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Abstract 

Cardiovascular diseases (CVDs) have a severe impact on human health, increasing the risk 

of morbidity and mortality. Atherosclerosis is one of the common caused of CVD because 

the plaques formed cause the affected arteries to narrow, leading to diminished blood flow, 

ischaemia and hence damage to organs. Statins (3-hydroxymethyl-3-methylglutaryl 

coenzyme A [HMG-CoA] reductase inhibitors) are one of the most well-known, effective 

and safe groups of drugs used for treating and preventing the recurrence of this condition. 

They decrease the incidence of disease (morbidity) and the rate of death (mortality). All 

statins act by inhibiting the conversion of HMG-CoA to mevalonic acid, which is responsible 

for the synthesis of cholesterol and consequently associated with a reduction in serum total 

and low-density lipoprotein (LDL) cholesterol. Statins are effective medications for the 

primary and secondary prevention of coronary heart disease (CHD). The overall beneficial 

effects of statins not only come from the reduction of cholesterol, but also come from 

cholesterol-independent effects known as pleiotropic effects. 

Previous studies in the laboratory have indicated the statins, such as simvastatin, cause 

relaxation of blood vessels through inhibition of mitochondrial complexes. The data also 

indicated that simvastatin might act to reduce calcium influx through voltage gated calcium 

channels. However, it is not clear whether the effects on the mitochondria are related to 

the inhibition of calcium influx. Studies revealed that mitochondria are able to regulate 

intracellular calcium levels, and, therefore, influx through calcium channels. Furthermore, 

statins have also been reported to inhibit Rho kinase and ERK, both of which can regulate 

vascular tone. Although this has been linked to inhibition of isoprenylation, whether this is 

also related to the effects on the mitochondria is unknown. Therefore, the aim of this study 

was to determine the effect of simvastatin on U46619-induced contraction in porcine 

coronary artery (PCA) and to determine whether inhibition of mitochondrial function could 

underlie effects on calcium, Rho kinase and ERK. Comparisons were made with known 

mitochondrial complex inhibitors in order to understand how inhibition of mitochondrial 

complexes could regulate vascular tone. 

The study showed that simvastatin inhibits the U46619-induced contraction in PCA only in 

the presence of calcium possibly via mitochondrial inhibition. The combination of inhibitors 

of mitochondrial complexes I and III (rotenone-myxothiazol) reduced this inhibitory effect 

while the combination of mitochondrial inhibitors rotenone-antimycin A enhanced the 

inhibitory effect of simvastatin. The combination of rotenone-myxothiazol prevented the 

inhibitory effect of simvastatin on the BAY K8644-induced contraction (L-type Ca2+ channel 

activator) suggesting that the effects of simvastatin on calcium-induced contractions may 

be due to mitochondrial effects. 
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The effect of mitochondrial complex III inhibitors, antimycin A and myxothiazol, were 

examined as a comparison with simvastatin. Antimycin A inhibits the contractile responses 

in PCA and this effect was mediated through inhibition of calcium influx through L-type 

calcium channels as well as via a calcium-independent pathway. Unlike simvastatin, the 

combination of rotenone-myxothiazol had no effect on the antimycin A inhibitory effect, 

suggesting differences between the mechanism of action of simvastatin and antimycin A. 

On the other hand, both simvastatin and myxothiazol inhibited the contractile responses 

in PCA only in the presence of calcium and the data suggest that the anti-contractile effects 

of both are mediated through inhibition of calcium influx through L-type calcium channels.  

The study showed that simvastatin, myxothiazol, and antimycin A inhibited CaCl2-induced 

contraction and BAY K 4668-induced contraction. In addition, the nifedipine-induced 

relaxation was partially inhibited at the higher concentrations by simvastatin and 

myxothiazol but not antimycin A. These data suggest that inhibition of complex III at the 

Qo site, the site that can be blocked with myxothiazol, leads to inhibition of calcium influx 

through L-type calcium channels.  

Finally, experiments on isolated mitochondria showed that simvastatin had no direct effect 

on the mitochondria, in contrast to previous studies in intact tissues and cells. Antimycin 

A and myxothiazol (complex III inhibitors) both changed the Rh123 fluorescence, 

indicating that they decreased the mitochondrial membrane potential. 

As a conclusion, the data from the functional studies support the hypothesis that 

simvastatin produces anti-contractile effects through inhibition of the Qo site at 

mitochondrial complex III. The data also support the hypothesis that inhibition of complex 

III at the Qo site leads to inhibition of calcium influx through L-type calcium channels, 

although how this occurs is yet unknown. 

 

Key words: simvastatin, antimycin A, myxothiazol, rotenone, U46619, ERK, Rho kinase, 

calcium, and mitochondria. 
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1.1. Cardiovascular disease (CVD): 

Cardiovascular disease is a serious worldwide problem and it is one of the most common 

caused of death in the world (Van Hemelrijck et al. 2016). There are many types of CVD 

but the main four types are coronary heart disease (CHD), strokes, peripheral arterial 

disease, and aortic disease (Criqui et al. 2016). As assessed by the Global Burden of 

Disease Study (GBD) in 2010, ischaemic heart disease and stroke were the main caused 

of death (Lozano et al. 2012). The incidence of CVD has decreased in the last few years in 

high-economic countries (Feigin et al. 2009) while in low and middle- economic countries 

the rate is still rising and those countries represent about 80% of the worldwide population 

(O'Flaherty, Buchan, and Capewell 2013). In a comparison study performed in England for 

the incidence of CHD, which is the most common subtype of CVD, between 1999 and 2007, 

the General Practice Research Database (GPRD) identified that there was a reduction in the 

incidence of CHD from 1.74 million CHD patients in 1999 to 1.53 million CHD patients in 

2007 in men over 25 years old (Pearson-Stuttard et al. 2012). A recent study showed that 

the caused of decline in the rate of mortality and morbidity in people with CVD are the 

better lifestyle of patients, increased admission to hospitals without delay, especially 

people with high-risk factors, and receiving proper acute treatment as soon as possible 

after diagnosis followed by prophylaxis treatment (Asaria et al. 2017). Although the rate 

or the incidence of CVD decreased in the UK by 52% between 1990 and 2013 according to 

the Global Burden of Disease (GBD) study, CVD is still the second cause of death (Newton 

et al. 2015). 

There are many risk factors for CVD and they are divided into two types; factors that can 

be modified by changing lifestyle such as smoking, drinking alcohol, diet, and exercise. 

The second types of risk factors are those that cannot be modified or changed such as a 

person’s age, family history (genetics) and cultural factors, including nationality (ethnicity). 

Additional, well known caused of CVD are hyperlipidaemia, hyperglycaemia, hypertension, 

obesity, and others. (Nangia, Singh, and Kaur 2016). Studies showed, using the British 

Heart Foundation Data and American Heart Association Data that the rate of death from 

CVD has declined but the disease incidence is still considerably high due to the presence 

of these risk factors, especially the non-modifiable risk factors (Roger et al. 2011). Age 

could be considered the most important one for obvious reasons, as older people are 

usually associated with a higher risk of CVD (Dhingra and Vasan 2012).  

CVD has many complications and the most common are chest pain, heart attack, heart 

failure, and cardiac arrhythmias. The main problem in all of them is the narrowing of blood 

vessels that lead to inadequate blood flow, which mostly occurs due to an accumulation of 

fatty deposits inside the walls of blood vessels leading to an atherosclerotic plaque. 

Furthermore, if a plaque ruptures, it may lead to platelet aggregation that can occlude the 
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blood vessel, blocking the blood supply to the heart, causing a heart attack, or it can block 

the blood supply to the brain, causing a stroke (Lewington et al. 2007). Thus, educating 

healthy people and patients about these predisposing factors and treat the underlying 

caused or diseases followed with prophylaxis are the key things for saving a life and 

preventing or reducing the recurrence (Boehme, Esenwa, and Elkind 2017).  

1.1.1. Hyperlipidaemia: 

Hyperlipidaemia is characterized by an abnormal elevation in fat (lipid) in the blood. This 

lipid can accumulate in the blood vessels leading to narrowing in blood vessels and reducing 

blood supply to organs, which then increases the risk for CVD. There are two types of lipid 

abnormalities in the blood, abnormal elevation of cholesterol (hypercholesterolemia) and 

abnormal elevation of triglycerides (hypertriglyceridemia) (Sun et al. 2018). 

Cholesterol is synthesized mainly in the liver. As it is not soluble in water, a carrier is 

required to transport cholesterol in the blood stream. Cholesterol is transported to 

peripheral tissues in low-density lipoprotein (LDL) and is transported back to the liver in 

high-density lipoprotein (HDL) (Iglesias et al. 1996). Lipoproteins are particles formed in 

the liver that are composed of triacylglycerol (TAG), cholesterol, phospholipids and 

amphipathic proteins called apolipoproteins. The centre of a lipoprotein is composed of 

cholesteryl esters, triglycerides, fatty acids and fat-soluble vitamins, like Vitamin E, while 

the outer layer is composed of a water-soluble layer of apolipoproteins, phospholipids and 

cholesterol (Yu and Cooper 2001). They are responsible for transport of cholesterol and 

other fats in the bloodstream to different organs in the body. They are classified according 

to the ratio of lipid to protein, the higher the density of a lipoprotein, the less lipid it contains 

relative to protein. There are four main kinds of lipoproteins: chylomicrons, very low-

density lipoprotein (VLDL), LDL, and high-density lipoprotein (HDL) (Cain et al. 2005).  

Cholesterol is important for cell membrane synthesis and some hormones, and the liver 

supplies the body with the amount of cholesterol required, therefore there is no need to 

take it from the diet (Favari et al. 2015). When cholesterol levels are elevated above the 

normal (>200 milligrams per decilitre), LDL-cholesterol will deposit in the arterial wall 

forming a plaque. Enlargement of this plaque caused narrowing of the artery; this is the 

first stage of what is called atherosclerosis. Unfortunately, hyperlipidaemia is symptomless. 

Thus, the only way to detect it is by regular checking of serum lipid or lipid profile that 

includes total cholesterol, LDL cholesterol, HDL cholesterol, and triglycerides in people with 

high-risk factors (Zarate et al. 2016). Treatment of hypercholesterolaemia requires 

reducing the cholesterol level either via life style changes such as a healthy diet (reduction 

in saturated fat intake) and increased exercise or through medical approaches via using 
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antihyperlipidemic medication such as statins, bile-acid-binding resins, fibrates, niacin, or 

cholesterol absorption inhibitors (Mytilinaiou et al. 2018).   

1.2. Statins: 

Statins have grown into one of the most important debated groups of medicines in usage 

today (Lopez-Jimenez et al. 2014). The discussion of whether statins are harmless to some 

extent has been raised since their introduction in 1987 (Jukema et al. 2012). Statins are 

usually well tolerated and are thought to have few side effects. However, separate and 

specific rare unwanted effects have been reported, such as increased liver enzymes, 

muscle pains, and very infrequently, rhabdomyolysis (the breakdown of muscle tissue). 

Termination of the use of the statins generally leads to resolving these unwanted actions.  

Recently, the discussion has concentrated on the probable negative long-term side effects 

of statin treatment on the loss of memory and the occurrence of cancer (Sun et al. 2015; 

Jukema et al. 2012). The U.S. Food and Drug Administration has introduced the possibility 

of patients developing cognitive impairment due to statins therapy (Schultz, Patten, and 

Berlau 2018). Another study stated that specific statins could be responsible for the 

development of cancer in mice (Newman and Hulley 1996). 

In contrast, a number of results related to clinical studies found that statins and other 

groups of anti-hyperlipidaemic drugs have anticarcinogenic effects (Davidson 2001). 

Moreover, there are many studies that recommend using statins as one of the most 

effective anti-hypercholesteraemic medications to prevent many CVDs and its 

consequences in patients with elevated cholesterol but have no history of cardiac diseases 

(i.e. as primary preventer). Furthermore, in 2013, a Cochrane review established that 

statins have significant ability in reducing the rate of mortality with minor adverse effects 

and no evidence of severe side effects (Taylor et al. 2013). Additionally, in a review in 

2010 that analysed the use of statins to decrease the level of cholesterol in patients with 

no history of heart disease showed that there was a substantial inhibition of the 

development of CVD in males, but not in females and no reduction in the rate of death in 

both genders (Petretta et al. 2010). On the other hand, Kostis et al., (2012) found that 

statins have beneficial effects in preventing CVD in both males and females. These results 

were obtained from a study conducted on 138 patients treated with statins, some of them 

had no previous history of cardiac problems and others had, and the percentage of efficacy 

was 60% (Kostis et al. 2012). Recent cohort study included 46 864 participants (mean age 

77 years; 63% women; median follow-up 5.6 years) showed that statin have the ability to 

reduce the rate of atherosclerotic cardiovascular disease and mortality significantly in 

diabetic patients (Ramos et al. 2018).  
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Although there is controversy about giving statins to patients without existing heart disease 

as prophylaxis, statins are considered as one of the well-known medications for the 

treatment of hypercholesterolemia as their efficacy has been demonstrated in different age 

groups of patients such as young and elderly patients (Altieri 2001; Soedamah-Muthu et 

al. 2015). Moreover, their effectiveness has been explored in both males and females 

through large numbers of studies, for example, case-control and observational studies such 

as the Heart Protection Study of cholesterol lowering with simvastatin in 20,536 high-risk 

individuals and the effect of very high-intensity statin therapy on regression of coronary 

atherosclerosis: the Asteroid trial (Hung et al. 2013). Additionally, statins have a good 

safety profile because they usually have mild side effects like headache, nausea, fatigue 

and gastrointestinal disturbance to moderate adverse effects like muscle pain, changes in 

a liver enzyme and kidney disorder (Orsi, Sherman, and Woldeselassie 2001; Bellosta and 

Corsini 2018). Most of these side effects can disappear gradually after cessation of statins 

and the patient would return to normal without any side effect (Dujovne 2002). The 

possibility of developing these adverse effects is more likely to come from long term use 

or/and with high doses of the drug (Bleda et al. 2011).  

1.2.1. Pharmacokinetics: 

All statins are given orally and they are well absorbed through the intestine. All of them, 

with the exception of pitavastatin, undergo extensive first-pass metabolism which reduces 

the bioavailability of these drugs to 50% (Gotto and Moon 2010; Garcia et al. 2003). All 

statins are given as an active metabolite (β-hydroxy-acid), except simvastatin and 

lovastatin, which are administered as inactive (pro-drugs) that need hepatic enzyme 

metabolism to convert them to the active form. The metabolic pathway for most statins is 

mainly through cytochrome P450 (for simvastatin and lovastatin is through isoform 

CYP3A4) (Schachter 2005). On the other hand, pravastatin is metabolized mostly via 

sulphation, whilst up to 90% of rosuvastatin is exported through biliary excretion (Garcia 

et al. 2003; Quion and Jones 1994). Therefore the pharmacological activity of statins 

mainly depends on the parent agents and the active metabolite (Garcia et al. 2003). 

The hydrophobicity of each agent of the statins group plays an important role in explaining 

the pharmacokinetics. Pravastatin, which is the most hydrophilic compound, usually 

requires active transport into the liver and therefore the rate of metabolism via the 

cytochrome P450 (CYP) family is very little and excreted by active renal excretion. In 

contrast, the more lipophilic compounds are transported by passive diffusion and are better 

substrates for both CYP enzymes and transporters involved in biliary excretion.  
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1.2.2. Mechanism of action: 

Statins, which are analogues of HMG-CoA, act primarily as anti-hypercholesteraemic drugs 

by competitive and reversible inhibition of HMG-CoA reductase and thereby preventing 

HMG-CoA from accessing the active site. HMG-CoA reductase is the enzyme that is 

responsible for the transformation of HMG-CoA to L-mevalonate (which is the precursor of 

cholesterol; see figure 1.1) and in that way, statins inhibit the rate-limiting stage in the 

synthesis of cholesterol (Istvan and Deisenhofer 2001; Schachter 2005). As a result, 

statins inhibit the endogenous synthesis of cholesterol. The consequence of the reduction 

of cholesterol concentration within hepatocytes is the up-regulation of LDL-receptor 

expression, which stimulates the uptake of LDL and LDL-precursors from the body. 

