechanism. Model simulations reproduced major
NO/cGMP-induced VSMC relaxation effects. Additionally, cGMP was also consid-
ered in sGC desensitization, limiting cGMP production well below maximum [67].
The activating effect of NO/cGMP on BKCa was assumed as cGMP-dependent and
partially NO-dependent.

In 2007 and 2008, another two whole-cell-like models for VSMC were presented
[50, 51]. However, both focused only on [Ca2+]i signaling and did not consider the
processes of the contractile apparatus. Jacobsen et al. [50] focused primarily on the
role of Ca2+-dependent Cl� channels that may cause the transitions between differ-
ent types of [Ca2+]i signals in rat mesenteric small arteries upon α-adrenoreceptor
stimulation. Instead of cGMP’s influence on BKCa, they considered the cGMP-
dependent mechanisms of Ca2+-dependent Cl� channels and NKA. Kapela et al. [51]
focused primarily on the plasma membrane electrophysiological properties and
considered eleven ionic currents across the plasma membrane. Four of them con-
sidered cGMP-dependent mechanisms, i.e. Ca2+-dependent Cl� channels, BKCa,
NCX, and NKCC. The model’s purpose was to provide a working database of the rat
mesenteric SMC physiological data. It was considered as the building block of the
future multi-cellular models of the vascular wall [51].

4.1 The model of cGMP-mediated current through the large-conductance
Ca2+-activated K+ channels (BKCa)

BKCa is the most frequently modeled cGMP-dependent mechanism accounting
for [Ca2+]i signaling. The first model of Yang et al. [67] was based on the experi-
mental studies of Zhou et al. [69], who suggested that PKG stimulates the activity of
two isoforms of BKCa either by phosphorylation of the channel or its regulatory
proteins. The resultant effect on the potassium electric current (IK) was modeled
with a left-shift of the voltage dependency of equilibrium open probability (PK,o)
towards more negative potentials [67]. The complete mathematical description of
[68] follows the Hodgkin-Huxley formalism. The general expression forIK is:

IK ¼ gKPK,o Vm � VKð Þ, (1)

where gKis a channel conductance, PK,o is open probability or gating of the
channel and Vm � VKð Þ is the driving force of the current, where Vm is a membrane
potential, and the VK is the Nernst equilibrium potential. Eq. (1) is analogous to
Ohm’s law. The overall gating factor PK,o consists of two parts – a fast gating term
(PK,f ) and a slow gating term (PK,s):

PK,o ¼ f KPK,f þ sKPK,s, (2)

where f K is a fraction of fast channels, and sK is a fraction of slow channels. Fast
and slow gating terms are described with a first-order ordinary differential equation
for a biphasic (open-close) transition:

dPK,f

dt
¼ PK,o � PK,f

τK,f
, (3)

dPK,s

dt
¼ PK,o � PK,s

τK,s
, (4)
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proteins. The resultant effect on the potassium electric current (IK) was modeled
with a left-shift of the voltage dependency of equilibrium open probability (PK,o)
towards more negative potentials [67]. The complete mathematical description of
[68] follows the Hodgkin-Huxley formalism. The general expression forIK is:

IK ¼ gKPK,o Vm � VKð Þ, (1)

where gKis a channel conductance, PK,o is open probability or gating of the
channel and Vm � VKð Þ is the driving force of the current, where Vm is a membrane
potential, and the VK is the Nernst equilibrium potential. Eq. (1) is analogous to
Ohm’s law. The overall gating factor PK,o consists of two parts – a fast gating term
(PK,f ) and a slow gating term (PK,s):

PK,o ¼ f KPK,f þ sKPK,s, (2)

where f K is a fraction of fast channels, and sK is a fraction of slow channels. Fast
and slow gating terms are described with a first-order ordinary differential equation
for a biphasic (open-close) transition:

dPK,f

dt
¼ PK,o � PK,f

τK,f
, (3)

dPK,s

dt
¼ PK,o � PK,s

τK,s
, (4)
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where τK,f and τK,s are the characteristic opening times and PK,ois an equilibrium
open probability, which is a sigmoidal function of the membrane potential (Vm):

PK,o ¼ 1

1þ e� Vm�VK,1=2ð Þ=SK,0 : (5)

The parameter’s value S0,K represents the slope of the sigmoidal function, and its
sign defines the orientation (declining/ increasing). Typically, V1=2,K is a parameter
and represents the membrane potential, at which half-maximal value PK,o is
achieved; however, here, it is a function of [Ca2+]i, [cGMP], and [NO]:

VK,1=2 ¼ �VK,Ca log Ca2þ
� �

i

� �� VK,0 � VK,cGMPRK,cGMP � VK,NORK,NO, (6)

where VK,0 is a basal value of V1/2, and VK,NO, VK,cGMP and VK,Ca are maximal
induced shifts of V1/2 towards lower values, and, RK,cGMP and RK,NO are the
regulatory Hill functions:

RK,cGMP ¼ cGMP½ �ncGMP,K

cGMP½ �ncGMP,K þ KncGMP,K
cGMP,K

, (7)

RK,NO ¼ NO½ �nNO,K

NO½ �nNO,K þ KnNO,K
NO,K

, (8)

where ncGMP,K and nNO,K are the Hill coefficients and, KcGMP,K and KNO,K
are the half-saturation constants. The same notation for Hill function
parameters is used elsewhere in the text. The descriptions of all parameters are
given in tables.

Authors Kapela et al. [51] used almost the same approach as Yang et al. [67]. In
the former cas the authors used the Goldman-Hodgkin-Katz model to describe the
potassium flux IK :

IK ¼ AmNBKCaPK,oPBKCaVm
F2

RT
K½ �o � K½ �ie

F
RTVm

1� e F
RTVm

, (9)

where Am is a cell-membrane surface area, NBKCa is a channel density, PBKCa is a
single channel permeability, Vm is a membrane potential, [K]o and [K]i are the
external and internal potassium concentrations, respectively, F is a Faraday
constant, R is the universal gas constant, and T is the absolute temperature. These
cell-specific and general parameter values could be found in [51]. cGMP-dependent
gating PK,o is defined the same as above in Eqs. (2)–(8).

The comparison of parameter values presented in Table 1 reveals similarities but
also differences. The model of Kapela et al. [51] was written more specifically for
the rat mesenteric arteriole, whereby the parameters for the BKCa were such that
they fitted experimental data of [70]. In contrast, the model of Yang et al. [67] was
compared with the experimental data for rabbit femoral arteries [71], and the
parameters for BKca accounted for [72].

4.2 The model of cGMP-mediated current through the Ca2+ activated
Cl� channels (ClCa)

The model was first proposed by Jacobsen et al. [50] and was based on
the measurements performed on the rat mesenteric resistance arteries [47].
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The Cl� electric current (ICl) across the plasma membrane is defined as that for
potassium in Eq. (1):

ICl ¼ gClPCl,o Vm � VClð Þ, (10)

The expression for PCl,o is analogous to Eq. (3):

dPCl,o

dt
¼ PCl,o � PCl,o

τCl
, (11)

but the equilibrium open probability PCl,o is not defined according to the
Hodgkin-Huxley formalism but rather with an adapted Hill-type function:

PCl,o ¼ RcGMP,Cl
Ca2þ
� �nCa,Cl

i

Ca2þ
� �nCa,Cl

i þ KCa,cGMP,Cl 1� ρRcGMP,Clð Þð ÞnCa,Cl , (12)

where nCa,Cl, KCa,cGMP,Cl and ρ are parameters, and RcGMP,Cl is cGMP-dependent:

RcGMP,Cl ¼ cGMP½ �ncGMP,Cl

cGMP½ �ncGMP,Cl þ KncGMP,Cl
cGMP,Cl

: (13)

For ICl, Kapela et al. [51] used a similar approach as Jacobsen et al. [50].
However, the former authors applied slight modifications. The general description
of the Cl� current is the same as in [50] (Eq. (10)), only the expression PCl,o is
different. Kapela et al. [51] considered that a fraction of Ca2+-dependent Cl�

channels is cGMP dependent, and a fraction is cGMP-independent. That is evident
from the two terms within the expression for PCl,o:

Parameter Description Value [67] Value [51]

gK Overall maximal conductance of the BKCa 0.5 nS /

fK Fraction of fast channels 0.65 0.17

sK Fraction of slow channels 0.35 0.83

τK,f The characteristic time of fast-channel activation 0.5 ms 0.84 ms

τK,s The characteristic time of slow-channel activation 11.5 ms 35.9 ms

SK,0 The slope of the Povs. Vm function 30.8 mV 18.25 mV

VK,Ca Maximal Ca2+-induced V1/2 shift 53.7 mV 41.7 mV

VK,0 Basal V1/2value 283.7 mV 128.2 mV

VK,cGMP Maximal cGMP-induced V1/2 shift 66.9 mV 76 mV

VK,NO Maximal NO-induced V1/2 shift 100 mV 46.3 mV

ncGMP,K Hill coefficient 2 2

nNO,K Hill coefficient 1 1

KcGMP,K Half saturation constant in the regulatory cGMP-
dependent Hill function

0.55 μM 1.5 μM

KNO,K Half saturation constant in the regulatory NO-
dependent Hill function

0.2 μM 0.2 μM

Table 1.
Parameter values for the cGMP-dependent Ca2+-activated K+ (BKCa) current.
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where τK,f and τK,s are the characteristic opening times and PK,ois an equilibrium
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and represents the membrane potential, at which half-maximal value PK,o is
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regulatory Hill functions:

RK,cGMP ¼ cGMP½ �ncGMP,K

cGMP½ �ncGMP,K þ KncGMP,K
cGMP,K

, (7)
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, (8)

where ncGMP,K and nNO,K are the Hill coefficients and, KcGMP,K and KNO,K
are the half-saturation constants. The same notation for Hill function
parameters is used elsewhere in the text. The descriptions of all parameters are
given in tables.

Authors Kapela et al. [51] used almost the same approach as Yang et al. [67]. In
the former cas the authors used the Goldman-Hodgkin-Katz model to describe the
potassium flux IK :

IK ¼ AmNBKCaPK,oPBKCaVm
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RTVm

, (9)

where Am is a cell-membrane surface area, NBKCa is a channel density, PBKCa is a
single channel permeability, Vm is a membrane potential, [K]o and [K]i are the
external and internal potassium concentrations, respectively, F is a Faraday
constant, R is the universal gas constant, and T is the absolute temperature. These
cell-specific and general parameter values could be found in [51]. cGMP-dependent
gating PK,o is defined the same as above in Eqs. (2)–(8).

The comparison of parameter values presented in Table 1 reveals similarities but
also differences. The model of Kapela et al. [51] was written more specifically for
the rat mesenteric arteriole, whereby the parameters for the BKCa were such that
they fitted experimental data of [70]. In contrast, the model of Yang et al. [67] was
compared with the experimental data for rabbit femoral arteries [71], and the
parameters for BKca accounted for [72].

4.2 The model of cGMP-mediated current through the Ca2+ activated
Cl� channels (ClCa)

The model was first proposed by Jacobsen et al. [50] and was based on
the measurements performed on the rat mesenteric resistance arteries [47].
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The Cl� electric current (ICl) across the plasma membrane is defined as that for
potassium in Eq. (1):

ICl ¼ gClPCl,o Vm � VClð Þ, (10)

The expression for PCl,o is analogous to Eq. (3):

dPCl,o

dt
¼ PCl,o � PCl,o

τCl
, (11)

but the equilibrium open probability PCl,o is not defined according to the
Hodgkin-Huxley formalism but rather with an adapted Hill-type function:

PCl,o ¼ RcGMP,Cl
Ca2þ
� �nCa,Cl
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Ca2þ
� �nCa,Cl

i þ KCa,cGMP,Cl 1� ρRcGMP,Clð Þð ÞnCa,Cl , (12)

where nCa,Cl, KCa,cGMP,Cl and ρ are parameters, and RcGMP,Cl is cGMP-dependent:

RcGMP,Cl ¼ cGMP½ �ncGMP,Cl

cGMP½ �ncGMP,Cl þ KncGMP,Cl
cGMP,Cl

: (13)

For ICl, Kapela et al. [51] used a similar approach as Jacobsen et al. [50].
However, the former authors applied slight modifications. The general description
of the Cl� current is the same as in [50] (Eq. (10)), only the expression PCl,o is
different. Kapela et al. [51] considered that a fraction of Ca2+-dependent Cl�

channels is cGMP dependent, and a fraction is cGMP-independent. That is evident
from the two terms within the expression for PCl,o:

Parameter Description Value [67] Value [51]

gK Overall maximal conductance of the BKCa 0.5 nS /

fK Fraction of fast channels 0.65 0.17

sK Fraction of slow channels 0.35 0.83

τK,f The characteristic time of fast-channel activation 0.5 ms 0.84 ms

τK,s The characteristic time of slow-channel activation 11.5 ms 35.9 ms

SK,0 The slope of the Povs. Vm function 30.8 mV 18.25 mV

VK,Ca Maximal Ca2+-induced V1/2 shift 53.7 mV 41.7 mV

VK,0 Basal V1/2value 283.7 mV 128.2 mV

VK,cGMP Maximal cGMP-induced V1/2 shift 66.9 mV 76 mV

VK,NO Maximal NO-induced V1/2 shift 100 mV 46.3 mV

ncGMP,K Hill coefficient 2 2

nNO,K Hill coefficient 1 1

KcGMP,K Half saturation constant in the regulatory cGMP-
dependent Hill function

0.55 μM 1.5 μM

KNO,K Half saturation constant in the regulatory NO-
dependent Hill function

0.2 μM 0.2 μM
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Parameter values for the cGMP-dependent Ca2+-activated K+ (BKCa) current.
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PCl,o ¼ RI,Cl
Ca2þ
� �nCa,Cl

i

Ca2þ
� �nCa,Cl

i þ KnCa,Cl
Ca,Cl

þ RcGMP,Cl
Ca2þ
� �nCa,Cl

i

Ca2þ
� �nCa,Cl

i þ KCa,cGMP,Cl 1� ρRcGMP,Clð Þð ÞnCa,Cl , (14)

where RI,Cl is a cGMP-independent component and RcGMP,Cl is defined the same
as in Eq. (13). Parameter values and their descriptions are presented in Table 2.

The comparison of parameter values presented in Table 2 shows remarkable
similarity. However, there are two significant differences in the modeling approach.
Jacobsen et al. [50], who first proposed the cGMP-dependent model for ICl, defined
PCl,o as a time-dependent function, whereas Kapela et al. [51] proposed an equilib-
riummodel and omitted differential Eq. (11). On the other hand, they added a cGMP-
independent term (compare Eq. (12) and Eq. (14)). In both cases, the same reference
with experimental data for rat mesenteric arteries was used to determine the param-
eter values [47], except for the half-saturation constant in the cGMP-independent
term (KCa,Cl) of [51], which was determined for the rat portal vein SMC [73].

It is suggested that the effect of cGMP on Ca2+-activated Cl� current is not likely
to be essential for the tonic receptor-activated contractile response but rather for
the synchronization among VSMCs as between VSMCs and ECs [47, 50, 74].

4.3 The model of cGMP-mediated current through the Na+/Ca2+ exchanger
(NCX)

The framework for the mathematical description of the plasma membrane
Na+/Ca2+ exchange (NCX) (INCX) in Kapela et al. was taken from the model of Di
Francesco and Noble 1985 [75], which was developed for the atrial myocytes.
Kapela et al. [51] adjusted the maximal exchanger conductivity, which is much
lower in SMC than in atrial myocytes, and added the effect of cGMP according to
the measured results of [37]:

INCX ¼ INCX,sRNCX,cGMP
Naþ½ �3i Ca2þ

� �
oe

γVmF
RT � Naþ½ �3o Ca2þ

� �
ie

γ�1ð ÞVmF
RT

1þ dNCX Naþ½ �3o Ca2þ
� �

i � Naþ½ �3i Ca2þ
� �

o

� � , (15)

Parameter Description Values [50] Values [51]

gCl Overall maximal conductance 3.8 nS 5.75 nS

τCl The characteristic time constant of channel activation 50 ms /

nCa,Cl Hill coefficient 3 2

KCa,cGMP,Cl Half saturation constant in cGMP-dependent factor 0.4 μM 0.4 μM

ρ The determinant of cGMP influence on the half-
saturation constant

0.9 0.9

ncGMP,Cl Hill coefficient 3.3 3.3

KcGMP,Cl Half saturation constant in the regulatory cGMP-
dependent Hill function

6.4 μM 6.4 μM

KCa,Cl Half saturation constant in cGMP-independent term / 0.365 μM

RI,Cl Weight of the cGMP-independent term / 0.0132

Table 2.
Parameter values for the cGMP-dependent Ca2+-activated Cl� current.
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where INCX,s is a scaling factor for INCX, dNCX is the denominator constant, γ is
voltage-dependence parameter, and RNCX,cGMP is a cGMP-dependent regulatory
function:

RNCX,cGMP ¼ 1þ f NCX,cGMP
cGMP½ �

cGMP½ � þ KcGMP,NCX
, (16)

where f NCX,cGMP is an additional fold-increase in NCX current due to cGMP
and KcGMP,NCX is a half-saturation constant. Parameter values are presented in
Table 3.

In experiments [37], [Ca2+]i pumping activity gradually increased with cGMP
concentration. However, a 50% increase in Na+/ Ca2+ exchange was observed after
adding a large, probably unphysiological concentration (500 μM) of membrane-
permeable cGMP analog. Hence, the effects of low cGMP concentrations on the
overall [Ca2+]i and contractile response are expected to be small. That is also evident
from a large half-saturation constant (KcGMP,NCX) in the cGMP-dependent function
RNCX,cGMP. However, the overall effect should be tested by integrating all mecha-
nisms in a whole-cell-like VSMC model.