Accordingly, statins indirectly enhance the removal of LDL from the blood beside their 

action as inhibitors of cholesterol biosynthesis (Brown and Goldstein 1986; McFarland et 

al. 2014). Statins also have another mechanism of action, which is the reduction of 

lipoprotein, through the reduction of both hepatic production of Apo lipoprotein B100, and 

the synthesis of triglyceride-rich lipoproteins (Ginsberg et al. 1987; Grundy 1998; 

McFarland et al. 2014). As a result, the effect of statins can be summarized by reductions 

in total serum level of cholesterol, LDL, and triglycerides, and an increase in HDL. Finally, 

statins can be divided into one of two groups (although different agents of statins group 

have the same mechanism of action) which are a group I, fungal-derived statins 

(lovastatin, pravastatin, simvastatin); or group II, synthetically-derived statins 

(fluvastatin, cerivastatin, atorvastatin, rosuvastatin, pitavastatin). Group II statins are 

completely synthetic inhibitors of HMG-CoA reductase and show greatly varied 

pharmacokinetic properties, including differences in metabolism, excretion, half-lives, 

bioavailability, dosing times and lipophilicity (McFarland et al. 2014). 

  

Figure 1.1: Chemical structure of simvastatin: simvastatin (left) have a lactone ring 

similar to HMG-CoA biologically active moiety (right). Adapted from (Wang and 

Asgharnejad, 2000). 

Simvastatin 
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1.2.3. Pleiotropic effect of statins: 

Statins are effective medications for the primary and secondary prevention of CHD (Sever 

et al. 2003). The overall beneficial effects of statins not only come from the reduction of 

cholesterol but also come from cholesterol-independent effects known as pleiotropic effects 

(Alinski and Tsimikas, 2002). All statins act by inhibiting the conversion of HMG-CoA to 

mevalonic acid, which is an intermediate on the synthesis pathway of cholesterol and 

consequently associated with a reduction in serum total and low-density lipoprotein (LDL) 

cholesterol (Andrews et al. 2001). Furthermore, through inhibiting L-mevalonic acid 

synthesis, other important mediators in the cholesterol synthetic pathway are also 

prevented from being synthesized by statins (see figure 1.2) such as the isoprenoid 

intermediates farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP) 

(Goldstein and Brown 1990). These intermediates have a significant role in isoprenylation 

of proteins, converting them from inactive to active by translocation from the cytoplasm 

to the cell membrane by working as lipid attachments for the posttranslational modification 

of a variety of proteins, including the small guanosine triphosphate (GTP)-binding protein 

Ras; and Ras-like proteins, such as Rho, Rab, Rac, Ral, or Rap (Van Aelst and D'Souza-

Schorey 1997). Additionally, both Ras and Rho are examples of small GTP-binding proteins, 

which reversibly convert from the inactive GDP-bound state to active GTP-bound state (Hall 

1998). 

Small GTP-binding proteins have essential roles in the regulation of cell growth and 

differentiation, gene expression, vasoconstriction, inflammation, oxidation, cell motility, 

protein and lipid trafficking, nuclear transport, and subcellular localization (Takai, Sasaki, 

and Matozaki 2001; Laufs and Liao 2000). Farnesylation is the key for Ras translocation 

from the cytoplasm to the plasma membrane, while Rho translocation is reliant on 

geranylgeranylation (Bellosta et al. 1998; Laufs and Liao 2000).  

Some of the pleiotropic effects of statins on the wall of the blood vessels come from the 

mechanism that involves the inhibition of geranylgeranylation of Rho and therefore 

inhibition of activation of Rho-kinase (ROCK) (Laufs et al. 1999; Takemoto et al. 2002). 

Ras is upstream of ERK-MAP kinase activation, which is involved in both smooth muscle 

contraction and smooth muscle growth. Therefore, prevention of the activation of Ras could 

lead to inhibition of smooth muscle contraction and growth (Roberts 2012). 
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Figure 1.2: Cholesterol biosynthesis pathway and site of statins action. Statins inhibit 

HMG-CoA reductase. Thus, statins decrease isoprenoid intermediates such as farnesyl 

pyrophosphate (FPP) and geranylgeranyl-pyrophosphate (GPP), with subsequent inhibition 

of isoprenylation of the small GTPases such as Ras, Rho, and Rac1. Adapted from (Rikitake 

and Liao, 2005) with modification. 

 

 

There are many examples of the pleiotropic effect of statins: 

1- The effect of statins on endothelial nitric oxide synthase (NOS), which is a vital enzyme 

in the physiological and pathophysiological responses of the vascular endothelium (Mihos, 

Salas, and Santana 2010). It has been revealed by Ming et al. (2002) in human umbilical 

vein endothelial cells (HUVECs) and human SMCs, that the Rho/Rho kinase pathway 

inhibits NO production. Using Western blotting, the researchers found that there was a 

reduction in eNOS expression after enhancing the expression of active Rho (Rho63) or 

active ROCK (CAT). Another study showed that direct inhibition of ROCK such as using 

Y27632 caused an enhancement in expression of eNOS mRNA (Rikitake et al. 2005). 

Studies showed that activity and stability of Rho could be modulated by statins via 

inhibition of geranylgeranyl pyrophosphate, which is the required isoprenoid for activating 
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Rho proteins (Pedrini et al. 2005; Rikitake and Liao 2005; Vosper et al. 2015). On the other 

hand, the bioavailability of NO can be modified by statins by preventing the isoprenylation 

of Rho that leads to either enhancing eNOS activity (rapid effect) or increasing mRNA 

expression (late effect). Consequently, chronic use of statins leads to enhancement of NO 

bioavailability (Koh 2000). 

2- The anti-inflammatory effect of statins, which comes from the ability of statins to reduce 

the concentration of inflammatory biomarkers (Blanco-Colio et al, 2003), such as C-

reactive protein (CRP), which is responsible for reduction of NO production from 

endothelium (Zhou et al. 2010) and increase in the endothelial expression of adhesion 

molecules (Sadeghi et al. 2000; Dimitrova et al. 2003). The vital step in atherosclerosis 

(which is a complex inflammatory process) is leukocyte-endothelial cell adhesion (LECA), 

which is enhanced by adhesion molecules such as P-selectin, and they are responsible for 

the organ dysfunction and tissue injury associated with these diseases. Furthermore, 

Wojciak et al (1999) revealed that isoprenylated protein Rho is essential for integrin-

dependent adhesion of leukocytes to the endothelium and because the isoprenylation 

(activation) of Rho is a part of mevalonate pathway, which inhibited by statins, so the 

statins will inhibit the adhesion (at least partly) and exert its anti-inflammatory effect 

(Kwak and Mach 2001).  

3- The reduction of blood pressure through regulation of dilation or constriction of blood 

vessels (Ali et al. 2016). Several studies have revealed that statins could modulate the 

activities of different ion channels of blood vessels such as calcium channels (Kajinami, 

Mabuchi, and Saito 2000; Bergdahl et al. 2003; Sonmez Uydes-Dogan et al. 2005).  

A study performed on rat aorta demonstrated that simvastatin could inhibit VSMC 

contraction via inhibiting the release of calcium from intracellular stores and via blocking 

calcium influx. This inhibitory effect could be related to the inhibition of isoprenoid proteins 

such as Rho and p21 Rac that might involve in the communication between calcium entry 

and calcium release (Alvarez de Sotomayor et al. 2001). Other study performed on porcine 

coronary artery smooth muscle cells showed that simvastatin at low concentrations (1-

3µM) inhibited BKCa channels (iberiotoxin-sensitive Ca2+-activated K+ channels) mediated 

via isoprenoid inhibitory effect, while statins at higher concentration (10µM) inhibited the 

BKCa channels via enhancing the activity of protein kinase C (PKC) (Seto et al. 2007). The 

insufficient isoprenylation of proteins due to inhibition of mevalonate pathway by statins 

could lead to inactivation of isoprenoid proteins such as Rho A, Rac and Ras that end with 

insufficient phosphorylation of myosin light chain (MLC) (Bayguinov et al. 2011). A study 

that is more recent revealed that adding mevalonate and geranylgeraniol (GGOH) could 

antagonise the inhibitory effect of simvastatin on voltage gated calcium channels (VGCC) 
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that regulate Rho A–mediated contraction and intracellular calcium signalling (Kang et al. 

2014). The study also confirmed what others previously identified about the contribution 

of Rho A in simvastatin-inhibited calcium increases (Tesfamariam, Frohlich, and Gregg 

1999; Bergdahl et al. 2003) due to the importance of Rho-A/ROCK pathway in the 

regulation of Ca2+ (Pochynyuk et al. 2006; Villalba et al. 2008). Accordingly, statins could 

inhibit VSMC contraction via affecting calcium channels and/or inhibiting calcium influx. 

4- Other important pleiotropic effects of statins, which are valued in CVD, are down-

regulation of angiotensin receptor synthesis (Ichiki et al. 2001) reduction of VSMC 

proliferation and migration (Corpataux et al. 2005), inhibition of platelet aggregation and 

stabilization of atherosclerotic plaque (Libby 2001). 

1.2.4. Statins and co-enzyme Q10: 

Inhibition of the mevalonate pathway by statins inhibits the synthesis of important 

mediator compounds such as ubiquinone (co-enzyme Q10), which has an important role 

in energy production and regulation oxidative-phosphorylation process in addition to its 

antioxidant effect (Kumar et al. 2009). Co-enzyme Q10 (CoQ10) can be synthesized in the 

body but it does not meet the physiological requirement of the body. Thus, the body can 

get more from oral supplementation and from food rich in cholesterol such as meat, fatty 

fish, some fruits and vegetables (Acosta et al. 2016). A study showed that treatment with 

simvastatin and pravastatin reduced CoQ10 levels by 50% after 12 weeks of treatment in 

both normal people and patients with hypocholesteraemia. On the other hand, the study 

showed that people respond well to oral CoQ10 replacement therapy and CoQ10 could go 

back normal (Ghirlanda et al. 1993). Studies showed that the reduction in CoQ10 level due 

to use of statins could be severe in patients who have an increased rate of lipid peroxidation 

(Halliwell 2000), and impaired biosynthesis of the quinone moiety (Matthews et al. 1998). 

An animal study performed on dog, hamster, mini pig and monkey revealed a reduction in 

tissue and serum level of CoQ10 after statin therapy. Most of these studies were performed 

on animals with different age groups and on those with and without cardiac problem 

(Littarru and Langsjoen 2007). Human studies showed that 80 mg oral dose of atorvastatin 

per day could reduce CoQ10 within 14-30 days (Rundek et al. 2004). Another study showed 

that there was a 40% reduction in CoQ10 level after treatment with 20 mg simvastatin 

and/or pravastatin (Ghirlanda et al. 1993). Researchers have also found that the reduction 

in CoQ10 level after 8 weeks of treatment with 80 mg simvastatin per day could be 

associated with mitochondrial dysfunction (Paiva et al. 2005). In contrast, a previous study 

revealed that there was no significant reduction in CoQ10 level after treatment with 20 mg 

simvastatin for 6 months (Laaksonen et al. 1996). A study performed on 

hypercholesteraemic patients clarified that the age of patient could have an important role 

besides the dose and duration of statin treatment. Moreover, animal studies showed that 
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the reduction in CoQ10 level in response to statins and energy production by mitochondria 

is more common in older animals (Diebold, Bhagavan, and Guillory 1994). Human studies 

showed that there is an elevation in demand for CoQ10 in elderly people especially those 

over 70 years. In a study performed to measure the contractile force in myocardium 

trabecular tissue, there was a reduction in CoQ10 level, which was associated with a 

reduction in contractility performance as well (Rosenfeldt et al. 1999). 

Accordingly, these studies possibly indicate that the statin medications could routinely 

result in lower coenzyme Q10 levels in the serum and sometimes in muscle tissue. In 

addition, the mechanism for a statin to induce myopathy might be the consequence of this 

reduction in CoQ10 level (Marcoff and Thompson 2007), although, CoQ10 supplementation 

sometimes could resolve the problem. 

1.3. Structure of blood vessels: 

Blood is transported in the body inside channels or tubes known as blood vessels. 

Depending on their structure and function, there are three types of vessels; arteries, veins, 

and capillaries (Parker et al. 1988). These vessels form two complicated systems that start 

from the heart and end at the heart. The first one is the pulmonary vessels, which carry 

the blood from the right ventricle to the lungs while the second is the systemic circulation, 

which carries the blood from the left ventricle of the heart to all parts of the body then 

back to the right atrium. The arteries are responsible for transporting the oxygenated blood 

to all body parts while the veins are responsible for carrying back the non-oxygenated 

blood from all body tissue to the heart (Smith et al. 1998). 

The wall of an artery is composed of three layers; the outer layer is the tunica adventitia 

(tunica externa) and it is composed of connective tissue with different amount of elastic 

and collagenous fibres. This layer is usually responsible for connecting the vessel with the 

surrounding tissues. The middle layer the tunica media is composed mainly of smooth 

muscle, which is usually the thickest layer. This layer is responsible for changing vessel 

diameter to regulate blood flow and blood pressure, in addition to providing support to the 

vessel. The third layer is the tunica intima (tunica interna) and is composed of simple 

endothelium surrounded by a connective tissue basement membrane with elastic fibres 

(Nichols et al. 1980; Kieler-Jensen, Lundin, and Ricksten 1995). See figure 1.3. 
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Figure 1.3: Structure and composition of the blood vessel. The innermost layer is made 

up of endothelial cells, followed by the internal elastic lamina and vascular smooth muscle 

cells. Figure adapted from anatomy and physiology (2016). 

 

1.3.1. Vascular Smooth muscle cells (VSMCs): 

Smooth muscle (SM) is one of the important types of muscles in the body of human and 

animals. SM cells are longitudinal in shape with central nuclei and are described as non-

striated cells because their actin and myosin filaments are not connected to Z lines but 

organized by connection to dense bodies (figure 1.4). They mainly range from 5 to 10 μm 

in diameter and 30 to 200 μm in length. They are usually located within the walls of hollow 

organs such as blood vessels, airways, gastrointestinal tract, and bladder (Gabella 2012).  

 

 

Figure 1.4: Diagram of contraction of smooth muscle fibre. Adapted from (Boundless 

Anatomy and Physiology 2015). 
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Smooth muscle cells (SMCs) are organized as thin layers around the tissue as sheets and 

their contraction is controlled by the autonomic nervous system. The contraction of SMCs 

is usually slower and more controlled than that with skeletal muscle (Ma et al. 2004). 

Moreover, they do not have T tubules as in skeletal muscles, which are necessary for 

signalling pathway. Also, they have less complex sarcoplasmic reticulum (SR), which is 

responsible for storing of calcium ions (Ca2+) and when there is an appropriate stimulus, 

the SR will release the Ca2+ into the SM. Additionally, SMCs are connected with each other 

through gap junctions, which help in stimulating adjacent cells by transferring the signal 

from one cell to another (Nelson 1991). SMCs do not have troponin/tropomyosin complex, 

but instead, they have a calcium/calmodulin complex important for inducing contraction. 

1.3.2. VSMC Phenotypes: 

There are two main phenotypes of SMC in the body (Vrancken Peeters et al. 1999; 

Stegemann, Hong, and Nerem 2005). The most common type in the wall of blood vessels 

is the contractile or differentiated VSMC which is responsible for regulation of the diameter 

of blood vessels through contraction and dilatation of them and subsequently controlling 

the blood flow inside these vessels (Stegemann, Hong, and Nerem 2005; Zalewski, Shi, 

and Johnson 2002). The second phenotype of SMC is the synthetic, proliferative or 

migratory cells, which appear in certain conditions such as injury, atherosclerosis and other 

conditions (Wilden et al. 1998). Contractile SMC converts to the synthetic and migratory 

SMC phenotype when repair of damaged areas is required. So, the migration and synthesis 

functions of the non-contractile SMCs are one of the key elements in the treatment of 

atherosclerosis because they regulate the vascular reconstruction i.e. the inappropriate 

growth of SMC which can lead to narrowing of the lumen (Su et al. 2001; Enis et al. 2005).  

1.3.3. Calcium and smooth muscle cells: 

Calcium is involved in the contraction of SMCs (Berridge, Lipp, and Bootman 2000). There 

are two main sources of calcium; extracellular fluid and intracellular stores. The 

extracellular space can provide an unlimited influx of Ca2+ through Ca2+ channels either by 

depolarization of the cell membrane and/or by messenger molecules, which are either from 

outside the cell (transmitters) or cytoplasmic second messengers (Kotlikoff, Herrera, and 

Nelson 1999). Intracellular calcium is released from the sarcoplasmic reticulum (SR) after 

activation of two receptor-controlled channels—the IP3R and the RyR receptors. These two 

sources of calcium are linked and can control each other. For example if the calcium release 

from SR is depleted this will enhance the activity of store-operated calcium channels 

leading to calcium influx, while changes in SR calcium release could enhance the activity 

of other calcium channels on cell membrane to induce calcium influx (McCarron et al. 

2004).  
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1.3.4. Contraction of smooth muscle cells: 

One of the main factors that regulate the contractility of SMC is the presence of free 

intracellular Ca2+, which binds to calmodulin, leading to the formation of a Ca2+/calmodulin 

complex. This complex is required for activation of myosin light chain kinase (MLC kinase), 

an enzyme that is responsible for phosphorylation of the myosin light chains (MLC), which 

in turn allows the formation of cross-bridges with actin, the key element in the contraction 

of SMC, then contraction occurs through the sliding filament theory (Gao et al. 2013). See 

figure 1.5 
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Figure 1.5: signalling pathway of SMC contraction. 
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The regulation and maintenance of Ca2+ levels and phosphorylation of MLC is important for 

the initiation of contraction in SMC (Somlyo and Somlyo 1994). Compounds such as 

noradrenaline, angiotensin II, endothelin-1 and vasopressin can activate Gq-proteins and 

this enhances the release of calcium from SR via inositol 1, 4, 5-trisphosphate (IP3), which 

is a second messenger that has the ability to diffuse through the cytoplasm and bind to 

receptors on the SR. In addition, the uptake of Ca2+ by mitochondria may regulate the 

local Ca2+ near the IP3 receptor, which prevents a Ca2+ induced inhibition of Ca2+ release, 

thereby maintaining the release of Ca2+ from the SR (McCarron and Muir 1999). 

Mitochondrial depolarization can inhibit the IP3-induced Ca2+ release (Collins et al. 2000).  

Activation of Gq-proteins by such compounds can also lead to the conversion of Rho-A 

from its inactive form (GDP-bound), which is normally found in the cytosol fraction of 

unstimulated cells, to the active form (GTP-bound) by translocation from cytosol to the 

membrane. Rho-A activates Rho-kinase, which inhibits MLC phosphatase (MLCP), an 

enzyme that dephosphorylates MLC and caused relaxation (Kimura et al. 1996). Therefore, 

inhibition of MLCP by Rho kinase enhances VSM contraction. 

1.3.5. Relaxation of smooth muscle cells: 

Two important factors regulate the relaxation of SMC which are the phosphorylation of MLC 

and level of Ca2+ inside the cell (Koga and Ikebe 2008). Increases in cyclic AMP (cAMP) 

levels in the smooth muscle leads to inhibition of myosin light chain kinase (MLCK) and 

this caused relaxation. Nitric oxide (NO) released from the endothelium activates guanylyl 

cyclase that caused an increased production of cGMP, which stimulates MLCP and caused 

relaxation in SMC (Palizvan et al. 2013). Reducing intracellular calcium levels will also 

cause relaxation of smooth muscle. cAMP can activate calcium-activated potassium (BKCa) 

channel via cross-activation of protein kinase G (PKG). This leads to inhibition of calcium 

influx and caused relaxation as the BKCa channels is sensitive to intracellular calcium 

increase (White et al. 2000). The plasma membrane Na+/ Ca2+ exchanger enhances the 

entrance of Na+ in exchange for Ca2+ and therefore decreases Ca2+ inside the cell (Campbell 

and Paul 1992).  

Mitochondria can regulate Ca2+ levels through supplying the energy required firstly, for 

refilling the SR via sarcoplasmic reticulum Ca2+ ATPase which drives Ca2+ into the SR and 

secondly, for removing Ca2+ from inside to outside the cell via membrane Ca2+ ATPase. So, 

in both cases, the level of Ca2+ inside the cell will decrease and this will lead to the 

relaxation of SMC (Demaurex, Poburko, and Frieden 2009).  
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1.3.6. Rho kinase and vascular smooth muscle cells: 

Rho A is a small G-protein Rho that plays an important role in a number of major cell 

functions such as contraction, motility, proliferation, and apoptosis in addition to its role 

on actin organization (Etienne-Manneville and Hall 2002).  

1.3.6.1. Role of ROCK in the regulation of vascular smooth muscle contraction: 

As stated above, phosphorylation of MLCs is performed mainly through Ca2+ dependent 

pathways that involve activation of MLCK. Therefore, an increase in cytosolic Ca2+ will 

increase the rate of contraction by increase formation of calcium-calmodulin complex, 

which activates MLCK. De-phosphorylation of MLC is carried out by enhancing the activity 

of MLCP (Somlyo and Somlyo 2003). Inhibition of MLCP by Rho-kinase leads to 

enhancement of MLC phosphorylation in a Ca2+-independent mechanism and this underlies 

the calcium-sensitization mechanism of smooth muscle contraction, which means increase 

the gain or sensitivity of myosin light chain kinase to calcium (Mizuno et al. 2008). 

Agonist such as noradrenaline, endothelin and thromboxane contract the SMC after binding 

to their G-protein-coupled receptors by increasing both cytosolic Ca2+ and Ca2+ sensitivity. 

Moreover, it has been found that this contractile effect is attributed to ROCK activation by 

Rho A which in turn, phosphorylates myosin phosphatase target subunit (MYPT-1), the 

regulatory subunit of MLCP, and inhibits its activity (Uehata et al. 1997). It has been 

documented that Ca2+ sensitization is mainly controlled by ROCK activity rather than other 

contractile proteins (Uehata et al. 1997; Fu et al. 1998). Finally, a group of researchers 

used ROCK inhibitors in pressurized small arteries to show that the Rho-ROCK pathway is 

active in the absence of vasoconstrictors and is involved in the maintenance of basal tone 

(VanBavel, van der Meulen, and Spaan 2001; Lagaud et al. 2002). 

 

1.3.7. Extracellular Signal-Regulated Kinase (ERK): 

ERK is a protein kinase from the family of mitogen-activated protein kinases (MAPK). There 

are six isozymes of ERKs (ERK1, ERK2, ERK3/4, ERK5, and ERK7). ERK1 and ERK2 are 

thought to have a role in contraction and proliferation of VSMC (Cargnello and Roux 2011). 

The activation of the MAPK family occurs via a successive phosphorylation steps, which 

consists of three protein kinases; MAPK kinase, MEK, and MAP kinase kinase kinase. 

Activation of ERK1 and ERK2 is performed through activation of the G protein Ras that 

activates the MEK kinase Raf, which in turn activates MEK, and finally phosphorylates ERK1 

and ERK2 (Cobb 1999) (figure 1.6). Phosphorylation of ERK at threonine 202 and tyrosine 

204 by MEK is necessary for activation of the protein kinase. Therefore, inhibition of MEK 

by protein kinase inhibitors, such as PD98059 lead to inhibition of ERK activation (Whelchel, 

Evans, and Posada 1997; Ostrakhovitch and Cherian 2005). It has been found that the 
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contraction of differentiated VSMC is regulated to some extent by ERK1 and ERK2 (Raman, 

Chen, and Cobb 2007). 
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Figure 1.6: Schematic diagram showing (A) the general signalling pathway for activation 

of mitogen-activated protein kinases and (B) the specific pathway for activation of 

extracellular signal-regulated kinase. 

Abbreviations: ERK, extracellular signal-regulated kinase; MAPK, mitogen-activated 

protein kinase; MEK, mitogen extracellular kinase. 

 

1.3.7.1. Role of ERK in the regulation of vascular smooth muscle contraction: 

 

It has been found in a number of studies that the elevation in ERK activity is accompanied 

by an increased contraction of blood vessels, which occurs either as a response to 

activation of certain G-protein receptors (Dessy et al. 1998; Roberts 2001) or as a response 

to stretch, which also induces contraction (Oeckler, Kaminski, and Wolin 2003a). In 

addition, studies have shown that there is a reduction in the contraction of blood vessels 

after inhibition of ERK activation by inhibiting MEK (Dessy et al. 1998; Roberts 2001). 

Regulation of the contraction of blood vessels via ERK seems to be dependent upon the 

receptor activated and/or the blood vessel as in case of the α2-adrenoceptor, which caused 

a contraction of blood vessels mainly via ERK compared to the α1-adrenoceptor, which 

mediates contraction of ferret aorta mainly by another pathway (Roberts 2001; Dessy et 

al. 1998). 

There are number of suggested mechanisms by which ERK can cause contraction of VSMC. 

One of them is the phosphorylation of the actin-binding protein caldesmon. Caldesmon 

inhibits the ATPase activity of myosin. By phosphorylation of caldesmon, this inhibitory 

effect is blocked (Ngai and Walsh 1984). It has been found that the vasoconstrictor effect 

of phosphorylated caldesmon is inhibited by the MEK inhibitor PD98059 that prevents ERK 

activation (Xiao et al. 2004). In contrast, another study suggested that the ERK 

phosphorylation of caldesmon is involved in cell division rather than contraction because 
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ERK can only phosphorylate l-caldesmon, which is only present in dedifferentiated smooth 

muscle (D'Angelo et al. 1999). Another mechanism by which ERK can induce contraction 

is the phosphorylation of myosin light chains (MLC) by activation of myosin light-chain 

kinase (MLCK) (Klemke et al. 1997). This is supported by studies in the porcine palmar 

lateral vein showing that inhibition of ERK activation caused a reduction in myosin light-

chain phosphorylation (Roberts 2004). 

1.4. Mitochondria: 

Mitochondria are the powerhouse responsible for supplying energy in the form of adenosine 

triphosphate (ATP) in cells to maintain their normal functions. They regulate nearly every 

part of cell function by providing a continuous supply of ATP, controlling Ca2+ signalling, 

manipulating reactive oxygen species (ROS) levels and maintaining redox status 

(Hajnoczky, Hager, and Thomas 1999; Chalmers et al. 2007). In general, mitochondria 

travel along cytoskeletal paths to places of high-energy demand and then change their 

overall morphology by fusion (merging) and fission (division) according to the cellular 

environment. This differentiation and proliferation of mitochondria is vital for maintaining 

mitochondrial number and function (Li et al. 2004; Chang, Honick, and Reynolds 2006).  

The mitochondrial organelle is composed of four barriers, which are the outer, the inner, 

inter-membrane space and the matrix and each one of them have specific function 

depending on its properties. The outer is a permeable membrane that allows passing ions 

and this property is attributed to voltage-dependent anion-selective channels (VDAC) (Liu 

and Colombini 1992). The VDAC allows anions and cations to pass through at low potential 

while at high potential, it is allow just cations (Das, Steenbergen, and Murphy 2012). 

Additionally, it has been found that calcium movement between mitochondria and 

endoplasmic reticulum could happen via VDAC depending on cytosolic and organelle 

[Ca2+] (Rapizzi et al. 2002). The inner membrane is an impermeable membrane and most 

ions and molecules need transporters to pass through. Also, it comprises a large 

component (20%) of the total mitochondrial protein composition such as transporters for 

carrying proteins into the matrix and the enzymes of the electron transport chain (Murphy 

and Smith 2000). The inter-membrane space, which is located between the outer and inner 

membrane, usually contains proteins such as cytochrome c that performs main roles in 

mitochondrial energetics and apoptosis. Finally, the matrix that mainly contains the 

enzymes that participate in the citric acid cycle (Goglia and Skulachev 2003). 

The generation of ROS by mitochondria is performed via oxidative phosphorylation 

(OXPHOS) pathway, which is involved in energy production (Cai and Jones 1999). OXPHOS 

consists of 5 multiple subunit complexes implanted in the inner mitochondrial membrane. 

Electrons are moved from NADH to molecular oxygen via an electron transport chain (ETC) 
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which consisting of complexes I (NADH dehydrogenase), II (succinate-ubiquinone 

oxidoreductase), III (ubiquinol cytochrome oxidoreductase), and IV (cytochrome c 

oxidase). Electrons are given to complex I from NADH to complex II via succinate and 

passed to ubiquinol via coenzyme Q and then ubisemiquinone. Ubiquinol gives electrons to 

complex III, which, in turn, transfers electrons to cytochrome c. From cytochrome c, 

electrons transfer to complex IV and in this process molecular oxygen is reduced to H2O 

(figure 1.7). The movement of electrons through the ETC caused pumping of protons across 

the mitochondrial inner membrane at complexes I, III, and IV, creating a transmembrane 

electrochemical gradient. The proton motive force, which drives the re-entry of protons 

into the matrix, is used by complex V (ATP synthase) to condense ADP and inorganic 

phosphate to synthesize ATP. Matrix ATP is then exchanged for cytosolic ADP by the 

adenine nucleotide translocase (Holtzman and Moore 1973, 1975). 

 

Figure 1.7: schematic diagram showing the electron transport chain and production of 

ROS in mitochondria. superoxide dismutase (SOD), glutathione peroxidase (GPX), 

superoxide (O2
-), Nicotinamide adenine dinucleotide, reduced form (NADH), Flavin adenine 

dinucleotide, reduced form (FADH2) and adenosine triphosphate (ATP). 

 

1.4.1. Mitochondria and ROS in the regulation of vascular tone: 

There are two levels for the presence of ROS in cells and blood. The first one is the 

pathological level, in which the level of ROS is very high and this has an effect on nitric 

oxide production (NO) and results in loss of endothelial protective effect. Lower levels of 

ROS have a physiological role, in which the ROS show beneficial effect through activation 

of phosphatidylinositol 3-kinase–Akt–endothelial NO synthase axis. This is followed by the 

production of nitric oxide, which caused coronary relaxation (Feng et al. 2010). Another 

mechanism by which ROS (H2O2) can cause a relaxation of coronary vessels is via activation 

of BKca channel which involves the phospholipase A(2) (PLA(2))/arachidonic acid (AA) 
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signalling cascades suggested indirect effect (Barlow, El-Mowafy, and White 2000; 

Thengchaisri and Kuo 2003) or Kv channels (Rogers et al. 2006). 

Mitochondria possibly have an important role in cell signalling pathways since most of the 

ROS produced in cells come from mitochondrial metabolism (Zhang and Gutterman 2007). 

In 2005, Gutterman found that the Ca2+ sparks, which are found in endothelial cell of large 

vessels, could be activated by mitochondrial ROS. These activated Ca2+ sparks could, in 

turn, activate eNOS, which is responsible for producing endothelial-dependent relaxation 

(Gutterman, Miura, and Liu 2005). In contrast, mitochondrial ROS (specifically H2O2) was 

found to be responsible for producing flow-mediated vasodilatation in the small vessels 

and it was NO-independent (Cai 2005). Moreover, Xi et al. (2005) revealed that an increase 

in ROS production and calcium spark activation can cause cerebral vasodilatation through 

stimulation of BKCa channels, occurred in a state of mild mitochondrial depolarization. A 

reduction in ROS production and calcium spark activation with subsequent blockade of BKCa 

channels happened in a state of severe depolarization of the mitochondria. Finally, it has 

been found that the mitochondria of SMC produce ROS that plays an important role in cold-

induced cutaneous artery vasoconstriction via activation of the RhoA/Rho kinase pathway 

(Bailey et al. 2005).  

1.4.2. Mitochondria and statins: 

Statins have been found to have an effect on mitochondria causing alteration and 

modulation in their functions (Herrero-Martin and Lopez-Rivas 2008). A number of studies 

have demonstrated that inhibition of the mevalonate pathway by statins can lead to 

inhibition of ubiquinone and co-enzyme Q10, which is needed for oxidative phosphorylation 

and synthesis of ATP. Therefore, blocking this pathway can result in impairment of 

mitochondrial bioenergetics such as in the case of co-enzyme Q10 deficiency caused by 

simvastatin that mainly found to cause hepatotoxicity (Tavintharan et al. 2007a). 

Moreover, it has been found that simvastatin is responsible for worsening of myocardial 

mitochondrial respiration during ischaemia by decreasing myocardial coenzyme Q10 levels 

(Satoh et al. 1995).  