4.4 The model of cGMP-mediated current through the Na+/K+-ATPase (NKA)

The NKA pumps Na+ out and K+ in and has stoichiometry 3 Na+:2 K+. Jacobsen
et al. [50] modeled the whole-cell electric current through NKA (INaK) as in [68]:

INaK ¼ INaK,max
Kþ½ �i

Kþ½ �i þ KK,NaK

Naþ½ �nNaK,Na
i

Naþ½ �nNaK,Na
i þ KnNaK,Na

Na,NaK

Vm þ ΔV1

Vm þ ΔV2
, (17)

whereby the maximal current (INaK,max ) is considered as linearly cGMP-
dependent:

INaK,max ¼ k1,NaK,cGMP cGMP½ � � k2,NaK,cGMP: (18)

All parameter descriptions and their values are presented in Table 4.
In terms of membrane potential, increased NKA activity hyperpolarizes the

membrane and enhances the Ca2+ influx through VOCC, which is similar to the
effect of cGMP on BKCa. The effect of cGMP/PKG on NKA has not been studied
often. The mathematical model is built on a single measurement on purified pig
renal NKA at one single concentration of cGMP, which in addition to PKG increased
the activity 1.6-fold. cGMP alone did not change the activity, and PKG alone
increased it 1.2-fold [76]. Due to the lack of credible measurements, the reliability of
this model is limited.

Parameter Description Values [51]

INCX,s Current scaling factor 0.0487–0.487 pA

dNCX Denominator constant 3 � 10�4

γ Voltage-dependence parameter 0.45

f NCX,cGMP Additional fold increase in electric current due to cGMP 0.55

KcGMP,NCX Half saturation constant in cGMP-dependent term 45 μM

Table 3.
Parameter values for the cGMP-dependent Na+/ Ca2+ exchange (NCX) current.
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PCl,o ¼ RI,Cl
Ca2þ
� �nCa,Cl

i

Ca2þ
� �nCa,Cl

i þ KnCa,Cl
Ca,Cl

þ RcGMP,Cl
Ca2þ
� �nCa,Cl

i

Ca2þ
� �nCa,Cl

i þ KCa,cGMP,Cl 1� ρRcGMP,Clð Þð ÞnCa,Cl , (14)

where RI,Cl is a cGMP-independent component and RcGMP,Cl is defined the same
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PCl,o as a time-dependent function, whereas Kapela et al. [51] proposed an equilib-
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with experimental data for rat mesenteric arteries was used to determine the param-
eter values [47], except for the half-saturation constant in the cGMP-independent
term (KCa,Cl) of [51], which was determined for the rat portal vein SMC [73].

It is suggested that the effect of cGMP on Ca2+-activated Cl� current is not likely
to be essential for the tonic receptor-activated contractile response but rather for
the synchronization among VSMCs as between VSMCs and ECs [47, 50, 74].

4.3 The model of cGMP-mediated current through the Na+/Ca2+ exchanger
(NCX)

The framework for the mathematical description of the plasma membrane
Na+/Ca2+ exchange (NCX) (INCX) in Kapela et al. was taken from the model of Di
Francesco and Noble 1985 [75], which was developed for the atrial myocytes.
Kapela et al. [51] adjusted the maximal exchanger conductivity, which is much
lower in SMC than in atrial myocytes, and added the effect of cGMP according to
the measured results of [37]:
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� �
oe
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� �
ie

γ�1ð ÞVmF
RT
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� �
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� �

o

� � , (15)
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ρ The determinant of cGMP influence on the half-
saturation constant
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where INCX,s is a scaling factor for INCX, dNCX is the denominator constant, γ is
voltage-dependence parameter, and RNCX,cGMP is a cGMP-dependent regulatory
function:

RNCX,cGMP ¼ 1þ f NCX,cGMP
cGMP½ �

cGMP½ � þ KcGMP,NCX
, (16)

where f NCX,cGMP is an additional fold-increase in NCX current due to cGMP
and KcGMP,NCX is a half-saturation constant. Parameter values are presented in
Table 3.

In experiments [37], [Ca2+]i pumping activity gradually increased with cGMP
concentration. However, a 50% increase in Na+/ Ca2+ exchange was observed after
adding a large, probably unphysiological concentration (500 μM) of membrane-
permeable cGMP analog. Hence, the effects of low cGMP concentrations on the
overall [Ca2+]i and contractile response are expected to be small. That is also evident
from a large half-saturation constant (KcGMP,NCX) in the cGMP-dependent function
RNCX,cGMP. However, the overall effect should be tested by integrating all mecha-
nisms in a whole-cell-like VSMC model.

4.4 The model of cGMP-mediated current through the Na+/K+-ATPase (NKA)

The NKA pumps Na+ out and K+ in and has stoichiometry 3 Na+:2 K+. Jacobsen
et al. [50] modeled the whole-cell electric current through NKA (INaK) as in [68]:

INaK ¼ INaK,max
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Kþ½ �i þ KK,NaK

Naþ½ �nNaK,Na
i

Naþ½ �nNaK,Na
i þ KnNaK,Na

Na,NaK

Vm þ ΔV1

Vm þ ΔV2
, (17)

whereby the maximal current (INaK,max ) is considered as linearly cGMP-
dependent:

INaK,max ¼ k1,NaK,cGMP cGMP½ � � k2,NaK,cGMP: (18)

All parameter descriptions and their values are presented in Table 4.
In terms of membrane potential, increased NKA activity hyperpolarizes the

membrane and enhances the Ca2+ influx through VOCC, which is similar to the
effect of cGMP on BKCa. The effect of cGMP/PKG on NKA has not been studied
often. The mathematical model is built on a single measurement on purified pig
renal NKA at one single concentration of cGMP, which in addition to PKG increased
the activity 1.6-fold. cGMP alone did not change the activity, and PKG alone
increased it 1.2-fold [76]. Due to the lack of credible measurements, the reliability of
this model is limited.

Parameter Description Values [51]

INCX,s Current scaling factor 0.0487–0.487 pA

dNCX Denominator constant 3 � 10�4

γ Voltage-dependence parameter 0.45

f NCX,cGMP Additional fold increase in electric current due to cGMP 0.55

KcGMP,NCX Half saturation constant in cGMP-dependent term 45 μM

Table 3.
Parameter values for the cGMP-dependent Na+/ Ca2+ exchange (NCX) current.
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4.5 The model of cGMP-mediated current through the Na+/K+/Cl�

cotransporter (NKCC)

Instead of cGMP-dependent NKA, Kapela et al. [51] modeled the cGMP influ-
ence on the Na+/K+/Cl� cotransport (NKCC) having the 1:1:2 stoichiometry. The
expression describing the electric current for a particular ion (IiNaKCl, where i is
either Na, K, or Cl) was taken from [77] and upgraded with a cGMP dependency.
According to [77], electric currents of individual ions are defined according to the
valence (Z) and the stoichiometry:

INa
NaKCl ¼ IKNaKCl ¼ � 1

2
IClNaKCl: (19)

Here only the electric current for Cl� (IClNaKCl) is written:

IClNaKCl ¼ �INaKClZClRNaKCl,cGMP ln
Naþ½ �o
Naþ½ �i

Kþ½ �o
Kþ½ �i

Cl�½ �o
Cl�½ �i

� �2
 !

, (20)

where ZCl is the valence of Cl
�, INaKCl is a cotransport current coefficient, and

Naþ½ �, Kþ½ � and Cl�½ � are the corresponding concentrations outside and inside
(subscripts o and i, respectively) of the cell. RNaKCl,cGMP represents the cGMP-
dependent regulation factor that is defined as:

RNaKCl,cGMP ¼ 1þ f NaKCl,cGMP
cGMP½ �

cGMP½ � þ KcGMP,NaKCl
, (21)

where f NaKCl,cGMP is a fold-increase in cotransport current due to cGMP. All
parameters and their values are presented in Table 5.

Very little is known about the effect of cGMP on the NKCC. The model is more
or less built on one single reference [49], which also offers limited information for

Parameter Description Values [51]

INaKCl Cotransport current coefficient 0.106 pA

f NaKCl,cGMP Additional fold-increase in electric current due to cGMP 3.5

KcGMP,NaKCl Half-saturation constant in cGMP-dependent factor 6.4 μM

Table 5.
Parameter values for the cGMP-dependent Na+/K+/Cl� cotransport (NKCC) current.

Parameter Description Values [50]

KK,NaK Half-saturation constant 1 mM

KNa,NaK Half-saturation constant 11 mM

nNaK,Na Hill coefficient 1.5

ΔV1 Electric potential shift 150 mV

ΔV2 Electric potential shift 200 mV

k1,NaK,cGMP cGMP-concentration weighted electric current 30 pA/μM

k2,NaK,cGMP Electric current constant 30 pA
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determining the reliable parameter values. The knowledge of the overall impact of
NKCC on VSMC contraction is lacking. Hence, their inclusion in the cGMP-
dependent mechanisms seems speculative.