Studies revealed that statins could cause toxicity in the skeletal muscle and smooth muscle 

via alteration mitochondrial respiration and calcium homeostasis (Kwak et al. 2012; Galtier 

et al. 2012). It has been found that simvastatin and lovastatin (lipid soluble drugs) but not 

pravastatin (water soluble) have an inhibitory effect on complex I, II, III, IV and complex 

V of heart and liver mitochondria. This difference in the effect between those two groups 

may be attributed to the structural difference of the latter i.e. β-hydroxy acid in pravastatin 

in comparison to lactone ring in simvastatin (Nadanaciva et al. 2007). A study performed 

on human hepatocellular carcinoma cells showed that fluvastatin could cause 
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depolarization of the mitochondrial membrane (Zhang et al. 2010). In another study, it 

has been found that simvastatin, lovastatin, and atorvastatin could cause cytotoxic effects 

in rat hepatocytes because of the production of ROS and mitochondrial depolarization 

(Abdoli et al. 2013).  

On the other hand, a study performed on neonatal rat cardiac myocytes revealed that 

simvastatin could attenuate the reduction in mitochondrial membrane potential, caused by 

exposure of myocytes to H2O2, when added 1 hr before exposure. Thus, simvastatin 

reduced the depolarization of the mitochondrial membrane after exposure to oxidative 

stress (Jones et al. 2003). A study that is more recent showed that simvastatin and 

lovastatin have an antioxidant effect on the mitochondria derived from the liver of rat as 

both could lower intra-mitochondrial ionized calcium that decreases activity of 

mitochondrial nitric oxide synthase (mtNOS), which then lowers oxidative stress (Parihar 

et al. 2012).  

Recent studies in our laboratory have demonstrated that simvastatin alters mitochondrial 

membrane potential in an intact coronary artery. Simvastatin caused relaxation of the 

coronary artery, and this relaxation was inhibited by inhibition of mitochondrial complex 

inhibitors. Almukhtar (2015) found that the relaxant effect of simvastatin on PCA was 

attenuating by inhibition of mitochondrial complexes I via using rotenone and III via using 

myxothiazol. This indicates that the relaxation produced by simvastatin is dependent upon 

the activity of complexes I and III. This finding is consistent with the previous findings of 

others (Brandt, Schagger, and von Jagow 1988) and (Schirris et al. 2015) who revealed 

that statin lactones, in which simvastatin is one of the best examples for widely used statin 

lactones medication, exert their mitochondrial inhibitory effect mainly via inhibition at the 

Qo site of complex III rather than Qi . In intact artery, Almukhtar (2015) demonstrated 

that simvastatin caused an increase in Rh123 fluorescence, which indicates a change in 

mitochondrial membrane potential (Δψm). This was also seen in cultured aortic smooth 

muscle cells, demonstrating that simvastatin can depolarize the mitochondrial membrane 

potential in whole cells. On the other hand, pravastatin showed no effect on the 

mitochondrial potential in SMC, which associates with the absence of relaxation with 

pravastatin.  

1.4.3. Mitochondria and calcium: 

Studies have shown that mitochondria are able to regulate intracellular calcium via their 

ability to uptake and sequester calcium from the cytoplasm in a huge amount with buffer 

power reach to about three folds that in the cytoplasm (Duchen 2000). The presence of 

about 5 mM phosphate within the mitochondria is the reason for this large buffering power. 

Calcium uptake by mitochondria is maintained by the slow export via Na+-(or H+-) Ca2+ 
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antiporter mechanism (Chalmers and McCarron 2009). This means that mitochondrial 

calcium uptake could regulate calcium release from SR under the control of IP3R or RyR or 

Ca2+ entry across the outside membrane via voltage-gated channels through regulation of 

cytosolic levels. Accordingly, these calcium-signalling pathways could be enhanced or 

inhibited depending on the mitochondrial function activity and types of cells. Studies 

showed that the mitochondrial uptake of calcium could enhance IP3-induced Ca2+ release 

so that stopping mitochondria from taking up more Ca2+ as in smooth muscle and 

astrocytes reduces the amplitude of the Ca2+ signal (Collins et al. 2000; Drummond and 

Tuft 1999a; Chalmers and McCarron 2009). Other studies performed in guinea-pig colonic 

smooth muscle and rat adrenal chromaffin cells showed that mitochondrial calcium uptake 

reduced the rate of calcium transition across voltage-dependent calcium entry but 

inhibition of calcium uptake returned the calcium entry to the normal rate (Drummond and 

Fay 1996; Herrington et al. 1996; McCarron et al. 2000). 

It has been found that mitochondria could regulate calcium signalling with wide range of 

cytoplasmic Ca2+ concentration [Ca]c (200 nM to 10 µM) and the mitochondria have high 

affinity towards calcium signalling with [Ca]c  range 200–600 nM (McCarron, Olson, and 

Chalmers 2012; Pitter et al. 2002). 

Studies performed on vascular smooth muscle cells showed that when the mitochondrial 

calcium uptake is inhibited (using complex I inhibitor or uncoupler) the mitochondria exert 

dramatic effect on calcium waves and repetitive calcium rises (oscillations). This effect is 

beyond the control of calcium rise and gives mitochondria the ability to decide if some of 

these waves or oscillations could happen or not (Boitier, Rea, and Duchen 1999; Rizzuto, 

Bernardi, and Pozzan 2000; McCarron et al. 2013). 

 A study performed on pancreatic acinar cells, which identified to have three independent 

mitochondrial pools in different region, showed that when the calcium signal (waves) 

escaped from granular region towards the nucleus, the perinuclear mitochondria worked 

as a shelter and prevented waves invasion from entering the basal part of endoplasmic 

reticulum (ER) tunnel, thus, stopped proceeding the signal (Park et al. 2001). In SMCs, 

the effect is different, as mitochondrial activity could regulate the production of calcium 

waves inside the cell. The calcium signal (waves) progress when the mitochondrial 

membrane potential is polarized but the signal could be stopped from propagation 

throughout the cell if the mitochondrial membrane potential becomes depolarized as in 

case of a reduction in ATP production (Balemba et al. 2008; Olson, Chalmers, and McCarron 

2010).  
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1.4.4. AMP Kinase and regulation of vascular tone: 

AMPK is a major regulator for cellular energy homeostasis as it balances the metabolic rate 

and body requirement of energy. It is acts as a sensor of energy because when the ATP: 

AMP ratio decreases, this leads to the activation of AMPK (Suter et al. 2006; Gowans et al. 

2013). One potential mechanism by which mitochondria could regulate smooth muscle 

tone is through activation of AMP-activated protein kinase (AMPK) (Moral-Sanz et al. 

2016). In a study performed on aortic rings from rat, the researchers found that AMPK 

attenuated the SMC contraction via inactivating MLCK and this contributed to lower ATP 

turnover in the tonic phase of contraction (Horman et al. 2008). In smooth muscle cells, 

AMPK has a direct anti-contractile effect via inhibition the activity of Rho A at Ser188 and 

this leads to dephosphorylating MLC and inducing relaxation (Gayard et al. 2011; Wang et 

al. 2011). Inappropriate production of ROS from uncoupled mitochondria could also 

interact with NO thus reducing its activity (Siragusa and Fleming 2016).  

Studies have shown that metformin (antidiabetic medication) could cause vasodilatation 

through activation of AMPK. A study performed on cultured bovine aortic endothelial cells 

identified that metformin increases AMPK activity possibly via mitochondrial reactive 

nitrogen species (RNS) (Zou et al. 2004). Other studies identified the ability of metformin 

to inhibit complex I in the mitochondria, which leads to inhibition of ATP production and 

reduction in the ATP: AMP ratio, and hence activation of AMPK (Owen, Doran, and Halestrap 

2000; Madiraju et al. 2014). In another recent study, researchers found that metformin 

and AICAR (an AMPK activator) could cause vasodilator effects in retinal arteries from rat 

eyes by enhancing the activity of AMPK, followed by activation of eNOS and NO, which 

exerts a relaxant response. This finding was confirmed by using compound C, an inhibitor 

of AMP-activated protein kinase (AMPK), and NG-nitro-L-arginine methyl ester, an inhibitor 

of nitric oxide (NO) synthase, which both abolished the vasorelaxant effect when applied 

(Mori et al. 2017). Other compounds such as statins could also activate AMPK to induce 

relaxation. Lovastatin in the bovine aorta and atorvastatin in human umbilical vein 

endothelial cells and mouse aorta have been shown to activate AMPK that may be related 

to the pleiotropic effect of statins (Sun et al. 2006). Accordingly, inhibition of mitochondrial 

complexes by statins could lead to AMPK activation, which could be the mechanism by 

which statins have their anti-contractile effect. 
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1.5. Aim of the study: 

Previous study in the laboratory have indicated that statins, such as simvastatin, cause 

relaxation through inhibition of mitochondrial complexes (Almukhtar et al. 2016). The data 

also indicated that simvastatin might act to reduce calcium influx through voltage gated 

calcium channels. However, it is not clear whether the effects on the mitochondria are 

related to the inhibition of calcium influx. As discussed above, mitochondria are able to 

regulate intracellular calcium levels, and, therefore, influx through calcium channels. 

Furthermore, statins have also been reported to inhibit Rho kinase and ERK, both of which 

can regulate vascular tone. Although this has been linked to inhibition of isoprenylation, 

whether this is also related to the effects on the mitochondria is unknown. 

Therefore, the aim of this study was to determine the effect of simvastatin on U46619-

induced contraction in PCA and to determine whether inhibition of mitochondrial function 

could underlie effects on calcium, Rho kinase and ERK. Comparisons were made with 

known mitochondrial complex inhibitors in order to understand how inhibition of 

mitochondrial complexes could regulate vascular tone. 
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2.1. Introduction: 

Cardiovascular diseases (CVDs) have a severe impact on human health, increasing the risk 

of morbidity and mortality. Atherosclerosis is one of the common caused of CVD because 

the plaques formed caused the affected arteries to narrow, leading to diminished blood 

flow, damage to organs and stopping them working appropriately (Lewington et al. 2007). 

Statins (3-hydroxymethyl-3-methylglutaryl coenzyme A reductase inhibitors) are one of 

the most well-known, effective and safe groups of drugs used for treating and preventing 

the recurrence of this condition. They decrease the incidence of disease (morbidity) and 

the rate of death (mortality) (An et al. 2017). All statins act by inhibiting the conversion of 

HMG-CoA to mevalonic acid, which is responsible for the synthesis of cholesterol and 

consequently associated with a reduction in serum total and low-density lipoprotein (LDL) 

cholesterol (Andrews et al. 2001). Statins are effective medications for the primary and 

secondary prevention of coronary heart disease (CHD) (Sever et al. 2003). The overall 

beneficial effects of statins not only come from the reduction of cholesterol, but also come 

from cholesterol-independent effects known as pleiotropic effects (Barone, Di Domenico, 

and Butterfield 2014). 

Through inhibiting L-mevalonic acid synthesis, other important mediators in the cholesterol 

synthetic pathway are also prevented from being synthesized by statins. These are 

isoprenoid intermediates such as farnesyl pyrophosphate (FPP) and geranylgeranyl 

pyrophosphate (GGPP)(Goldstein and Brown 1990). These intermediates have a significant 

role in isoprenylation of proteins and converting them from inactive to active forms by 

translocation from the cytoplasm to the cell membrane through working as lipid 

attachments for the posttranslational modification of a variety of proteins. These proteins 

include the small guanosine triphosphate (GTP)-binding protein Ras and Ras-like proteins, 

such as Rho, Rab, Rac, Ral, or Rap (Van Aelst and D'Souza-Schorey 1997). See figure 1.2 

in the introduction (Cholesterol biosynthesis pathway and site of statins action). 

Rho A is the prototype of the small G-protein Rho that plays an important role in a number 

of major cell functions such as contraction, motility, proliferation, and apoptosis (Etienne-

Manneville and Hall 2002). Rho A has a vital role in conversion of inactive GDP-bound to 

an active GTP-bound conformation, which is needed for activation of Rho kinases (ROCKs), 

and other downstream or effectors (Sahai and Marshall 2002). Activated Rho-kinase 

inhibits MLC phosphatase (MLCP), an enzyme that dephosphorylates MLC and thereby 

caused relaxation (figure 2.1) (Kimura et al. 1996). Therefore, inhibition of MLCP by Rho 

kinase enhances vascular smooth muscle contraction. Inhibition of the synthesis of 

isoprenoids, therefore, could lead to prevention of vascular smooth muscle contraction 
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through inhibition of Rho A geranylgeranylation and hence inhibition of Rho kinase 

activation (Takemoto et al. 2002) 

                                                                                                     Extracellular 

           Rho A                                                                                  Intracellular 

        

 

Activated Rho Kinase (Rock)                 MLCP                Dephosphorylate MLC  

  

                                                                                           

                                                                                   

                                                                                           Relaxation  

 

Figure 2.1: Activated Rho-kinas and smooth muscle cells relaxation. 

 

ERK is a protein kinase from the family of mitogen-activated protein kinases (MAPK). ERK1 

and ERK2 are thought to have a role in the contraction and proliferation of VSMC (Roberts 

2012). Phosphorylation of ERK at threonine 202 and tyrosine 204 by MEK is necessary for 

activation of the protein kinase (Butch and Guan 1996). It has been found in a number of 

studies that the elevation in ERK activity is accompanied by an increased contraction of 

blood vessels, which occurs as a response to activation of certain G-protein-coupled 

receptors (Dessy et al. 1998; Roberts 2001). These studies demonstrated that there is a 

reduction in the contraction of blood vessels after inhibition of ERK activation by inhibiting 

MEK.  

Recent studies in our laboratory have demonstrated that simvastatin alters mitochondrial 

membrane potential in an intact coronary artery (Almukhtar et al., 2016). Simvastatin 

caused relaxation of the coronary artery and this relaxation was reduced in the presence 

of inhibitors of mitochondrial complex I or III inhibitors, suggesting that the inhibitory 

effect of simvastatin on mitochondria may underlie the relaxation.  

A number of studies have demonstrated that inhibition of the mevalonate pathway by 

statins can lead to inhibition of ubiquinone and Coenzyme Q10, which are needed for 
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oxidative phosphorylation and synthesis of ATP. Therefore, blockage of this pathway can 

result in impairment of mitochondrial bioenergetics (Tavintharan et al. 2007b). In a study 

performed by (Satoh et al. 1995), they found that simvastatin is responsible for worsening 

of myocardial mitochondrial respiration during ischemia by decreasing myocardial 

coenzyme Q10 levels. Additionally, statins can cause toxicity in the skeletal muscle via 

alteration mitochondrial respiration and calcium homeostasis (Galtier et al. 2012; Kwak et 

al. 2012). Other study showed that simvastatin has an inhibitory effect on complex I, II, 

III, IV and complex V of heart and liver mitochondria (Nadanaciva et al. 2007). In addition, 

it has been found that simvastatin has an anti-oxidative effect on rat mitochondria via 

lowering intra-mitochondrial ionized calcium (Parihar et al. 2012). This inhibited 

mitochondrial NOS activity, which is responsible for releasing NO and cytochrome c. This, 

in turn, prevents mitochondrial permeability transition opening and resulting in a lowering 

of oxidative stress. Therefore, statins could alter mitochondrial activity through inhibition 

of CoQ10. 

One potential mechanism by which mitochondria could regulate smooth muscle tone is 

through activation of AMP-activated protein kinase (AMPK), which is considered a sensor 

of energy because when the ATP: AMP ratio decreases, this leads to the activation of AMPK 

(Suter et al. 2006; Gowans et al. 2013). Lovastatin in bovine aorta and atorvastatin in 

human umbilical vein endothelial cells and mouse aorta have been shown to activate AMPK 

that may be related to the pleiotropic effect of statins (Sun et al. 2006).  

Mitochondria can also have effects on intracellular signaling through control of Ca2+ 

signaling and manipulating reactive oxygen species (ROS) levels (Chalmers et al. 2007). 

Mitochondria are responsible for uptake, accumulate, store or release of calcium depending 

on calcium level in the cytosol, cell type and cell condition (Drummond and Tuft 1999b; 

Roux and Marhl 2004). This means that mitochondrial calcium uptake could regulate 

calcium release from SR under the control of IP3R or RyR or Ca2+ entry across the outside 

membrane via voltage-dependent channels through regulation of cytosolic levels. 