4.6 The model of cGMP-mediated Ca2+ flux through the sarco�/endo-plasmic
reticulum Ca2+-ATPase (SERCA)

Here we present a novel model of cGMP-dependent activation of the SERCA
pump based on the solid-state NMR spectroscopy measurements [35] and the mea-
surements performed on the isolated gastric SMC [36]. The former experiment [35]
revealed the physical interactions between the SERCA and the PLB in either a
phosphorylated or dephosphorylated state, and the latter experiment [36] offered
the results on the increase in Ca2+ uptake as a function of cGMP. The experiments
performed on isolated lipid bilayer-bound proteins revealed that the PLB-
dependent SERCA activity regulation is allosteric and that SERCA activity depends
on the transient conformational equilibrium states of PLB [35]. It was found that
phosphorylation at Ser16 of PLB shifts the conformation of PLB towards a more
extended and SERCA-bound state, which is non-inhibitory [35]. Phosphorylation of
PLB was induced by β-adrenergic stimulation, and it was supposed that the phos-
phorylation was cAMP/PKA dependent [35]. However, the cGMP/PKG-I depen-
dent phosphorylation of PLB at Ser16 in contact with SERCA was previously shown
in vitro [33]. Gustavsson et al. [35] proposed that PLB does not function as a simple
on/off switch of SERCA. Still, its different conformational equilibrium states exert a
gradual control on SERCA activity. PLB phosphorylation does not cause complete
dissociation of PLB from SERCA, but it influences the conformational equilibrium
of PLB’s regulatory domain and shifts its populations towards the non-inhibitory
state. That relieves the inhibition of SERCA [35]. According to [35], different PLB/
SERCA states exhibit functioning that follows Michaelis–Menten kinetics with the
same Hill coefficient (n) and same (Vmax) but different half-saturation constant
(Km), which is lower for higher relaxation-agonist level. Since the effect of cGMP
solely on the half-saturation constant could not explain the increase in Ca2+ uptake
as a function of high cGMP concentration that was observed in vitro in gastric SMC
[36], we upgraded the model also by adding a cGMP-dependent regulatory factor
into the parameter Vmax of the standard Michaelis–Menten kinetics, which for
SERCA reads:

JSERCA ¼ VSERCA,min RSERCA,cGMP
Ca2þ
� �nSERCA,Ca

i

Ca2þ
� �nSERCA,Ca

i þ RnSERCA,Ca
Ca,cGMPK

nSERCA ,Ca

Ca,SERCA,max

, (22)

where RSERCA,cGMP is a cGMP-dependent pumping rate regulatory factor, which
is according to [36] an increasing Hill function superimposed on the basal pumping
rate VSERCA,min . The Hill function represents the best fit to the measured data of
cGMP dependent increase in Ca2+ uptake [36]:

RSERCA,cGMP ¼ 1þ f SERCA,cGMP
cGMP½ �nSERCA,cGMP,V

cGMP½ �nSERCA,cGMP,V þ KnSERCA,cGMP,V
cGMP,SERCA,V

: (23)

RCa,cGMP is a cGMP-dependent half-saturation constant regulatory factor in the
Eq. (22), which is according to the measurements [35] a decaying Hill function:

RCa,cGMP ¼ 1� f Ca,cGMP
cGMP½ �nSERCA,cGMP,K

cGMP½ �nSERCA,cGMP,K þ KnSERCA,cGMP,K
cGMP,SERCA,K

: (24)
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4.5 The model of cGMP-mediated current through the Na+/K+/Cl�

cotransporter (NKCC)

Instead of cGMP-dependent NKA, Kapela et al. [51] modeled the cGMP influ-
ence on the Na+/K+/Cl� cotransport (NKCC) having the 1:1:2 stoichiometry. The
expression describing the electric current for a particular ion (IiNaKCl, where i is
either Na, K, or Cl) was taken from [77] and upgraded with a cGMP dependency.
According to [77], electric currents of individual ions are defined according to the
valence (Z) and the stoichiometry:

INa
NaKCl ¼ IKNaKCl ¼ � 1

2
IClNaKCl: (19)

Here only the electric current for Cl� (IClNaKCl) is written:

IClNaKCl ¼ �INaKClZClRNaKCl,cGMP ln
Naþ½ �o
Naþ½ �i

Kþ½ �o
Kþ½ �i

Cl�½ �o
Cl�½ �i

� �2
 !

, (20)

where ZCl is the valence of Cl
�, INaKCl is a cotransport current coefficient, and

Naþ½ �, Kþ½ � and Cl�½ � are the corresponding concentrations outside and inside
(subscripts o and i, respectively) of the cell. RNaKCl,cGMP represents the cGMP-
dependent regulation factor that is defined as:

RNaKCl,cGMP ¼ 1þ f NaKCl,cGMP
cGMP½ �

cGMP½ � þ KcGMP,NaKCl
, (21)

where f NaKCl,cGMP is a fold-increase in cotransport current due to cGMP. All
parameters and their values are presented in Table 5.

Very little is known about the effect of cGMP on the NKCC. The model is more
or less built on one single reference [49], which also offers limited information for

Parameter Description Values [51]

INaKCl Cotransport current coefficient 0.106 pA

f NaKCl,cGMP Additional fold-increase in electric current due to cGMP 3.5

KcGMP,NaKCl Half-saturation constant in cGMP-dependent factor 6.4 μM

Table 5.
Parameter values for the cGMP-dependent Na+/K+/Cl� cotransport (NKCC) current.

Parameter Description Values [50]

KK,NaK Half-saturation constant 1 mM

KNa,NaK Half-saturation constant 11 mM

nNaK,Na Hill coefficient 1.5

ΔV1 Electric potential shift 150 mV

ΔV2 Electric potential shift 200 mV

k1,NaK,cGMP cGMP-concentration weighted electric current 30 pA/μM

k2,NaK,cGMP Electric current constant 30 pA

Table 4.
Parameter values for the cGMP-dependent current trough Na+/K+-ATPase (NKA).

100

Muscle Cell and Tissue - Novel Molecular Targets and Current Advances

determining the reliable parameter values. The knowledge of the overall impact of
NKCC on VSMC contraction is lacking. Hence, their inclusion in the cGMP-
dependent mechanisms seems speculative.

4.6 The model of cGMP-mediated Ca2+ flux through the sarco�/endo-plasmic
reticulum Ca2+-ATPase (SERCA)

Here we present a novel model of cGMP-dependent activation of the SERCA
pump based on the solid-state NMR spectroscopy measurements [35] and the mea-
surements performed on the isolated gastric SMC [36]. The former experiment [35]
revealed the physical interactions between the SERCA and the PLB in either a
phosphorylated or dephosphorylated state, and the latter experiment [36] offered
the results on the increase in Ca2+ uptake as a function of cGMP. The experiments
performed on isolated lipid bilayer-bound proteins revealed that the PLB-
dependent SERCA activity regulation is allosteric and that SERCA activity depends
on the transient conformational equilibrium states of PLB [35]. It was found that
phosphorylation at Ser16 of PLB shifts the conformation of PLB towards a more
extended and SERCA-bound state, which is non-inhibitory [35]. Phosphorylation of
PLB was induced by β-adrenergic stimulation, and it was supposed that the phos-
phorylation was cAMP/PKA dependent [35]. However, the cGMP/PKG-I depen-
dent phosphorylation of PLB at Ser16 in contact with SERCA was previously shown
in vitro [33]. Gustavsson et al. [35] proposed that PLB does not function as a simple
on/off switch of SERCA. Still, its different conformational equilibrium states exert a
gradual control on SERCA activity. PLB phosphorylation does not cause complete
dissociation of PLB from SERCA, but it influences the conformational equilibrium
of PLB’s regulatory domain and shifts its populations towards the non-inhibitory
state. That relieves the inhibition of SERCA [35]. According to [35], different PLB/
SERCA states exhibit functioning that follows Michaelis–Menten kinetics with the
same Hill coefficient (n) and same (Vmax) but different half-saturation constant
(Km), which is lower for higher relaxation-agonist level. Since the effect of cGMP
solely on the half-saturation constant could not explain the increase in Ca2+ uptake
as a function of high cGMP concentration that was observed in vitro in gastric SMC
[36], we upgraded the model also by adding a cGMP-dependent regulatory factor
into the parameter Vmax of the standard Michaelis–Menten kinetics, which for
SERCA reads:

JSERCA ¼ VSERCA,min RSERCA,cGMP
Ca2þ
� �nSERCA,Ca

i

Ca2þ
� �nSERCA,Ca

i þ RnSERCA,Ca
Ca,cGMPK

nSERCA ,Ca

Ca,SERCA,max

, (22)

where RSERCA,cGMP is a cGMP-dependent pumping rate regulatory factor, which
is according to [36] an increasing Hill function superimposed on the basal pumping
rate VSERCA,min . The Hill function represents the best fit to the measured data of
cGMP dependent increase in Ca2+ uptake [36]:

RSERCA,cGMP ¼ 1þ f SERCA,cGMP
cGMP½ �nSERCA,cGMP,V

cGMP½ �nSERCA,cGMP,V þ KnSERCA,cGMP,V
cGMP,SERCA,V

: (23)

RCa,cGMP is a cGMP-dependent half-saturation constant regulatory factor in the
Eq. (22), which is according to the measurements [35] a decaying Hill function:

RCa,cGMP ¼ 1� f Ca,cGMP
cGMP½ �nSERCA,cGMP,K

cGMP½ �nSERCA,cGMP,K þ KnSERCA,cGMP,K
cGMP,SERCA,K

: (24)
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All parameter values and their descriptions are presented in Table 6.
It has to be noted that the parameter values for Eq. (25) were determined by the

best fit to only three measured values from [35], and that KSERCA,Ca,max is consid-
ered the same as in the existing model for VSMC [50]. In the case of VSERCA,min , the
best fit was done to five measured points [36].

The significance of the cGMP effect on SERCA is still debated, and it is chal-
lenging to consider it independently of other [Ca2+]i-off mechanisms. It is suggested
[78] that cGMP-dependent SERCA activity can play a significant role in modulating
smooth muscle [Ca2+]i, but its role in the cGMP-mediated relaxation is minor.
Therefore, it would be worth testing the significance of that mechanism on the
whole-cell-like VSMC model.

4.7 The model of cGMP-mediated current through the plasma membrane
Ca2+-ATPase (PMCA)

Yoshida et al. [40] demonstrated that PKG phosphorylated and stimulated
PMCA in a concentration-dependent manner. The experiment was conducted on
isolated and purified PMCA from the porcine aorta. Much smaller - physiological
cGMP concentration, 1 μM, than in previous experiments (500 μM) [38, 39], was
added to 10 μg/mL (roughly 0.2 μM) PKG at different free Ca2+ concentrations.
That increased PMCA activity by approximately 3-fold over the whole range of Ca2+

concentrations and slightly shifted the pumping activity towards the left. cGMP
alone did not affect the pump activity [40]. In modeling these effects, we use a
similar approach as for SERCA, which obeys Michaelis–Menten kinetics. However,
previous studies [50, 79] also included weak membrane-potential-dependence,
which we also consider here:

IPMCA ¼ IPMCA,min RPMCA,cGMP
Ca2þ
� �nPMCA,Ca

i

Ca2þ
� �nPMCA,Ca

i þ K
nPMCA ,Ca

Ca,PMCA

1þ Vm � kβ
kα

� �
, (25)

Parameter Description Value References

nSERCA,Ca Hill coefficient 2.5 [50]

VSERCA,min Minimal Ca2+ pumping rate 1.88 � 103 μM/s [50]

f SERCA,cGMP Additional fold increase in SERCA activity due
to cGMP

1.44 Recalculated by
fitting from [36]

KcGMP,SERCA,V Half-saturation constant in the cGMP-
dependent regulatory Hill function

1.44 � 102 μM Recalculated by
fitting from [36]

nSERCA,cGMP,V Hill coefficient 0.092 Recalculated by
fitting from [36]

KCa,SERCA,max Maximal value of SERCA half-saturation
constant

0.07 μM [50]

f Ca,cGMP Additional fold decrease in SERCA activity
due to cGMP

70 Recalculated by
fitting from [36]

KcGMP,SERCA,K Half saturation constant in the cGMP-
dependent regulatory Hill function

0.1 μM Recalculated by
fitting from [35]

nSERCA,cGMP,K Hill coefficient 1.2 Recalculated by
fitting from [35]

Table 6.
Parameter values for the cGMP-dependent Ca2+ efflux via SERCA.
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where IPMCA,min is a minimal pumping rate translated into electric current,
which is, according to [40], a function of PKG. Yoshida et al. [40] conducted all
their experiments at variable PKG concentrations and 5 to 20 times higher cGMP
concentration. Since all our functions were written as cGMP-dependent, we trans-
late PKG concentrations into cGMP by considering the active PKG:cGMP molar
ratio 1:4. The Hill function fitted to measured data [40] is superimposed on the
basal pumping current IPMCA,min and is here represented as a cGMP-dependent
regulatory factor:

RPMCA,cGMP ¼ 1þ f PMCA,cGMP
cGMP½ �nPMCA,cGMP

cGMP½ �nPMCA,cGMP þ KnPMCA,cGMP
cGMP,PMCA

: (26)

Parameter values and their descriptions are presented in Table 7.
In Eq. (25), KCa,PMCA is a half-saturation constant. The value was determined by

fitting the Hill function to two sets of measured data [40], the control case, and the
PKG-dependent case, with 0.2 μMPKG and 1 μMcGMP. For the former case, the value
is 0.22 μM, and for the latter case, it is 0.14 μM. Since the change is rather small and
there are only two measured values available, we do not assume cGMP dependency in
this case. That decision is also supported by the results of [39] where the left-shift in
that value was only by 27% at supramaximal membrane-permeable cGMP analog
concentration (500 μM).We propose here the average value. Elsewhere the value is
similar (0.2 μM) [50, 79] and 0.17 μM [51]. nPMCA,Ca is also determined by fitting to the
same set of measured data [40]. The values were 0.7 and 0.5 for the control and the
PKG-dependent case, respectively. We propose here an average. Value 1 was used
elsewhere [50, 51, 79]. Fold-increase in electric current due to cGMP is quite large and
might impact the [Ca2+]i, which the whole-cell-like model could demonstrate.

4.8 The model of cGMP-mediated Ca2+ flux through the inositol
1,4,5-trisphosphate (IP3) receptor channels type 1 (IP3R1)

4.8.1 Variant A

The proposed model for cGMP-mediated IP3R1 deactivation is also presented
here for the first time. The framework of the proposed mechanism is the model of

Parameter Description Value References

nPMCA,Ca Hill coefficient 0.6 Recalculated by fitting from [40]

IPMCA,min Minimal Ca2+ pumping current 0.90 pA [50]

KCa,PMCA Half-saturation constant in Ca2
+-dependent factor

0.18 μM Recalculated by fitting from [40]

kβ PMCA voltage sensitivity constant �100 mV [50]

kα PMCA voltage sensitivity constant 250 mV [50]

f PMCA,cGMP Additional fold-increase in electric
current due to cGMP

3 Recalculated by fitting from [40]

KcGMP,PMCA Half-saturation constant in the
cGMP-dependent regulatory Hill

function

0.50 μM Recalculated by fitting from [40]

nPMCA,cGMP Hill coefficient 1.7 Recalculated by fitting from [40]

Table 7.
Parameter values for the cGMP-dependent Ca2+ current via PMCA.
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All parameter values and their descriptions are presented in Table 6.
It has to be noted that the parameter values for Eq. (25) were determined by the

best fit to only three measured values from [35], and that KSERCA,Ca,max is consid-
ered the same as in the existing model for VSMC [50]. In the case of VSERCA,min , the
best fit was done to five measured points [36].

The significance of the cGMP effect on SERCA is still debated, and it is chal-
lenging to consider it independently of other [Ca2+]i-off mechanisms. It is suggested
[78] that cGMP-dependent SERCA activity can play a significant role in modulating
smooth muscle [Ca2+]i, but its role in the cGMP-mediated relaxation is minor.
Therefore, it would be worth testing the significance of that mechanism on the
whole-cell-like VSMC model.

4.7 The model of cGMP-mediated current through the plasma membrane
Ca2+-ATPase (PMCA)

Yoshida et al. [40] demonstrated that PKG phosphorylated and stimulated
PMCA in a concentration-dependent manner. The experiment was conducted on
isolated and purified PMCA from the porcine aorta. Much smaller - physiological
cGMP concentration, 1 μM, than in previous experiments (500 μM) [38, 39], was
added to 10 μg/mL (roughly 0.2 μM) PKG at different free Ca2+ concentrations.
That increased PMCA activity by approximately 3-fold over the whole range of Ca2+

concentrations and slightly shifted the pumping activity towards the left. cGMP
alone did not affect the pump activity [40]. In modeling these effects, we use a
similar approach as for SERCA, which obeys Michaelis–Menten kinetics. However,
previous studies [50, 79] also included weak membrane-potential-dependence,
which we also consider here:

IPMCA ¼ IPMCA,min RPMCA,cGMP
Ca2þ
� �nPMCA,Ca

i

Ca2þ
� �nPMCA,Ca

i þ K
nPMCA ,Ca

Ca,PMCA

1þ Vm � kβ
kα

� �
, (25)

Parameter Description Value References

nSERCA,Ca Hill coefficient 2.5 [50]

VSERCA,min Minimal Ca2+ pumping rate 1.88 � 103 μM/s [50]

f SERCA,cGMP Additional fold increase in SERCA activity due
to cGMP

1.44 Recalculated by
fitting from [36]

KcGMP,SERCA,V Half-saturation constant in the cGMP-
dependent regulatory Hill function

1.44 � 102 μM Recalculated by
fitting from [36]

nSERCA,cGMP,V Hill coefficient 0.092 Recalculated by
fitting from [36]

KCa,SERCA,max Maximal value of SERCA half-saturation
constant

0.07 μM [50]

f Ca,cGMP Additional fold decrease in SERCA activity
due to cGMP

70 Recalculated by
fitting from [36]

KcGMP,SERCA,K Half saturation constant in the cGMP-
dependent regulatory Hill function

0.1 μM Recalculated by
fitting from [35]

nSERCA,cGMP,K Hill coefficient 1.2 Recalculated by
fitting from [35]

Table 6.
Parameter values for the cGMP-dependent Ca2+ efflux via SERCA.
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where IPMCA,min is a minimal pumping rate translated into electric current,
which is, according to [40], a function of PKG. Yoshida et al. [40] conducted all
their experiments at variable PKG concentrations and 5 to 20 times higher cGMP
concentration. Since all our functions were written as cGMP-dependent, we trans-
late PKG concentrations into cGMP by considering the active PKG:cGMP molar
ratio 1:4. The Hill function fitted to measured data [40] is superimposed on the
basal pumping current IPMCA,min and is here represented as a cGMP-dependent
regulatory factor:

RPMCA,cGMP ¼ 1þ f PMCA,cGMP
cGMP½ �nPMCA,cGMP

cGMP½ �nPMCA,cGMP þ KnPMCA,cGMP
cGMP,PMCA

: (26)

Parameter values and their descriptions are presented in Table 7.
In Eq. (25), KCa,PMCA is a half-saturation constant. The value was determined by

fitting the Hill function to two sets of measured data [40], the control case, and the
PKG-dependent case, with 0.2 μMPKG and 1 μMcGMP. For the former case, the value
is 0.22 μM, and for the latter case, it is 0.14 μM. Since the change is rather small and
there are only two measured values available, we do not assume cGMP dependency in
this case. That decision is also supported by the results of [39] where the left-shift in
that value was only by 27% at supramaximal membrane-permeable cGMP analog
concentration (500 μM).We propose here the average value. Elsewhere the value is
similar (0.2 μM) [50, 79] and 0.17 μM [51]. nPMCA,Ca is also determined by fitting to the
same set of measured data [40]. The values were 0.7 and 0.5 for the control and the
PKG-dependent case, respectively. We propose here an average. Value 1 was used
elsewhere [50, 51, 79]. Fold-increase in electric current due to cGMP is quite large and
might impact the [Ca2+]i, which the whole-cell-like model could demonstrate.