In summary, a number of signalling pathways may be involved in the anti-contractile effect 

of simvastatin, including inhibition of calcium influx, activation of AMPK, and inhibition of 

Rho kinase/ ERK. We hypothesised that the effects of simvastatin on these signalling 

pathways are downstream of inhibition of mitochondrial respiratory complexes. Therefore, 

the aim of this study was to determine the effect of simvastatin on smooth muscle tone in 

the PCA and to determine the relative role of each of these signaling pathways in the anti-

contractile response.  
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2.2. Material and Method: 

2.2.1. Tissue Preparation:  

Hearts from large white hybrid pigs of both sexes, 4-6 months old, and weighing about 50 

kg were obtained from a local abattoir and transferred to the laboratory in modified Krebs’-

Henseleit solution (NaCl 118, KCl 4.8, CaCl2.H2O 1.3, NaHCO3 25.0, KH2PO4 1.2, 

MgSO4.7H2O, glucose 11.1 in mM) on ice. The porcine coronary artery (PCA) was then 

dissected out. 

2.2.2. Isolated organ bath experiments: 

For organ bath experiments, the PCA was put in Krebs’-Henseleit solution pre-gassed with 

5% CO2 and 95% O2 for overnight storage at 4°C. The following day, PCAs were cleaned 

of fat, finely dissected, and then cut into rings of approximately 5 mm in length and 

suspended in 5 ml organ baths. Vessels were attached to two metal hooks placed through 

the lumen, ensuring that the hooks were not overlapping. One hook was attached to a 

glass rod and the other was attached to a silk thread. Each bath was filled with 5 ml of 

Krebs-Henseleit solution and maintained at 37°C and constantly gassed with carbogen 

(95% O2, 5% CO2). The tension was added to each segment, 8-10 g. Previous experiments 

have indicated that this is the optimum level of tone for the porcine coronary artery. This 

tension was measured and recorded using a Power-Lab data acquisition system (AD 

Instruments) via an amplifier. Transducers were calibrated with a 10 g weight daily. Once 

a stable baseline was reached, 60 mM KCl was added for two consecutive responses to 

obtain standardization. After about 10 min, the KCl was washed out with fresh Krebs’- 

Henseleit solution. Following the return to a stable baseline and, after a further 20-30 min, 

exposure to KCl was repeated. Once again, the tissue was washed out with Krebs’-Henseleit 

solution, to allow the segment tone to re-stabilize to baseline. 

2.2.3. Effect of Simvastatin on U46619-induced tone: 

In order to determine the effect of simvastatin on U46619-induced tone, tissues were 

exposed to simvastatin (1-10 µM) or vehicle control (0.1% v/v DMSO) for 2 h. Previous 

studies in the laboratory have demonstrated that this is the optimal incubation time for 

maximum effect (Almukhtar et al. 2016). After the incubation period, the thromboxane 

mimetic U46619 was added in a cumulative manner (1-300nM). Contractile responses were 

expressed as a percentage of the response to 60 mM KCl. In some experiments, the Krebs-

Henseleit buffer was replaced with calcium-free Krebs solution in which the calcium was 

replaced with 2 mM ethylene glycol bis (β amino ethyl ether)-N,N,N,N-tetra acetic acid 

(EGTA). In other experiments, the Krebs-Henseleit buffer was replaced with glucose-free 

Krebs. 
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The contractile response to U46619 is well maintained and is likely to involve different 

pathways in the initiation of contraction compared to the maintenance of contraction. In 

order to determine whether simvastatin alters the contractile profile to U46619 over time, 

tissues were incubated with a single concentration of simvastatin (10 µM) for 120 min, 

followed by a single concentration of U46619 (30 nM) in order to look at the effects of the 

drugs on the time profile of the contraction. 

Previous studies in the laboratory have demonstrated that simvastatin caused a time-

dependent relaxation of the PCA (Almukhtar et al. 2016; Seto et al. 2013).In order to 

confirm these studies; PCAs were contracted with U46619 to about 40-60% of the KCl 

contraction. After the contraction had reached a plateau, a single concentration of 

simvastatin (10µM) was added then tension recorded for up to 120 min. 

2.2.4. Effect of Rho kinase, MEK, calyculin A and L-type calcium channel inhibition 

on U46619-induced contraction: 

It has been proposed that simvastatin inhibits Rho kinase, ERK-MAP kinase, L-type calcium 

channels, and myosin phosphatase. Therefore, in order to determine whether inhibition of 

these pathways could underlie the inhibitory effects of simvastatin on the U46619-induced 

contraction, it was first necessary to determine if these pathways are involved in the 

contractile response. After the KCl responses, tissues were exposed to one of the following 

compounds: Y27632 (1-10 µM), a selective inhibitor of Rho kinase, PD98059 (5-50 µM), a 

selective inhibitor of MEK, verapamil (10 µM) or, nifedipine (5 µM), calcium channel 

blockers. Control tissues received vehicle only (distilled water for Y27632, 0.1% v/v DMSO 

for the other compounds). Cumulative concentration-response curves to U46619 were then 

carried out in the presence or absence of extracellular calcium. 

In other experiments, tissues were incubated with a single concentration of PD98059 (50 

µM) or Y27632 (10 µM) for 60 min, followed by a single concentration of U46619 (30 nM) 

to determine the effects of the drugs on the time profile of the contraction to U46619. 

In order to determine the role of myosin phosphatase and/or L-type calcium channels in 

the U46619-induced contractions, tissues were incubated with a single concentration of 

simvastatin (10µM) for 120 min, then contracted with U46619 to about 40-60% of the KCl 

contraction. This was followed by adding either a single concentration of calyculin or 

cumulative additions of nifedipine (1-3000nM) to induce relaxation. 
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2.2.5. Effect of mitochondrial inhibitors on the simvastatin-induced inhibition of 

thromboxane contraction: 

The previous study in the laboratory indicated that relaxation responses to simvastatin are 

mediated through effects on the mitochondria (Almukhtar et al. 2016). In order to 

determine whether the inhibition of the U46619-induced contraction by simvastatin 

involves the mitochondria, the effects of the mitochondrial inhibitors rotenone (complex I 

inhibitor), antimycin A (complex III inhibitor at Qi site), myxothiazol (complex III inhibitor 

at Qo site), were determined. Tissues were pre-incubated with simvastatin (10 µM), 

rotenone (10µM), antimycin A (10 µM), myxothiazol (10 µM) individually or in combination. 

Control tissues received vehicle only (0.1% v/v DMSO). Cumulative concentration-

response curves to U46619 were then carried out in the presence or absence of 

extracellular calcium and in the presence or absence of glucose. 

2.2.6. Effect of FCCP and AMP Kinase inhibitor on the simvastatin-induced 

inhibition of thromboxane contraction: 

In further experiments to determine whether the inhibition of the U46619-induced 

contraction by simvastatin involves the mitochondria, the effect of FCCP (potent 

mitochondrial oxidative phosphorylation uncoupler) was determined (Kadenbach 2003). 

Inhibition of the electron transport chain in the mitochondria can lead to activation of AMP 

kinase(Im et al. 2015). Therefore, the effect of dorsomorphin (AMPKinase inhibitor) was 

also determined. Tissues were pre-incubated with simvastatin (10 µM) in the absence or 

presence of FCCP (1 µM) (Hogan et al. 2014) or dorsomorphin (10 µM) (Liu et al. 2014). 

Control tissues received vehicle only (ethanol 0.1% v/v for FCCP and 0.1% v/v DMSO for 

the rest). Cumulative concentration-response curves to U46619 were then carried out in 

the presence of extracellular calcium. 

2.2.7. Effect of mitochondrial stimulants on the simvastatin-induced inhibition of 

thromboxane contraction: 

If simvastatin inhibits the electron transport chain at complex I, the effects should be 

prevented by co-enzyme Q10 or mitoquinol (a reduced form of coenzyme Q10). 

Alternatively, H2S can support the mitochondrial electron transport chain (Kimura, 

Shibuya, and Kimura 2012). Therefore, AP39 (mitochondria-targeted H2S donor) would be 

expected to prevent the effect of simvastatin. Tissues were exposed to coenzyme Q10 (5 

µM) or mitoquinol (1 µM). Control tissues received vehicle only (ethanol 0.1% v/v for 

coenzyme Q10 and 0.1% v/v DMSO for the rest). Cumulative concentration-response 

curves to U46619 were then carried out in the presence of extracellular calcium. 

For AP39, tissues were pre-incubated with simvastatin (10 µM) and AP39 (30 µM), this 

concentration was determined by pilot studies. Control tissues received vehicle only (0.1% 
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v/v DMSO). After the incubation period, tissues were exposed to a single concentration of 

U46619 (30 nM) then tension recorded for up to 120 min.   

2.2.8. Effect of simvastatin and mitochondrial inhibitors on CaCl2 and Bay K 8644-

induced contraction: 

Previous studies in the laboratory have indicated that simvastatin reduces calcium influx. 

Therefore, in order to determine whether the inhibition of the U46619-induced contraction 

by simvastatin involves the presence of extracellular calcium, tissues were pre-incubated 

for 2 h with simvastatin (10 µM) in the absence of extracellular calcium. Control tissues 

received vehicle only (0.1% v/v DMSO). After the incubation period, tissues were exposed 

to a maximum concentration of U46619 (300 nM). CaCl2 was then added cumulatively (10 

µM-3 mM) to induce a contraction. In order to determine whether the inhibitory effect of 

simvastatin to calcium-induced contraction could be prevented by mitochondrial inhibitors, 

the experiment was repeated in the absence or presence of antimycin-rotenone 

combination (10 µM) or myxothiazol-rotenone combination (10 µM). 

In other experiments, to determine and confirm the involvement of L-type calcium channel 

in the inhibitory effect of simvastatin, tissues were pre-incubated with simvastatin (10 µM). 

Control tissues received vehicle only (0.1% v/v DMSO). After the incubation period, the L-

type calcium channels opener Bay K8644 was then added cumulatively (1-300 nM). 

Contractile responses were expressed as a percentage of the response to 60 mM KCl. In 

order to determine if the inhibitory effect of simvastatin could be prevented by 

mitochondrial inhibitors, the experiment was repeated in the presence of a myxothiazol-

rotenone combination (10 µM each).  

2.2.9. Western blotting: 

It has been proposed that statins can reduce the activity of Rho Kinase and ERK. Therefore, 

activity of these enzymes was determined by measuring changes in phosphorylation of 

MYPT1 (Rho kinase substrate) or ERK using Western blotting.  

2.2.9.1. Tissue preparation: 

PCA segments were set up in 5 ml organ baths linked to an isometric force transducer for 

recording tissue tone, as above. After two successive KCl (60 mM) challenges, two 

segments were incubated with 10µM simvastatin, the third was incubated with 0.1% v/v 

DMSO as a solvent control while the fourth segment left without any treatment for 2 h. 

After the incubation period, one of the segments treated with simvastatin and the segment 

without any treatment received a single concentration of U46619 (30 nM). After a steady 

contractile tone was achieved, ring segments from all channels were removed at the same 

time and frozen quickly on dry ice. The rings were homogenized using a glass homogeniser 
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(Fisher Brand 0.1 ml glass-glass homogeniser) in ice-cold buffer composed of 80 mM 

sodium β-glycerophosphate, 20 mM imidazole, 1 mM dithiothreitol (DTT), 1 mM sodium 

fluoride (NaF) [pH 7.6] with a protease inhibitor cocktail (Calbiochem). A sample of 

homogenate was removed for a protein assay. The remaining homogenised samples were 

diluted (1:2) in 2x Laemmli sample buffer [4% (w/v) SDS, 20% (w/v) glycerol, 10% (v/v) 

2-mercaptoethanol, 0.004% (v/v) bromophenol blue and 0.125 M Tris HCl pH 6.8] then 

heated at 95 ºC for 5 min. 

2.2.9.2. Bradford Protein Assay: 

This assay was used to estimate the protein concentration in the tissue homogenates using 

a bovine serum albumin (BSA) standard curve (0 to 2 mg/ml).  The protein assay was 

carried out in a 96-well plate using Bio-Rad protein assay dye reagent, following the 

protocol from Bio-Rad. Absorbance at 595 nm was read using a Spectromax plate reader.  

2.2.9.3. Western blotting protocol: 

Equal amounts of each sample (~10μg protein) were carefully loaded into wells of pre-cast 

4-20% (w/v) acrylamide SDS-PAGE gels (Bio-Rad). Loaded gels were fitted into an 

electrode tank having electrophoresis buffer (25 mM Tris, 192 mM glycine and 0.1% (w/v) 

SDS in distilled H2O at pH 8.3). Gels were run at 150 V for 45 min. Proteins were then 

transferred onto nitrocellulose membrane (GE Healthcare Life Sciences, Amersham, UK)  

using a Bio-Rad mini Transblot apparatus. Proteins were transferred in 25 mM Tris, 192 

mM glycine and 20% methanol in distilled H2O at pH 8.3 at a voltage of 100 V for 60 min. 

After that, non-specific protein binding sites on the nitrocellulose membrane were ‘blocked’ 

by incubating the membrane for 60 min in 5% (w/v) BSA solution (in the case of MYPT1 

detection) or 5% (w/v) non-fat dairy milk (Marvel) solution (in the case of ERK detection). 

Both were dissolved in Tris-buffered saline [25 mM Tris, 125 mM NaCl to pH 7.6 in distilled 

H2O] containing 0.1% Tween-20 (TBS-Tween). Then, membranes were incubated 

overnight at 4 ºC with primary antibodies against phosphorylated MYPT1, total MYPT1, 

phosphorylated ERK and total ERK, as indicated in table 2.1. 
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Antibody Species Dilution Catalogue 

Number 

Source Secondary 

Antibody 

Phospho-MYPT1 

Thr696 

Rabbit 1:1000 

in 5% 

BSA 

ABS45 Merck Goat anti-Rabbit 

IRDYE/680LT/Licor 

926-68021 

Phospho-MYPT1 

Thr850 

 

Rabbit 1:1000 

in 5% 

BSA 

36-003 Merck Goat anti-Rabbit 

IRDYE/680LT/Licor 

926-68021 

Total MYPT1 

 

Rabbit 1:1000 

in 5% 

BSA 

ab70809 Abcam Goat anti-Rabbit 

IRDYE/680LT/Licor 

926-68021 

Phospho-p44/42 

MAPK (ERK1/2) 

(Thr202/Tyr204) 

 

Mouse 1:2000 

in 5% 

milk 

9106S Cell 

Signaling 

Technology 

Goat anti-Mouse 

IRDYE/680RD/Licor 

926-68070 

Total-p44/42 

MAPK (ERK 1/2) 

 

Mouse 1:2000 

in 5% 

milk 

9107S Cell 

Signaling 

Technology 

Goat anti-Mouse 

IRDYE/680RD/Licor 

926-68070 

 

Table 2.1: primary and secondary antibodies for western blotting. 

  

The next day, blots were washed in TBS-Tween 4 times over 1 h, then incubated with a 

fluorescently-labelled secondary antibody, as indicated in table 1. Antibodies were diluted 

1:10,000 in 5% (w/v) BSA solution (in the case of MYPT) and  5% (w/v) milk solution (in 

the case of ERK). After that, blots were washed again for 4x 15 min in TBS-Tween then 

washed with distilled water. Finally, the blots were then scanned at 700 and 800 nm 

wavelengths using an Odyssey Infrared Imaging System (LI-COR Biotechnology Ltd., 

Cambridge, UK). To analyze the optical densities and molecular weights of the visualized 

bands Odyssey software (LI-COR Biotechnology Ltd., Cambridge, UK) was used. In order 

to identify if there was a difference in the level of total and phosphorylation of ERK and/or 

MYPT, the density of the bands was normalized to a control band derived from PCA ring 

treated with 0.1 v/v DMSO. Statistical significance between simvastatin, U46619 and 

simvastatin-U46619 combination treated PCA rings was determined using One-way ANOVA 

followed by Tukey post-hoc test with p<0.05 determining significance. 
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2.2.10. Drugs and Chemicals: 

Simvastatin, U41669, Y27632, PD98059, verapamil and Bay K 8644 were purchased from 

Tocris Bioscience. Antimycin A, myxothiazol, rotenone, dorsomorphin, coenzyme Q10, 

FCCP, EGTA, and nifedipine were purchased from Sigma Aldrich. Mitoquinol and AP39 were 

purchased from Cayman Chemical Company. Finally, calyculin A was purchased from Cell 

Signaling Technology. 