4.8 The model of cGMP-mediated Ca2+ flux through the inositol
1,4,5-trisphosphate (IP3) receptor channels type 1 (IP3R1)

4.8.1 Variant A

The proposed model for cGMP-mediated IP3R1 deactivation is also presented
here for the first time. The framework of the proposed mechanism is the model of

Parameter Description Value References

nPMCA,Ca Hill coefficient 0.6 Recalculated by fitting from [40]

IPMCA,min Minimal Ca2+ pumping current 0.90 pA [50]

KCa,PMCA Half-saturation constant in Ca2
+-dependent factor

0.18 μM Recalculated by fitting from [40]

kβ PMCA voltage sensitivity constant �100 mV [50]

kα PMCA voltage sensitivity constant 250 mV [50]

f PMCA,cGMP Additional fold-increase in electric
current due to cGMP

3 Recalculated by fitting from [40]

KcGMP,PMCA Half-saturation constant in the
cGMP-dependent regulatory Hill

function

0.50 μM Recalculated by fitting from [40]

nPMCA,cGMP Hill coefficient 1.7 Recalculated by fitting from [40]

Table 7.
Parameter values for the cGMP-dependent Ca2+ current via PMCA.
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the Ca2+ efflux via IP3R1 as proposed by [50]. That model is upgraded here
according to the experimental data of [36], with an additional regulatory factor
RIR1,cGMP, which accounts for the drop in Ca2+ release after IP3 stimulation with
increasing cGMP levels [36]. General description of the Ca2+ flux across the SR
membrane through the IP3R1 channels (JIR1) follows [50]:

JIR1 ¼ gIR1PIR1 Ca2þ
� �

SR � Ca2þ
� �

i

� �
, (27)

where gIR1is an overall maximal rate of the channel permeability and PIR1is the
channel open probability, which is a biphasic bell-shaped function of [Ca2+]i, and is
also dependent on the cytosolic IP3 and sarcoplasmic Ca2+ concentrations ([IP3] and
[Ca2+]SR, respectively). It is modeled as in [50, 80]:

PIR1 ¼ f IR1,A 1� f IR1,I
� �

RIR1,cGMP
IP3½ �nIP3

IP3½ �nIP3 þ KnIP3
IP3

Ca2þ
� �nSR

SR

Ca2þ
� �nSR

SR þ KnSR
Ca,SR

: (28)

The regulatory factor RIR1,cGMP is a decaying Hill function that depends on the
cGMP concentration and is an upgrade from the previous model [50]. The proposed
function is the best fit to the measured decay of IP3-induced Ca2+ release as a
function of cGMP concentration in isolated gastric SMC [36]:

RIR1,cGMP ¼ 1� f IR1,cGMP
cGMP½ �nIR1,cGMP

cGMP½ �nIR1,cGMP þ KnIR1,cGMP
cGMP,IR1

, (29)

where f IR1,cGMP is an additional fold decrease in the channel open probability due
to cGMP. f IR1,A, and f IR1,I in Eq. (29) are the fractions of the channel population
occupied by [Ca2+]i at the activation sites and inactivation sites, respectively. In this
way, the bell-shaped dependency on [Ca2+]i is achieved. Since activation is a fast
process, it is considered to be in the equilibrium:

f IR1,A ¼ Ca2þ
� �nA

i

Ca2þ
� �nA

i þ KnA
Ca,A

, (30)

whereas the Ca2+-dependent IP3R1 inhibition is considered as slow and is
therefore modeled with the first-order kinetics as in Eq. (3):

df IR1,I
dt

¼ f IR1,I � f IR1,I
τIR1,I

, (31)

where f IP31,I is the fraction of the inhibited state in equilibrium, which follows a
Hill function:

f IR1,I ¼
Ca2þ
� �nI

i

Ca2þ
� �nI

i þ KnI
Ca,I

: (32)

Description of all parameters and their values are presented in Table 8.

4.8.2 Variant B

Other results of Murthy and Zhou [20] provide another possible model descrip-
tion of cGMP-dependent IP3R1 inhibition. The experiment offers direct PKG or
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cGMP dependency of IP3-dependent Ca
2+ flux. The cGMP/PKG mediated phos-

phorylation of IP3R1 in microsomes was confirmed in the accompanying experi-
ment by immunoprecipitation. Hence, Murthy and Zhou [20] measured Ca2+

release through the phosphorylated IP3R1 within smooth muscle microsomes at
different IP3 concentrations. Prior to measurements, microsomes were either
treated with 0.5 μM PKG-Iα holoenzyme and 10 μM cGMP or left intact (control).
Ca2+ release was determined from the decrease in the steady-state microsomal
radioactive Ca2+ isotope content. In this way, two dose–response curves were
obtained [20]. Their best fits with a Hill function reveal almost the same Hill
coefficients (0.49 and 0.42, for the control and cGMP/PKG treated case, respec-
tively) and the same Vmax (100%) but significantly different half-saturation con-
stants Km, 1.17 � 10�3 μM and 2.35 μM, for the control and the cGMP/PKG treated
case, respectively. These two measured values represent two points to which any
function could virtually be fitted. Since this is highly unrealistic, we propose the use
of competitive, reversible enzyme inhibition kinetics, where cGMP represents an
inhibitor in the IP3-dependent open probability function:

OPIP3,cGMP ¼ IP3½ �nIP3
IP3½ �nIP3 þ KnIP3

IP3,cGMP
, (33)

where KIP3,cGMP is:

KIP3,cGMP ¼ KIP3,0 1þ cGMP½ �
Ki,cGMP

� �
: (34)

Parameter Description Value References

gIR1 Maximal permeability rate of the channel 30 s�1 [50]

KIP3 Half saturation constant in the IP3-dependent
regulatory Hill function

0.65 μM [50]

KCa,SR Half saturation constant in the sarcoplasmic Ca2+-
dependent regulatory Hill function

2 � 103 μM [50]

nIP3 Hill coefficient 4 [50]

nSR Hill coefficient 2 [50]

f IR1,cGMP Additional fold decrease in the channel open
probability due to cGMP

0.645 Recalculated by
fitting from [36]

KcGMP,IR1 Half saturation constant in the cGMP-dependent
regulatory Hill function

24.6 μM Recalculated by
fitting from [36]

nIR1,cGMP Hill coefficient 0.47 Recalculated by
fitting from [36]

KCa,A Half saturation constant in the cytosolic Ca2+-
dependent regulatory Hill function

0.13 μM [50]

nA Hill coefficient 4 [50]

τIR1,I Characteristic transition time 6.0 s [50]

KCa,I Half saturation constant in the cytosolic Ca2+-
dependent regulatory Hill function

0.35 μM [50]

nI Hill coefficient 4 [50]

Table 8.
Parameter values for the cGMP and IP3 -dependent open probability of IP3R1 – Variant a.
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the Ca2+ efflux via IP3R1 as proposed by [50]. That model is upgraded here
according to the experimental data of [36], with an additional regulatory factor
RIR1,cGMP, which accounts for the drop in Ca2+ release after IP3 stimulation with
increasing cGMP levels [36]. General description of the Ca2+ flux across the SR
membrane through the IP3R1 channels (JIR1) follows [50]:

JIR1 ¼ gIR1PIR1 Ca2þ
� �

SR � Ca2þ
� �

i

� �
, (27)

where gIR1is an overall maximal rate of the channel permeability and PIR1is the
channel open probability, which is a biphasic bell-shaped function of [Ca2+]i, and is
also dependent on the cytosolic IP3 and sarcoplasmic Ca2+ concentrations ([IP3] and
[Ca2+]SR, respectively). It is modeled as in [50, 80]:

PIR1 ¼ f IR1,A 1� f IR1,I
� �

RIR1,cGMP
IP3½ �nIP3

IP3½ �nIP3 þ KnIP3
IP3

Ca2þ
� �nSR

SR

Ca2þ
� �nSR

SR þ KnSR
Ca,SR

: (28)

The regulatory factor RIR1,cGMP is a decaying Hill function that depends on the
cGMP concentration and is an upgrade from the previous model [50]. The proposed
function is the best fit to the measured decay of IP3-induced Ca2+ release as a
function of cGMP concentration in isolated gastric SMC [36]:

RIR1,cGMP ¼ 1� f IR1,cGMP
cGMP½ �nIR1,cGMP

cGMP½ �nIR1,cGMP þ KnIR1,cGMP
cGMP,IR1

, (29)

where f IR1,cGMP is an additional fold decrease in the channel open probability due
to cGMP. f IR1,A, and f IR1,I in Eq. (29) are the fractions of the channel population
occupied by [Ca2+]i at the activation sites and inactivation sites, respectively. In this
way, the bell-shaped dependency on [Ca2+]i is achieved. Since activation is a fast
process, it is considered to be in the equilibrium:

f IR1,A ¼ Ca2þ
� �nA

i

Ca2þ
� �nA

i þ KnA
Ca,A

, (30)

whereas the Ca2+-dependent IP3R1 inhibition is considered as slow and is
therefore modeled with the first-order kinetics as in Eq. (3):

df IR1,I
dt

¼ f IR1,I � f IR1,I
τIR1,I

, (31)

where f IP31,I is the fraction of the inhibited state in equilibrium, which follows a
Hill function:

f IR1,I ¼
Ca2þ
� �nI

i

Ca2þ
� �nI

i þ KnI
Ca,I

: (32)

Description of all parameters and their values are presented in Table 8.