A stock solution of Y27632 was dissolved in distilled water. A stock solution of co-enzyme 

Q10 was dissolved in ethanol. The stock solutions of U46619 were made to 10mM in 

ethanol. All further dilutions of the stock solutions were made using distilled water. Stock 

solutions of all remaining chemicals were dissolved in dimethyl sulfoxide (DMSO). 

All stocks were kept frozen at -20 oC, except for KCl and CaCl2, which were kept at room 

temperature.  

 

2.2.11. Statistical Analysis: 

Data were expressed as mean ± SEM where n = the number of different animals. The 

concentration-response curves were fitted to a sigmoidal curve with a variable slope using 

four parameters (Top, bottom, log EC50 and slope) logistic equation using Graph-Pad Prism 

software. The maximum percentage contraction (Rmax) and the negative log of 

concentration required to produce half the response to that ligand (pEC50) were derived 

from the fitted curves where appropriate. Data were analyzed using 2-tailed, paired 

(dependent) for one group sample tested twice or unpaired (independent) Student’s t-test 

to compare the means of 2 groups-tested once. Differences between 3 or more groups 

were assessed using one-way ANOVA or two-way ANOVA in conjunction with the Sidak’s 

post-hoc test or Tukey post-hoc test to assess possible difference at individual 

concentrations. The P-value <0.05 was considered statistically significant. Statistical 

analysis was performed by Graph-Pad Prism (Version 7). 
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2.3. Results: 

2.3.1. The effects of simvastatin on U46619 (thromboxane A2 mimetic) induced 

contraction in porcine coronary arteries (PCAs): 

In order to determine whether simvastatin inhibited the contractile response to 

thromboxane receptor activation, the effect of pre-incubation with simvastatin on U46619-

induced contractions was determined in the presence of extracellular calcium (Fig.2.2) and 

in the absence of extracellular calcium (Fig.2.3). In the presence of calcium, control tissues 

reached an Rmax of 118 ± 8% of the KCl response with a pEC50 value of 8.0 ± 0.1 (n= 6). 

Pre-incubation with increasing concentrations of simvastatin caused a significant inhibitory 

effect on the contractile response with 10 µM simvastatin. Table 2.2 shows the Rmax and 

pEC50 values in the presence of simvastatin.  
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Figure 2.2: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation of simvastatin (100 nM, 1 and 10 µM). Control is vehicle only (0.1% 

v/v DMSO). Data are expressed as a percentage of the contraction to 60 mM KCl and are 

mean ± SEM of 6 experiments. *P<0.05, One-way ANOVA v control followed by Sidak 

post-hoc test.  
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Rmax  

(% KCl response, mean 

± SEM) 

pEC50  

(mean ± SEM) 

Control 110 ± 7 7.76 ± 0.06 

0.1 µ M simvastatin  106 ± 8 7.94 ± 0.11 

   1 µM simvastatin 97 ± 5 7.74 ± 0.07 

 10 µM  simvastatin 84 ± 6* 7.51 ± 0.14 

Table 2.2: Maximum contraction (Rmax) expressed as a percentage of the response to 

60mM KCl and log EC50 (pEC50) for U46619 in the absence (control, 0.1% v/v DMSO), or 

presence of simvastatin (100 nM, 1, and 10 µM) in PCAs. Data are expressed as mean ± 

SEM of 6 experiments. *p<0.05 v control, One-way ANOVA followed by Sidak post-hoc 

test. 

 

On the other hand, in the absence of calcium, pre-incubation with 10 µM simvastatin had 

no effect on U46619 induced contraction of the PCA (Response at maximum concentration 

= 14 ± 1%, n=6) compared to the control (Response at maximum concentration = 13 ± 

2%, n=6). See figure 2.3. 
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Figure 2.3: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation simvastatin (10 µM) in the absence of calcium. Control is vehicle only 

(0.1% v/v DMSO). Data are expressed as a percentage of the contraction to 60 mM KCl 

and are mean ± SEM of 6 experiments. Non-significant p>0.05 v control. 
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2.3.1.1. The effects of simvastatin on the time profile of the contraction to 

U46619 in PCA:  

Previous studies have demonstrated that simvastatin produces a time-dependent 

relaxation of the porcine coronary artery. As there was an apparent effect of simvastatin 

on the U46619-induced concentration-response curve, we determined the effect of 

simvastatin on the time profile of the contraction to U46619 in order to establish whether 

simvastatin affects the initiation of the contraction or the maintained response. Tissues 

were pre-contracted with 30 nM U46619 in the presence of 10 µM simvastatin and 

contractions measured for 2 h. Simvastatin caused significant inhibition of U46619-induced 

contraction at all-time points as shown in figure 2.4. 
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Figure 2.4: Time-response curves for the vasocontraction effects of 30 nM U46619 on PCA 

pre-incubated with 10 µM simvastatin. Control is vehicle only (0.1% v/v DMSO). Data are 

expressed as a percentage of the contraction to 60 mM KCl at different time points and are 

mean of 6 experiments. **** p<0.0001 v control, 2-way ANOVA followed by Sidak post-

hoc test. 
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On the other hand, in the absence of calcium, pre-incubation with a single concentration 

(10 µM) of simvastatin had no effect on the single concentration of U46619 induced 

contraction of the PCA at different time points except, the last one (figure 2.5). 

Contractions to U46619 were a lot smaller in the absence of extracellular calcium compared 

to the presence of calcium. 
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Figure 2.5: Time-response curves for the vasocontraction effects of 30 nM U46619 on PCA 

pre-incubated with 10 µM simvastatin in the absence of calcium. Control is vehicle only 

(0.1% v/v DMSO). Data are expressed as a percentage of the contraction to 60 mM KCl at 

different time points and are mean of 6 experiments. *** p<0.001 v control, 2-way ANOVA 

followed by Sidak post-hoc test. 
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2.3.1.2. The effects of simvastatin on tissues pre-contracted with U46619: 

Previous studies have demonstrated that simvastatin produced a time-dependent 

relaxation of porcine coronary artery pre-contracted with U46619. In order to confirm these 

studies, the effect of 10 µM simvastatin on tissues pre-contracted with 300 nM U46619 

was determined in coronary artery segments. As expected, 10 µM simvastatin caused a 

time-dependent relaxation of pre-contracted PCA as shown in figure 2.6.  
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Figure 2.6: Effect of simvastatin (10 µM) on porcine coronary artery pre-contracted with 

U46619. Control is vehicle only (0.1% v/v DMSO). Data are expressed as a percentage of 

relaxation to 300 nM U46619-induced contraction and are mean of 6 experiments. 

*p<0.05, **p<0.01 v control, 2-way ANOVA followed by Sidak post-hoc test. 
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2.3.2. The effects of Y27632 (Rho kinase inhibitor) on U46619 induced 

contraction in PCA: 

To examine the hypothesis that Rho kinase is involved in the contractile response evoked 

by activation of thromboxane receptors, the effect of the Rho kinase inhibitor Y27632 on 

concentration-response curves to U46619 was determined in coronary artery segments 

from the pig in the presence of calcium (Fig.2.7) and in the absence of calcium (Fig.2.8). 

In the presence of calcium and absence of Y27632, U46619 produced a large contraction 

of the PCA (Rmax = 87 ± 9% KCl response, pEC50 = 8.4 ± 0.04, n=6). Y27632 caused a 

concentration-dependent inhibition of the U46619-induced contraction. Table (2.3) shows 

the Rmax and pEC50 values in the presence of Y27632.  
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Figure 2.7: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation of Y27632 (1, 3, 10 µM). Control is Distilled water. Data are expressed 

as a percentage of the contraction to 60 mM KCl and are mean ± SEM of 6 experiments. 

**p<0.01, and ****p<0.0001 v control, One-way ANOVA followed by Sidak post-hoc test.  
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 Rmax  

(% KCl response, mean 

± SEM) 

pEC50 

(mean ± SEM) 

Control             87 ± 9 %   8.4 ± 0.04 

1 µM Y27632   55 ± 7 %** 8.3 ± 0.1 

3 µM Y27632   52 ± 8 %** 8.1 ± 0.1 

        10 µM Y27632     27 ± 4 %*** 8.0 ± 0.1 

 

Table 2.3: Maximum contraction (Rmax) expressed as a percentage of the response to 60  

mM KCl and log EC50 (pEC50) for U46619 in the absence (control, which is distilled water), 

or presence of Y27632 (1, 3, and 10 µM) in PCAs. Data are expressed as mean ± SEM of 

6 experiments. **p<0.01 and ****p<0.0001 v control, One-way ANOVA followed by Sidak 

post-hoc test. 

 

In the absence of calcium and absence of Y27632, U46619 also produced contraction of 

the PCA, although the maximum response was reduced compared to addition of U46619 

in the presence of calcium (Response at maximum concentration = 18 ± 1%, n=6). In the 

presence of Y27632, U46619-induced contraction was almost completely inhibited 

(Response at maximum concentration = 2 ± 0.5 %).                

-9 -8 -7
0

5

10

15

20

 [U46619] (log M)

C
o

n
tr

a
c
ti

le
 r

e
s
p

o
n

s
e

(%
 K

C
l 

r
e

s
p

o
n

s
e

)

 Distilled Water (Control)

Y27632   10µ M

***

 

Figure 2.8: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation of Y27632 (10 µM) in the absence of calcium. Control is distilled water. 

Data are expressed as a percentage of the contraction to 60 mM KCl and are mean ± SEM 

of 6 experiments. ***p<0.001 v control, Student’s 2-tailed paired t-test. 
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2.3.2.1. The effects of Y27632 on the time profile of the contraction to U46619 in 

PCA: 

 In order to determine the effect of inhibition of Rho kinase on the time-dependent 

contraction profile to U46619, tissues were pre-incubated with a single concentration of 

Y27632 (10 µM) for 60 min, prior to exposure to a single, sub-maximum effective 

concentration of U46619 (30 nM). In the presence of 10 µM Y27632, there was a significant 

inhibition of U46619-induced contraction with most time points as shown in figure 2.9.                              
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Figure 2.9: Time-response curves for the vasocontraction effects of 30 nM U46619 on PCA 

pre-incubated with 10 µM Y27632. Control is distilled water. Data are expressed as a 

percentage of the contraction to 60 mM KCl at different time points and are mean of 6 

experiments. ****p<0.0001 v control, 2-way ANOVA followed by Sidak post-hoc test. 
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2.3.2.2. The effects of Y27632 on PCA pre-contracted with U46619: 

In order to determine the time profile of the relaxant effect of Y27632, the effect of 10 µM 

Y27632 on tissues pre-contracted with 300 nM of U46619 was determined in coronary 

artery segments from pig over time. Y27632 caused complete relaxation of pre-contracted 

PCA through all time points as in figure 2.10. 
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Figure 2.10: Effect of Y27632 (10 uM) on porcine coronary artery pre-contracted with 

U46619. Control is distilled water.  Data are expressed as a percentage of relaxation to 

300n M U46619-induced contraction and are mean of 6 experiments. ****p<0.0001 v 

control, 2-way ANOVA followed by Sidak post-hoc test. 
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2.3.2.3. The combined effect of simvastatin and Y27632 on U46619-induced 

contraction in PCA: 

We hypothesised that, if simvastatin inhibited Rho kinase activation, inhibition of Rho 

kinase activation with Y27632 would prevent the inhibitory effect of simvastatin.  In order 

to determine the combined inhibitory effect of simvastatin (10 µM) and Y27632 (10 µM) 

on concentration-response curves to U46619, tissues were pre-incubated with and without 

simvastatin (10 µM) for 2 h then with Y27632 (10 µM) for 1 h. The inhibitory effect of 

simvastatin and Y27632 together was larger than that produced by Y27632 and DMSO 

(control). (Response at maximum concentration = 15 ± 5%, mean ± SEM, n=6) compared 

to the control (Response at maximum concentration = 41 ± 3.4 %, mean ± SEM, n=6). 

Table (2.4) and figure (2.11). 
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Figure 2.11: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation of Simvastatin and Y27632 (10 µM). Control is DMSO+Y27632. Data 

are expressed as a percentage of the contraction to 60 mM KCl and are mean ± SEM of 6 

experiments. *p<0.05 v control at 300 nM of U46619, Student’s 2-tailed paired t-test. 

                                                                                                                                                                                                                                                                                   

 Response at 300 nM 

U46619 ± SEM 

DMSO+Y27632 

(Control) 

41 ± 3.4 % 

Simvastatin+Y27632        

(10 µM) 

15 ± 5 % * 

 

Table 2.4: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is DMSO+Y27632), or 

presence of simvastatin and Y27632 (10 µM) in PCAs. Data are expressed as mean ± SEM 

of 6 experiments. *p<0.05 v control at 300 nM U46619, Student’s 2-tailed paired t-test. 
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2.3.2.4. Effect of simvastatin on MYPT1 phosphorylation in porcine coronary 

artery: 

In order to determine the Rho kinase activity, changes in phosphorylation of the Rho kinase 

substrate MYPT1 were determined using Western blotting. Representative blots are shown 

in figure 2.12 C of Western blotting experiment assessing the effect of simvastatin 

incubation and U46619 on MYPT1 phosphorylation in isolated PCA rings. The antibody 

against total MYPT1 detected a band at ~140 kDa, which is close to the predicted molecular 

weight of 115 KDa. The antibody against phosphorylated MYPT1 at Thr696 detected a faint 

band at ~140 kDa, whereas the antibody against phosphorylated MYPT1 at Thr850 did not 

detect any band at ~140 kDa but did detect a strong band at just over 75 kDa (figure 2.12 

C). Although there was an apparent increase in the intensity of the 75 kDa band with 

simvastatin and U46619, it is questionable whether this is MYPT1.  
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Figure 2.12: A and B Bar charts showing the levels of phosphorylated and total -MYPT1 

(Thr696 and Thr850 sites) from simvastatin and U46619 treated segments of 2 different 

tissues. Data are presented as a percentage of the control (untreated tissues) and are 

presented as scatterplots, One-way ANOVA followed by Tukey post-hoc test. C 

Representative Western blots assessing the effect of simvastatin on MYPT1 phosphorylation 

in PCA. Prior to freezing and homogenisation, PCA rings were incubated in tissue baths for 

2 h in the absence or presence of simvastatin (10 µM) and U46619 (30 nM). 
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2.3.3. The effects of PD98059 (MEK inhibitor) on the cumulative contraction of 

U46619 (thromboxane A2 agonist) in the PCA: 

In order to determine whether ERK is involved in the contraction in response to 

thromboxane receptor activation, the effect of the MEK inhibitor PD98059 on U46619-

induced contractions was determined (figure 2.13). In these experiments, control tissues 

reached an Rmax value of 104 ± 9% KCl response with a pEC50 value of 8.1 ± 0.1 (n = 6). 

Pre-incubation with increasing concentrations of PD98059 had no significant effect on the 

contractile response. Table (2.5) shows the Rmax and pEC50 values in the presence of 

PD98059. 
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Figure 2.13: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation of PD98059 (5, 10, 50 µM). Data are expressed as a percentage of the 

contraction to 60 mM KCl and are mean ± SEM of 6 experiments. P>0.05 v control, One-

way ANOVA followed by Sidak post-hoc test. 

 

Concentrations of 

PD98059  

Rmax 

(KCl response, mean ± 

SEM) 

pEC50 

(Mean ± ESM) 

Control 104 ± 9% 8.1 ± 0.1 

5 µM 128 ± 9% 8.1 ± 0.1 

10 µM 130 ± 21% 8.1 ± 0.1 

50 µM 97 ± 13% 8 ± 0.1 

 

Table 2.5: Maximum contraction expressed as a percentage of the response to 60 mM KCl 

and log EC50 value for U46619 in the absence (control), or presence of PD98059 (5, 10, 

and 50 µM) in the PCA. Data are expressed as mean ± SEM of 6 experiments. p> 0.05 v 

control, One-way ANOVA followed by Sidak post-hoc test. 
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In the absence of calcium and absence of PD98059, U46619 also produced contraction of 

the PCA, although the maximum response was reduced compared to addition of U46619 

in the presence of calcium (Response at maximum concentration = 20 ± 1.3%, (n = 7, 

P>0.05). In the presence of PD98059, U46619-induced contraction was inhibited 

significantly at the intermediate concentration (Response at maximum concentration = 

17.4 ± 2%, (n = 7, P>0.05). Figure 2.14               
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Figure 2.14: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation of PD98059 (50 µM) in the absence of calcium. Control is distilled 

water. Data are expressed as a percentage of the contraction to 60 mM KCl and are mean 

± SEM of 7 experiments. ***p<0.001 v control, Student’s 2-tailed paired t-test. 
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2.3.3.1. The effect of PD89059 on the time profile of the contraction to U46619 

in PCA: 

In order to determine the effect of inhibition of ERK on the time-dependent contraction 

profile to U46619, tissues were pre-incubated with a single concentration of PD98059 (50 

µM) for 60 min, prior to exposure to a single concentration of U46619 (30 nM). In the 

presence of 50 µM PD89059, there was a significant inhibition of U46619-induced 

contraction at most time points as shown in figure 2.15.                              
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Figure 2.15: Time-response curves for the vasocontraction effects of 30 nM U46619 on 

PCA pre-incubated with 50 µM PD98059. Control is distilled water. Data are expressed as 

a percentage of the contraction to 60 mM KCl at different time points and are mean of 6 

experiments. **p<0.01 and ***p<0.001 v control, Two-way ANOVA followed by Sidak 

post-hoc test. 
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2.3.3.2. The effect of PD89059 on PCA pre-contracted with U46619: 

In order to determine the time profile of the relaxant effect of PD98059, the effect of 50 

µM PD98059 on tissues pre-contracted with 300 nM of U46619 was determined in coronary 

artery segments from pig over time. PD98059 caused complete relaxation of pre-

contracted PCA through all time points as in figure 2.16 (Mean = -74.2 ±18.7%, mean ± 

SEM, n=6) comparing to the control (Mean = -7.6 ± 2.2 %, mean ± SEM, n=6). 
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Figure 2.16: Effect of PD98059 (50 µM) on porcine coronary artery pre-contracted with 

U46619. Control is DMSO.  Data are expressed as a percentage of relaxation to 300 nM 

U46619-induced contraction and are mean of 6 experiments. ****p<0.0001 v control, 

two-way ANOVA followed by Sidak post-hoc test. 
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2.3.3.3. The combined effect of simvastatin and PD89059 on U46619-induced 

contraction in PCA: 

We hypothesised that, if simvastatin inhibited ERK activation, inhibition of ERK activation 

with PD98059 would prevent the inhibitory effect of simvastatin. In order to determine the 

combined inhibitory effect of simvastatin (10 µM) and PD89059 (50 µM) on concentration-

response curves to U46619, tissues were pre-incubated with or without simvastatin (10 

µM) for 2 h then with PD89059 (50 µM) for 1 h. The inhibitory effect of simvastatin and 

PD89059 together was larger than that produced by PD89059 and DMSO (control). (Mean 

= 15 ± 5%, n=6) comparing to the control (Mean = 41 ± 3.4 %, n=6). Table (2.6) and 

figure (2.17) 
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Figure 2.17: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation of Simvastatin and PD89059 (50 µM). Control is DMSO+ PD89059. 

Data are expressed as a percentage of the contraction to 60 mM KCl and are mean ± SEM 

of 6 experiments. **p<0.01 v control at 300 nM U46619, Student’s 2-tailed paired t-test. 

 

 Response at 300 nM 

U46619 ± SEM 

DMSO+ PD89059 

(Control) 

94 ± 10 % 

Simvastatin(10 µM)+ 

PD89059 (50 µM) 

63 ± 4.1 % ** 

                                               

Table 2.6: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is DMSO+ PD89059), or 

presence of simvastatin and PD89059 (50 µM) in PCAs. Data are expressed as mean ± 

SEM of 6 experiments. **p<0.01 v control at 300 nM U46619, Student’s 2-tailed paired t-

test. 
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2.3.3.4. Effect of simvastatin on ERK activation in porcine coronary artery: 

ERK activity was determined by measuring changes in phosphorylation of ERK1 and ERK2 

at the dual phosphorylation sites of 44KDa and 42KDa. A representative immunoblotting 

experiment showing the effect of simvastatin incubation and U46619 on ERK activity in 

isolated PCA rings incubated in tissue baths for 2 h in the presence or absence of 10 µM 

simvastatin is shown in figure 2.18. Double bands were detected at the predicted molecular 

weights of 42 and 44kDa with both the total and the phosphorylated ERK antibodies (figure 

2.18). In PCA incubated with simvastatin for 2 h, the level of total ERK1 and ERK2 activity 

did not show significant changes comparing to PCA incubated with U46619 and other 

incubated with a simvastatin-U46619 combination (figure 2.19 A). Moreover, the level of 

phosphorylated activity for ERK1 and ERK2 showed no significant differences (figure 2.19 

B). 
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Figure 2.18: Representative Immunoblots assessing the effect of simvastatin on total ERK 

and phosphorylated ERK in PCA. Prior to freezing and homogenisation, PCA rings were 

incubated in tissue baths for 2 h in the absence or presence of 10 µM simvastatin.  
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Figure 2.19: A and B are 4-charts show the activity of total and phosphor-ERK from 

simvastatin, U46619, and simvastatin-U46619 combination treated segments of 3 different 

tissues. Data are expressed as a percentage of the control (untreated) tissue and are 

presented as scatterplots, One-way ANOVA followed by Tukey post-hoc test. 
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2.3.4. The effects of calyculin A (phosphoprotein phosphatase inhibitor) on 

simvastatin-induced relaxation in PCAs: 

Rho kinase inhibits myosin phosphatase and so we hypothesised that, if simvastatin 

inhibited Rho kinase activation, inhibition of myosin phosphatase would prevent the 

inhibitory effect of simvastatin. Therefore, tissues were pre-incubated with 100 nM 

calyculin A, the contracted with U46619 followed by addition of 10 µM simvastatin for 2 h. 

Calyculin A caused inhibition of the relaxant effect of simvastatin on pre-contracted PCA 

through most of the 2 h compared to the control (n=8) as shown in figure 2.20. 
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Figure 2.20: Effect of calyculin A (100 nM) on simvastatin relaxation in porcine coronary 

artery pre-contracted with U46619. Control is vehicle only (0.1% v/v DMSO). Data are 

expressed as a percentage of relaxation to U46619-induced contraction and are mean of 

8 experiments. ***p<0.001, ****p<0.0001 v control, two-way ANOVA followed by Sidak 

post-hoc test. 
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2.3.5. Role of mitochondria in Simvastatin response: 

2.3.5.1. Effect of antimycin A on the simvastatin response: 

Mitochondria can play an important role in the regulation of smooth muscle tone. 

Therefore, in order to determine whether mitochondria are involved in the simvastatin-

induced inhibition of the U46619-induced response, tissues were incubated with 10 µM 

simvastatin, in the absence or presence of the mitochondrial complex III inhibitor 

antimycin A (10 µM). Pre-incubation with antimycin A alone inhibited the contractile 

response at the lower concentrations of U46619 but had no effect on the maximum 

response obtained, whereas simvastatin inhibited the maximum contraction to U46619. 

Pre-incubation with antimycin A in the presence of simvastatin did not reverse the 

inhibitory effect of simvastatin. See table 2.7 and figure 2.21. 
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Figure 2.21: Log concentration-response curves for the vasocontractile effects of U46619 

with pre-incubation 10 µM antimycin A and/or 10µM simvastatin. Control is vehicle only 

(0.1% v/v DMSO). Data are expressed as a percentage of the contraction to 60 mM KCl 

and are mean ± SEM of 7 experiments. *p<0.05 v control, Two-way ANOVA followed by 

Sidak post-hoc test.      

 Response at 300 nM 

U46619 ± SEM 

Control 107 ± 6% 

Simvastatin 83 ± 12%* 

Antimycin A 110 ± 12% 

Simvastatin +Antimycin A 81± 14%* 

Table 2.7: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO), or 

presence of 10 µM simvastatin and/or 10 µM antimycin A in PCAs. Data are expressed as 

mean ± SEM of 7 experiments. *p<0.05 v control, Two-way ANOVA followed by Sidak 

post-hoc test.      
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2.3.5.2. Effect of myxothiazol on the simvastatin response: 

In order to determine further whether mitochondria are involved in the simvastatin-induced 

inhibition of the U46619-induced response, tissues were incubated with 10 µM simvastatin, 

in the absence or presence of another mitochondrial complex III inhibitor, myxothiazol (10 

µM). The maximum response observed using the control tissues was 123 ± 8% of the KCl 

response. Pre-incubation with myxothiazol alone had no significant effect on the contractile 

response to U46619 in these experiments, whereas simvastatin inhibited the contraction 

to U46619 (the maximum response observed was 90 ± 5%). Pre-incubation of myxothiazol 

in the presence of simvastatin did not reverse the inhibitory effect of simvastatin. See table 

2.8 and figure 2.22. 
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Figure 2.22: Log concentration-response curves for the vasocontractile effects of U46619 

with pre-incubation 10 µM myxothiazol and/or 10 µM simvastatin. Control is vehicle only 

(0.1% v/v DMSO). Data are expressed as a percentage of the contraction to 60mM KCl 

and are mean ± SEM of 6 experiments. *p<0.05 v control at 300 nM U46619, Two-way 

ANOVA followed by Sidak post-hoc test.      

 Response at 300 nM 

U46619 ± SEM 

Control 123 ± 8% 

Simvastatin     90 ± 5%* 

Myxothiazol    121 ± 14% 

Simvastatin +Myxothiazol     109 ± 12% 

 

Table 2.8: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO), or 

presence of 10 µM simvastatin and/or 10 µM myxothiazol in PCAs. Data are expressed as 

mean ± SEM of 6 experiments. *p<0.05 v control at 300 nM U46619, Two-way ANOVA 

followed by Sidak post-hoc test.      
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2.3.5.3. Effect of rotenone on the simvastatin response: 

In order to determine further whether mitochondria are involved in the simvastatin-induced 

inhibition of the U46619-induced response, tissues were incubated with 10 µM simvastatin, 

in the absence or presence of the mitochondrial complex I inhibitor, rotenone (10 µM). The 

maximum response observed of the control tissues was 97 ± 7% of the KCl response. Pre-

incubation with rotenone alone had no significant effect on the contractile response to 

U46619 in this experiment whereas simvastatin inhibited the contraction to U46619 (the 

maximum response observed was 77± 9%). Pre-incubation of rotenone in the presence of 

simvastatin did not reverse the inhibitory effect of simvastatin. Table 2.9 and figure 2.23. 
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Figure 2.23: Log concentration-response curves for the vasocontractile effects of U46619 

with pre-incubation 10 µM rotenone and/or 10µM simvastatin. Control is vehicle only (0.1% 

v/v DMSO). Data are expressed as a percentage of the contraction to 60mM KCl and are 

mean ± SEM. of 8 experiments. *p<0.05 v control at 300 nM U46619, Two-way ANOVA 

followed by Sidak post-hoc test.      

 

 Response at 300 nM 

U46619 ± SEM 

Control 97 ± 7% 

Simvastatin   77 ± 9%* 

Rotenone 94 ± 8% 

Simvastatin + Rotenone 81 ± 8% 

 

Table 2.9: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO), or 

presence of 10 µM simvastatin and 10 µM rotenone in PCAs. Data are expressed as mean 

± SEM of 8 experiments. *p<0.05 v control at 300 nM of U46619, Two way ANOVA followed 

by Sidak post-hoc test.      
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2.3.5.4. Effect of combination of antimycin A and rotenone on the simvastatin 

response: 

Previous studies had indicated that combinations of mitochondrial complex inhibitors were 

more effective at preventing the effects of simvastatin. Therefore, the role of antimycin A 

and rotenone in simvastatin-induced inhibition of the U46619-induced response was 

determined. Tissues were incubated with 10 µM simvastatin, in the absence or presence 

of mitochondrial complexes I and III inhibitors, rotenone and antimycin A (10 µM). Pre-

incubation with the antimycin A-rotenone combination alone had no significant effect on 

the contractile response to U46619, whereas simvastatin inhibited the contraction to 

U46619. Antimycin A-rotenone combination in the presence of simvastatin enhanced the 

inhibitory effect of simvastatin. See table 2.10 and figure 2.24. 
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Figure 2.24: Log concentration-response curves for the vasocontractile effects of U46619 

with pre-incubation 10 µM (antimycin A and rotenone) and/or 10 µM simvastatin. Control 

is vehicle only (0.1% v/v DMSO). Data are expressed as a percentage of the contraction 

to 60 mM KCl and are mean ± SEM of 7 experiments. *p<0.05 v control at 300 nM of 

U46619, Two-way ANOVA followed by Tukey post-hoc test.  

 Response at 300 nM of 

U46619 ± SEM 

Control 119 ± 19% 

Simvastatin 84 ± 15%* 

Antimycin A-Rotenone 90 ± 15% 

Simvastatin + 

Antimycin A-Rotenone 

54 ± 13%* 

Table 2.10: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO), or 

presence of 10 µM simvastatin and 10 µM (antimycin A and rotenone) in PCAs. Data are 

expressed as mean ± SEM of 7 experiments. *p<0.05 v control at 300 nM of U46619, Two-

way ANOVA followed by Tukey post-hoc test.    
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2.3.5.5. Effect of a combination of rotenone-myxothiazol on the simvastatin 

response: 

In order to determine the role of rotenone-myxothiazol combination in simvastatin-induced 

inhibition of the U46619-induced response, tissues were incubated with 10 µM simvastatin, 

in the absence or presence of combined mitochondrial complexes inhibitors I and III, 

rotenone and myxothiazol (10 µM). Pre-incubation with myxothiazol-rotenone combination 

alone had no significant effect on the contractile response to U46619, whereas simvastatin 

inhibited the contraction to U46619. Pre-incubation with the myxothiazol-rotenone 

combination in the presence of simvastatin prevented the inhibitory effect of simvastatin. 

See table 2.11 and figure 2.25. 
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Figure 2.25: Log concentration-response curves for the vasocontractile effects of U46619 

with pre-incubation 10 µM (myxothiazol and rotenone) and/or 10 µM simvastatin. Control 

is vehicle only (0.1% v/v DMSO). Data are expressed as a percentage of the contraction 

to 60 mM KCl and are mean ± SEM of 9 experiments. *p<0.05 v control, **p<0.01 v 

simvastatin, Two-way ANOVA followed by Tukey post-hoc test.      

 Response at 300 nM of 

U46619 ± SEM 

Control 104 ± 8% 

Simvastatin     77 ± 5%* 

Myxothiazol-Rotenone    91 ± 9% 

Simvastatin + 

Myxothiazol-Rotenone 

      100 ± 5%** 

Table 2.11: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO), or 

presence of 10 µM simvastatin and 10 µM (myxothiazol and rotenone) in PCAs. Data are 

expressed as mean ± SEM of 9 experiments. *p<0.05 v control, **p<0.01 v simvastatin 

at 300nM of U46619, Two-way ANOVA followed by Tukey post-hoc test.       
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2.3.5.6. Role of AMP kinase in simvastatin response: 

Inhibition of mitochondrial function can lead to activation of AMP kinase (Jiang et al. 2013). 

Therefore, in order to determine whether AMP kinase is involved in the simvastatin-induced 

inhibition of the U46619-induced response, tissues were incubated with 10 µM simvastatin, 

in the absence or presence of the AMP kinase inhibitor dorsomorphin (10 µM). Pre-

incubation with dorsomorphin alone had no effect on the contractile response to U46619, 

whereas simvastatin inhibited the contraction to U46619. Pre-incubation with 

dorsomorphin in the presence of simvastatin did not reverse the inhibitory effect of 

simvastatin significantly. See table 2.12 and figure 2.26. 
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Figure 2.26: Log concentration-response curves for the vasocontractile effects of U46619 

with pre-incubation 10 µM dorsomorphin and 10 µM simvastatin. Control is vehicle only 

(0.1% v/v DMSO). Data are expressed as a percentage of the contraction to 60 mM KCl 

and are mean ± SEM of 6 experiments. *p<0.05 v control at 300 nM of U46619, Two-way 

ANOVA followed by Sidak post-hoc test.    