4.8.2 Variant B

Other results of Murthy and Zhou [20] provide another possible model descrip-
tion of cGMP-dependent IP3R1 inhibition. The experiment offers direct PKG or
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cGMP dependency of IP3-dependent Ca
2+ flux. The cGMP/PKG mediated phos-

phorylation of IP3R1 in microsomes was confirmed in the accompanying experi-
ment by immunoprecipitation. Hence, Murthy and Zhou [20] measured Ca2+

release through the phosphorylated IP3R1 within smooth muscle microsomes at
different IP3 concentrations. Prior to measurements, microsomes were either
treated with 0.5 μM PKG-Iα holoenzyme and 10 μM cGMP or left intact (control).
Ca2+ release was determined from the decrease in the steady-state microsomal
radioactive Ca2+ isotope content. In this way, two dose–response curves were
obtained [20]. Their best fits with a Hill function reveal almost the same Hill
coefficients (0.49 and 0.42, for the control and cGMP/PKG treated case, respec-
tively) and the same Vmax (100%) but significantly different half-saturation con-
stants Km, 1.17 � 10�3 μM and 2.35 μM, for the control and the cGMP/PKG treated
case, respectively. These two measured values represent two points to which any
function could virtually be fitted. Since this is highly unrealistic, we propose the use
of competitive, reversible enzyme inhibition kinetics, where cGMP represents an
inhibitor in the IP3-dependent open probability function:

OPIP3,cGMP ¼ IP3½ �nIP3
IP3½ �nIP3 þ KnIP3

IP3,cGMP
, (33)

where KIP3,cGMP is:

KIP3,cGMP ¼ KIP3,0 1þ cGMP½ �
Ki,cGMP

� �
: (34)

Parameter Description Value References

gIR1 Maximal permeability rate of the channel 30 s�1 [50]

KIP3 Half saturation constant in the IP3-dependent
regulatory Hill function

0.65 μM [50]

KCa,SR Half saturation constant in the sarcoplasmic Ca2+-
dependent regulatory Hill function

2 � 103 μM [50]

nIP3 Hill coefficient 4 [50]

nSR Hill coefficient 2 [50]

f IR1,cGMP Additional fold decrease in the channel open
probability due to cGMP

0.645 Recalculated by
fitting from [36]

KcGMP,IR1 Half saturation constant in the cGMP-dependent
regulatory Hill function

24.6 μM Recalculated by
fitting from [36]

nIR1,cGMP Hill coefficient 0.47 Recalculated by
fitting from [36]

KCa,A Half saturation constant in the cytosolic Ca2+-
dependent regulatory Hill function

0.13 μM [50]

nA Hill coefficient 4 [50]

τIR1,I Characteristic transition time 6.0 s [50]

KCa,I Half saturation constant in the cytosolic Ca2+-
dependent regulatory Hill function

0.35 μM [50]

nI Hill coefficient 4 [50]

Table 8.
Parameter values for the cGMP and IP3 -dependent open probability of IP3R1 – Variant a.
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The parameterKi,cGMP is recalculated from [20] according to:

Ki,cGMP ¼ KIP3,c cGMP½ �0
KIP3,cGMP,i � KIP3,c

, (35)

where KIP3,cGMP,i = 2.35 μM, which is a measured half-saturation constant treated
with cGMP½ �0 = 10 μM, and KIP3,c = 1.17 � 10�3 μM, which is the corresponding
value at control experiment without added cGMP. Eq. (37) gives Ki,cGMP =
5.0 � 10�3 μM. The same calculation in which PKG is replacing cGMP in Eqs. (32)–
(34) with the value PKG½ �0 =0.50 μM yields Ki,PKG = 0.25 � 10�3 μM. The summary
of parameter values accounting for OPIP3,cGMP=PKG as a function of either cGMP or
PKG is presented in Table 9.

We offer here two different variants of the mathematical descriptions for the
cGMP impact on the IP3R1. Variant A seems more realistic as it contains the
description with saturating Hill function. On the other hand, variant B takes into
account the linear relationship on cGMP concentration, which might be question-
able at high cGMP concentrations. However, variant B offers an insight into the
strength of the inhibition on IP3R1 exerted by cGMP. Ki,cGMP and Ki,PKG values
indicate very strong inhibition. It is also worth mentioning that such an effect might
also arise from the experimental conditions since they were performed on the
isolated microsomes [20]. Before actual inclusion of either of both mechanisms into
a whole-cell-like model of VSMC, their careful model evaluation at different
dynamical levels of [Ca2+]i signaling, such as membrane potential, basal [Ca2+]i,
different shapes and frequencies of [Ca2+]i signal, would be required.

4.9 The model of cGMP-mediated Ca2+-desensitization of the contractile
apparatus

Modeling of cGMP/PKG- dependent Ca2+-desensitization was first introduced
by Yang et al. [67], who considered that MLCP is directly activated by cGMP. They
modified the 4-state latch bridge model introduced by Hai and Murphy [13] by
considering a simple theoretical description of Ca2+/CaM-dependent MLCK activa-
tion and MLCP dependent dephosphorylation [67]. They also reduced the model
from 4 to 2 states of myosin species, phosphorylated and dephosphorylated (Mp and
M, respectively), being in equilibrium. Hence, the relative level of phosphorylated
myosin (Mp) was expressed as:

Mp ¼ kcat,MLCK

kcat,MLCK þ RMLCP,cGMPkcat,MLCP,b
, (36)

Parameter Description Value References

KIP3,0 Half-saturation constant in the IP3-dependent regulatory
Hill function

0.65 μM [50]

nIP3 Hill coefficient 4 [50]

Ki,cGMP Apparent inhibition constant for cGMP-dependent
inhibition of IP3-dependent open probability of IP3R1

5.0 � 10�3 μM Recalculated
from [20]

Ki,PKG Apparent inhibition constant for PKG-dependent
inhibition of IP3-dependent open probability of IP3R1

0.25 � 10�3 μM Recalculated
from [20]

Table 9.
Parameter values for the cGMP and IP3 -dependent open probability of IP3R1 – Variant B.
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where kcat,MLCK is [Ca2+]i dependent rate of phosphorylation (see [67]) and,
kcat,MLCP,b is a basal dephosphorylation rate that is multiplied by the cGMP-
dependent regulatory factor:

RMLCP,cGMP ¼ 1þ fMLCP,cGMP
cGMP½ �nMLCP

cGMP½ �nMLCP þ KnMLCP
cGMP,MLCP

, (37)

where f cat,MLCP is an additional fold-increase in the MLCP-mediated Mp dephos-
phorylation rate due to cGMP. KcGMP,MLCP is a half-saturation constant within
cGMP-dependent regulatory Hill function with a Hill coefficient nMLCP.

The model of Yang et al. [67] demonstrated cGMP-mediated Ca2+-desensitiza-
tion by shifting the equilibrium MLC phosphorylation and force curves vs. [Ca2+]i
to the right. However, the model was not used to simulate the time-dependent
phosphorylation and force development. In this context, the model would not
accurately predict the results since Ca2+-dependent MLCK activation could not be
considered as a fast process [81, 82]. Also, the simplification from 4 to 2 states is
neither reasonable nor relevant if the model would account for the time-dependent
variables. Hence, we propose another modeling approach to tackle the cGMP-
dependent activation of MLCP. The proposed model considers the Michaelis–
Menten-type of enzyme kinetics for the rate of MLC dephosphorylation within the
4-state latch bridge kinetic scheme [83], yielding the velocity of MLCP dependent
dephosphorylation (VMLCP) of both phosphorylated myosin species, attached and
detached to actin, AMp, and Mp, respectively:

VMLCP ¼ d Mp
� �
dt

þ d AMp
� �
dt

¼ RMLCP,cGMPkcat,MLCP,b MLCP½ �tot
Mp
� �þ AMp

� �þ KMLCP
Mp
� �þ AMp

� �� �
,

(38)

where MLCP½ �tot is the total MLCP concentration, KMLCP is a Michaelis–Menten
constant, and kcat,MLCP is a catalytic rate constant, for which we consider to be
cGMP-dependent as proposed by [67] in Eq. (35). All current parameters are
presented in Table 10.

A similar modeling approach for ROCK-dependent sensitization of the contrac-
tile apparatus was used in our previous work [64]. The whole model for all Ca2+/
CaM/MLCK interactions, all myosin species, and the time-dependent force devel-
opment is presented in different variants elsewhere [64, 81, 82, 84] and it comprises
more than 12 differential equations. That is a minor drawback of the model, but the
model proved itself in describing time-dependent force generation in rat airway
smooth muscle cells [64, 82]. Such an extended model would also allow the

Parameter Description Value References

kMLCP,b Basal dephosphorylation rate 8 s�1 [64]

fMLCP,cGMP Additional fold increase in dephosphorylation rate due to cGMP 1 [64]

nMLCP Hill ceofficient 2 [67]

KcGMP,MLCP Half saturation constant in a cGMP-dependent regulatory Hill
function

5.5 μM [67]

KMLCP Michaelis–Menten constant 10 μM [81]

MLCP½ �tot Total MLCP concentration 2 μM [81]

Table 10.
Parameter values for cGMP-dependent Ca2+-desensitization of the contractile apparatus.
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The parameterKi,cGMP is recalculated from [20] according to:

Ki,cGMP ¼ KIP3,c cGMP½ �0
KIP3,cGMP,i � KIP3,c

, (35)

where KIP3,cGMP,i = 2.35 μM, which is a measured half-saturation constant treated
with cGMP½ �0 = 10 μM, and KIP3,c = 1.17 � 10�3 μM, which is the corresponding
value at control experiment without added cGMP. Eq. (37) gives Ki,cGMP =
5.0 � 10�3 μM. The same calculation in which PKG is replacing cGMP in Eqs. (32)–
(34) with the value PKG½ �0 =0.50 μM yields Ki,PKG = 0.25 � 10�3 μM. The summary
of parameter values accounting for OPIP3,cGMP=PKG as a function of either cGMP or
PKG is presented in Table 9.

We offer here two different variants of the mathematical descriptions for the
cGMP impact on the IP3R1. Variant A seems more realistic as it contains the
description with saturating Hill function. On the other hand, variant B takes into
account the linear relationship on cGMP concentration, which might be question-
able at high cGMP concentrations. However, variant B offers an insight into the
strength of the inhibition on IP3R1 exerted by cGMP. Ki,cGMP and Ki,PKG values
indicate very strong inhibition. It is also worth mentioning that such an effect might
also arise from the experimental conditions since they were performed on the
isolated microsomes [20]. Before actual inclusion of either of both mechanisms into
a whole-cell-like model of VSMC, their careful model evaluation at different
dynamical levels of [Ca2+]i signaling, such as membrane potential, basal [Ca2+]i,
different shapes and frequencies of [Ca2+]i signal, would be required.

4.9 The model of cGMP-mediated Ca2+-desensitization of the contractile
apparatus

Modeling of cGMP/PKG- dependent Ca2+-desensitization was first introduced
by Yang et al. [67], who considered that MLCP is directly activated by cGMP. They
modified the 4-state latch bridge model introduced by Hai and Murphy [13] by
considering a simple theoretical description of Ca2+/CaM-dependent MLCK activa-
tion and MLCP dependent dephosphorylation [67]. They also reduced the model
from 4 to 2 states of myosin species, phosphorylated and dephosphorylated (Mp and
M, respectively), being in equilibrium. Hence, the relative level of phosphorylated
myosin (Mp) was expressed as:

Mp ¼ kcat,MLCK

kcat,MLCK þ RMLCP,cGMPkcat,MLCP,b
, (36)

Parameter Description Value References

KIP3,0 Half-saturation constant in the IP3-dependent regulatory
Hill function

0.65 μM [50]

nIP3 Hill coefficient 4 [50]

Ki,cGMP Apparent inhibition constant for cGMP-dependent
inhibition of IP3-dependent open probability of IP3R1

5.0 � 10�3 μM Recalculated
from [20]

Ki,PKG Apparent inhibition constant for PKG-dependent
inhibition of IP3-dependent open probability of IP3R1

0.25 � 10�3 μM Recalculated
from [20]

Table 9.
Parameter values for the cGMP and IP3 -dependent open probability of IP3R1 – Variant B.
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where kcat,MLCK is [Ca2+]i dependent rate of phosphorylation (see [67]) and,
kcat,MLCP,b is a basal dephosphorylation rate that is multiplied by the cGMP-
dependent regulatory factor:

RMLCP,cGMP ¼ 1þ fMLCP,cGMP
cGMP½ �nMLCP

cGMP½ �nMLCP þ KnMLCP
cGMP,MLCP

, (37)

where f cat,MLCP is an additional fold-increase in the MLCP-mediated Mp dephos-
phorylation rate due to cGMP. KcGMP,MLCP is a half-saturation constant within
cGMP-dependent regulatory Hill function with a Hill coefficient nMLCP.

The model of Yang et al. [67] demonstrated cGMP-mediated Ca2+-desensitiza-
tion by shifting the equilibrium MLC phosphorylation and force curves vs. [Ca2+]i
to the right. However, the model was not used to simulate the time-dependent
phosphorylation and force development. In this context, the model would not
accurately predict the results since Ca2+-dependent MLCK activation could not be
considered as a fast process [81, 82]. Also, the simplification from 4 to 2 states is
neither reasonable nor relevant if the model would account for the time-dependent
variables. Hence, we propose another modeling approach to tackle the cGMP-
dependent activation of MLCP. The proposed model considers the Michaelis–
Menten-type of enzyme kinetics for the rate of MLC dephosphorylation within the
4-state latch bridge kinetic scheme [83], yielding the velocity of MLCP dependent
dephosphorylation (VMLCP) of both phosphorylated myosin species, attached and
detached to actin, AMp, and Mp, respectively:

VMLCP ¼ d Mp
� �
dt

þ d AMp
� �
dt

¼ RMLCP,cGMPkcat,MLCP,b MLCP½ �tot
Mp
� �þ AMp

� �þ KMLCP
Mp
� �þ AMp

� �� �
,

(38)

where MLCP½ �tot is the total MLCP concentration, KMLCP is a Michaelis–Menten
constant, and kcat,MLCP is a catalytic rate constant, for which we consider to be
cGMP-dependent as proposed by [67] in Eq. (35). All current parameters are
presented in Table 10.

A similar modeling approach for ROCK-dependent sensitization of the contrac-
tile apparatus was used in our previous work [64]. The whole model for all Ca2+/
CaM/MLCK interactions, all myosin species, and the time-dependent force devel-
opment is presented in different variants elsewhere [64, 81, 82, 84] and it comprises
more than 12 differential equations. That is a minor drawback of the model, but the
model proved itself in describing time-dependent force generation in rat airway
smooth muscle cells [64, 82]. Such an extended model would also allow the

Parameter Description Value References

kMLCP,b Basal dephosphorylation rate 8 s�1 [64]

fMLCP,cGMP Additional fold increase in dephosphorylation rate due to cGMP 1 [64]

nMLCP Hill ceofficient 2 [67]

KcGMP,MLCP Half saturation constant in a cGMP-dependent regulatory Hill
function

5.5 μM [67]

KMLCP Michaelis–Menten constant 10 μM [81]

MLCP½ �tot Total MLCP concentration 2 μM [81]

Table 10.
Parameter values for cGMP-dependent Ca2+-desensitization of the contractile apparatus.
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modeling of other cGMP/PKG-mediated mechanisms of MLCP and MLCK regula-
tion by considering several different microscopic states of these two enzymes, such
as different phosphorylated states, interaction with telokin, CPI-17, etc. That would
allow the interconnection of different signal pathways and, hence, the simulation of
the effects of various agonists and inhibitors.

5. Conclusion

This work discusses previous and provides the novel cGMP/PKG-dependent
mechanisms at the molecular level accounting for their potential use in compre-
hensive whole-cell-like models of vascular smooth muscle contraction. Much has
been done in the fields of measurements and modeling of the cGMP/PKG effects on
the individual [Ca2+]i encoding and decoding mechanisms implicated in VSMC
contractility. However, especially in the modeling part, there is still room for
improvement and upgrading the existing models and building even multi-cellular
[85, 86] and systems-pharmacology based models [87]. We should also take into
consideration the importance of coupling the models of vascular smooth muscle
cells to endothelial cells that, in response to the shear stress of blood flow, produce
NO and other contractile and relaxation mediators [88, 89]. Moreover, the models
would enable simulations at the tissue and organ level [90]. However, many of such
multi-scale models are weak in describing mechanisms at the molecular level. That
is not an easy task since the number of variables and parameters and the model
complexity can increase tremendously. The other possibility to tackle that web of
interrelated interactions is by complex network approach [91]. However, a dynamic
modeling approach, as presented here, which is currently presented only at the level
of individual fluxes that need to be assembled into a comprehensive model, offers
many more options for studying the temporal dynamical behavior of the system
functioning, either under physiological or pathological conditions or after pharma-
cological intervention. The remarkable advantage and added value of such mathe-
matical models is that they describe the processes as dynamic ones. They often do
not consider only one single process but take into account mutual interactions
between several highly interrelated variables. In this way, they reach beyond the
intuitive thinking of direct and inverse proportions between certain variables,
which is often the case when interpreting the experimental results. However,
models hide other pitfalls, such as excessive simplicity or complexity, unfounded
predictions, prejudging, unawareness of the model’s limitations, and transfer of
models between different cell types and organisms, and much more. Nevertheless,
they represent a useful tool for in-depth insight into the system’s dynamical func-
tioning, distinguishing essential from nonessential mechanisms, and last but not
least, for highlighting the targets of pharmacological intervention.
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