        

 Response at 300 nM of 

U46619 ± SEM 

Control 107± 12% 

Simvastatin    69 ± 7%* 

Dorsomorphin 107 ± 14% 

Simvastatin +Dorsomorphin   73 ± 10% 

 

Table 2.12: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO), or 

presence of 10 µM simvastatin and 10 µM dorsomorphin in PCAs. Data are expressed as 

mean ± SEM of 6 experiments. *p<0.05 v control at 300 nM of U46619, Two-way ANOVA 

followed by Sidak post-hoc test.          
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2.3.5.7. Effect of co-enzyme Q10 on simvastatin response: 

If simvastatin inhibits the mitochondrial electron transfer chain at complex I, 

supplementation with co-enzyme Q10 would be expected to prevent the inhibitory effect 

of simvastatin. Therefore, tissues were incubated with 10 µM simvastatin, in the absence 

or presence of co-enzyme Q10 (5 µM). Pre-incubation with co-enzyme Q10 alone had no 

significant effect on the contractile response to U46619, whereas simvastatin inhibited the 

contraction to U46619. Pre-incubation with co-enzyme Q10 in the presence of simvastatin 

had no effect on the inhibitory effect of simvastatin. See table 2.13 and figure 2.27. 
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Figure 2.27: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation 5 µM co-enzyme Q10 and 10 µM simvastatin. Control is vehicle only 

(0.1% v/v DMSO+ Ethanol). Data are expressed as a percentage of the contraction to 60 

mM KCl and are mean ± SEM of 6 experiments. *p<0.05 v control at 300 nM of U46619. 

Two-way ANOVA followed by Sidak post-hoc test.       

 

 Response at 300 nM of 

U46619 ± SEM 

Control 137 ± 12% 

Simvastatin 103 ± 5%* 

Co-enzyme Q10 126 ± 5% 

Simvastatin + Co-enzyme 

Q10 

108 ± 8% 

 

Table 2.13: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO+ 

Ethanol), or presence of 10 µM simvastatin and 5 µM co-enzyme Q10 with and without 

simvastatin in PCAs. Data are expressed as mean ± SEM of 6 experiments. *p<0.05 v 

control at 300 nM of U46619, Two-way ANOVA followed by Sidak post-hoc test.      
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2.3.5.8. Effect of mitoquinol on simvastatin response: 

Mitoquinol is a mitochondria-targeted version of co-enzyme 10. As the lack of effect of co-

enzyme Q10 alone on the simvastatin response could be due to uptake into the cells, the 

effect of mitoquinol was determined. Tissues were incubated with 10 µM simvastatin, in 

the absence or presence of mitoquinol (1 µM). Pre-incubation with mitoquinol alone had no 

significant effect on the contractile response to U46619, whereas simvastatin inhibited the 

contraction to U46619. Pre-incubation with mitoquinol in the presence of simvastatin, 

slightly enhanced the inhibitory effect of simvastatin with no further significances. See 

table 2.14 and figure 2.28. 
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Figure 2.28: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation 1 µM mitoquinol and 10 µM simvastatin. Control is vehicle only (0.1% 

v/v DMSO). Data are expressed as a percentage of the contraction to 60 mM KCl and are 

mean ± SEM of 6 experiments. *p<0.05 v control at 300 nM of U46619, Two-way ANOVA 

followed by Sidak post-hoc test.      

 

 Response at 300 nM of 

U46619 ± SEM 

Control 89 ± 5% 

Simvastatin   68 ± 8%* 

Mitoquinol 79 ± 7% 

Simvastatin + Mitoquinol   59 ± 1%* 

 

Table 2.14: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO), or 

presence of 10 µM simvastatin and 1 µM mitoquinol with and without simvastatin in PCAs. 

Data are expressed as mean ± SEM of 6 experiments. *p<0.05 v control at 300 nM of 

U46619, Two-way ANOVA followed by Sidak post-hoc test.   
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2.3.5.9. Effect of FCCP on simvastatin response: 

To explore more about the role of mitochondria in the simvastatin response, the effect of 

a mitochondrial uncoupling agent FCCP was determined. Tissues were incubated with 10 

µM simvastatin, in the absence or presence of FCCP (1 µM). The maximum response 

observed for the control tissues was 99 ± 9% of the KCl response (n= 6). Pre-incubation 

with FCCP alone or simvastatin inhibited the contraction to U46619. Pre-incubation with 

FCCP in the presence of simvastatin, enhanced significantly the inhibitory effect of 

simvastatin. See table 2.15 and figure 2.29. 
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Figure 2.29: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation 1 µM FCCP and 10 µM simvastatin. Control is vehicle (0.1% v/v DMSO+ 

0.1% v/v ethanol). Data are expressed as a percentage of the contraction to 60 mM KCl 

and are mean ± SEM of 6 experiments. *p<0.05 and **p<0.01 v control at 300 nM of 

U46619, Two-way ANOVA followed by Sidak post-hoc test.       

 

 Response at 300 nM of 

U46619 ± SEM 

Control 99 ± 9% 

Simvastatin  77 ± 8%* 

FCCP 80 ± 8% 

Simvastatin + FCCP    55 ± 5%** 

 

Table 2.15: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO 

+0.1% v/v ethanol), or presence of 10 µM simvastatin and 1 µM FCCP with and without 

simvastatin in PCAs. Data are expressed as mean ± SEM of 6 experiments. *p<0.05 and 

**p<0.01 v control, Two-way ANOVA followed by Sidak post-hoc test.      
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2.3.5.10. Effect of removal of extracellular glucose on simvastatin response: 

Removal of extracellular glucose will reduce the amount of glucose available for glycolytic 

ATP production and therefore cellular function should be dependent only on mitochondrial 

function. Therefore, tissues were incubated with 10 µM simvastatin, in the presence or 

absence of glucose for 2h (using glucose-free Krebs, GFK). In the presence of glucose, the 

control tissues reached an Rmax value of 106 ± 11% of the KCl response with a pEC50 value 

of 8 ± 0.05 (n= 7), while in the absence of glucose, the size of contraction was smaller 

and the Rmax of control was 27 ± 7%. In both cases, simvastatin inhibited the contraction 

to U46619-induced contraction (Rmax). See table 2.16 and figure 2.30. 
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Figure 2.30: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation 10 µM simvastatin in the presence or absence of glucose. Control is 

vehicle only (0.1% v/v DMSO). Data are expressed as a percentage of the contraction to 

60 mM KCl and are mean ± SEM of 7 experiments. *p<0.05 v control and control-G.F.K., 

Student’s 2-tailed paired t-test. 

 

 Rmax 

(KCl response, mean 

± SEM) 

pEC50 

(Mean ± ESM) 

Control 106 ± 11% 7.9± 0.04 

Simvastatin 88 ± 6%* 7.6± 0.07 

Control-G.F.K. 27 ± 7% 7.9 ± 0.13 

Simvastatin-G.F.K. 7 ± 1.5%* 7.6 ± 0.16 

Table 2.16: Maximum contraction (Rmax) expressed as a percentage of the response to 60 

mM KCl and log EC50 (pEC50) for U46619 in the absence (control, which is 0.1% v/v DMSO), 

or presence of 10 µM simvastatin with and without glucose in PCAs. Data are expressed as 

mean ± SEM of 7 experiments. *p<0.05 v control and control-G.F.K., Student’s 2-tailed 

paired t-test.      
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2.3.5.11. Effect of Mitochondria-Targeted H2S donor AP39 on simvastatin 

response: 

Mitochondrial H2S protects the mitochondria from oxidative stress and could help in 

reducing the impact of reduced complex activity. Therefore, if simvastatin reduces 

mitochondria complex activity, AP39 might reverse this. As H2S is a short-lived compound, 

it was decided to determine its effect on a single concentration of U46619 over time. 

Therefore, tissues were pre-incubated for 120 min with a single concentration of 10 µM 

simvastatin and with AP39 (30 µM) for 15 min, prior to exposure to a sub maximum 

effective concentration of U46619 (30 nM). Pre-incubation with AP39 alone had no 

significant effect on time-dependent contraction profile to U46619, whereas simvastatin 

showed a significant inhibition of U46619-induced contraction with most time points. Pre-

incubation of AP39 in the presence of simvastatin had no further effect. See figure 2.31.      
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Figure 2.31: Time-response curves for the vasocontraction effects of 30 nM U46619 on 

PCA pre-incubated with 10 µM simvastatin and AP39 (30 µM). Control is vehicle only (0.1% 

v/v DMSO). Data are expressed as a percentage of the contraction to 60 mM KCl at 

different time points and are mean of 6 experiments. *p<0.05 and **p<0.0001 v control, 

Two-way ANOVA followed by Sidak post-hoc test.  
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2.3.6. The role of calcium in simvastatin response in PCAs: 

In order to determine whether calcium is involved in the simvastatin-induced inhibition of 

the U46619-induced response, tissues were incubated with and without 10 µM simvastatin 

in calcium-free buffer. After the incubation period, tissues were exposed to a maximum 

concentration of U46619 (300 nM). CaCl2 was then added cumulatively (10 µM-3 mM) to 

induce a contraction. The maximum response observed for the control tissues was 67 ± 

7% of the KCl response (n= 9). Pre-incubation with simvastatin inhibited the contraction 

to CaCl2 (maximum response observed was 52 ± 5%). figure 2.32. 
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Figure 2.32: Log concentration-response curves for the vasocontraction effects of CaCl2 

with pre-incubation of simvastatin (10 µM). Control is vehicle only (0.1% v/v DMSO). Data 

are expressed as a percentage of the contraction to 60 mM KCl and are mean ± SEM of 9 

experiments. *p<0.05 v control, Student’s 2-tailed paired t-test. 
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2.3.6.1. Effect of mitochondrial complex inhibitors antimycin A and rotenone on 

simvastatin inhibition of calcium-induced contraction: 

In order to determine the role of antimycin A and rotenone in simvastatin-induced inhibition 

of the CaCl2-induced response, tissues were incubated with 10 µM simvastatin, in the 

absence or presence of combined mitochondrial complexes inhibitors I and III, rotenone 

and antimycin A (10 µM). The control tissues reached a response of 62 ± 6% of the KCl 

response at the maximum concentration of calcium (n= 7). Pre-incubation with antimycin 

A-rotenone combination alone had no significant effect on the contractile response to CaCl2, 

whereas simvastatin inhibited the contraction to CaCl2. Pre-incubation with antimycin A-

rotenone combination in the presence of simvastatin enhanced the inhibitory effect of 

simvastatin. Table 2.17 and figure 2.33. 
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Figure 2.33: Log concentration-response curves for the vasocontraction effects of CaCl2 

with pre-incubation 10 µM (antimycin A and rotenone) and 10 µM simvastatin. Control is 

vehicle only (0.1% v/v DMSO). Data are expressed as a percentage of the contraction to 

60 mM KCl and are mean ± SEM of 7 experiments. *p<0.05 v control, Two-way ANOVA 

followed by Tukey post-hoc test.      

 Response at 300 nM of 

U46619 ± SEM 

Control 62 ± 6% 

Simvastatin 33 ± 4%* 

Antimycin A-Rotenone 45 ± 7% 

Simvastatin + 

Antimycin A-Rotenone 

20 ± 6%* 

Table 2.17: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for CaCl2 in the absence (control, which is 0.1% v/v DMSO), or 

presence of 10 µM simvastatin and 10 µM (antimycin A and rotenone) with and without 

simvastatin in PCAs. Data are expressed as mean ± SEM of 7 experiments. *p<0.05 v 

control, Two-way ANOVA followed by Tukey post-hoc test. 
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2.3.6.2. Effect of mitochondrial complex inhibitors myxothiazol and rotenone on 

Simvastatin inhibition of calcium-induced contraction: 

The combination of myxothiazol and rotenone prevented the inhibitory effect of simvastatin 

on the U46619-induced contraction (figure 2.21). In order to determine the role of 

myxothiazol and rotenone in simvastatin-induced inhibition of the CaCl2-induced response, 

tissues were incubated with 10 µM simvastatin, in the absence or presence of combined 

mitochondrial complexes I and III inhibitors rotenone and myxothiazol (10 µM). Pre-

incubation with the myxothiazol-rotenone combination alone had no effect on the 

contractile response to CaCl2, whereas simvastatin inhibited the contraction to CaCl2. Pre-

incubation with the myxothiazol-rotenone combination in the presence of simvastatin 

showed no effect on the inhibition seen with simvastatin. See table 2.18 and figure 2.34. 
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Figure 2.34: Log concentration-response curves for the vasocontraction effects of CaCl2 

with pre-incubation 10 µM (myxothiazol and rotenone) and 10 µM simvastatin. Control is 

vehicle only (0.1% v/v DMSO). Data are expressed as a percentage of the contraction to 

60 mM KCl and are mean ± SEM of 9 experiments. *p<0.05 v control, Two-way ANOVA 

followed by Tukey post-hoc test.      

 Response at 300 nM of 

U46619 ± SEM 

Control 59 ± 7% 

Simvastatin 40 ± 2%* 

Myxothiazol-Rotenone 68 ± 8% 

Simvastatin + 

Myxothiazol-Rotenone 

42 ± 6%* 

Table 2.18: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for CaCl2 in the absence (control, which is 0.1% v/v DMSO), or 

presence of 10 µM simvastatin and 10 µM (myxothiazol and rotenone) with and without 

simvastatin in PCAs. Data are expressed as mean ± SEM of 6 experiments. *p<0.05 v 

control, Two-way ANOVA followed by Tukey post-hoc test.      
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2.3.6.3. Effect of L-type calcium channel blocker on simvastatin response: 

In order to determine which calcium channel is involved in the simvastatin-induced 

inhibition of the U46619-induced response, tissues were incubated with 10 µM simvastatin, 

in the absence or presence of the L-type calcium channel blocker, nifedipine (5 µM). The 

control tissues reached a response of 101± 8% of the KCl response at the maximum 

concentration of U46619 (n= 6). Pre-incubation with nifedipine alone caused a significant 

inhibition to the U46619 contractile response. Additionally, simvastatin inhibited the 

contraction to U46619. Pre-incubation with nifedipine in the presence of simvastatin 

showed no further effect. See table 2.19 and figure 2.35. 
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Figure 2.35: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation 5 µM nifedipine and 10 µM simvastatin. Control is vehicle only (0.1% 

v/v DMSO). Data are expressed as a percentage of the contraction to 60 mM KCl and are 

mean ± SEM of 6 experiments. **p<0.01 v control at 300 nM of U46619, Two-way ANOVA 

followed by Tukey post-hoc test.      

 Response at 300 nM of 

U46619 ± SEM 

Control 101 ± 8% 

Simvastatin 68 ± 5%** 

Nifedipine 43 ± 5%** 

Simvastatin + Nifedipine 39 ± 5%** 

 

Table 2.19: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO), or 

presence of 10 µM simvastatin and 5 µM nifedipine with and without simvastatin in PCAs. 

Data are expressed as mean ± SEM of 6 experiments. **p<0.01 v control at 300 nM of 

U46619, Two-way ANOVA followed by Tukey post-hoc test.      
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2.3.6.4. The effect of simvastatin on L-type calcium channel relaxation to 

nifedipine: 

As there was an apparent effect of simvastatin on CaCl2-induced concentration response 

curve and to confirm which calcium channel might be involved, tissues were incubated with 

and without 10 µM simvastatin, then pre-contracted with 30 nM of U46619 followed by 

adding nifedipine (1 nM-30 µM) to induce relaxation. Nifedipine appeared to produce a 

biphasic relaxation of the coronary artery. This biphasic effect was more obvious in the 

presence of simvastatin, which inhibited the relaxation in the first phase between 0.3 and 

3 µM. See figure 2.36. 
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Figure 2.36: Effect of simvastatin (10 µM) on nifedipine-relaxation response curve on PCA 

pre-contracted with U46619. Control is vehicle only (0.1% v/v DMSO). Data are expressed 

as a percentage of relaxation to 30 nM U46619-induced contraction and are mean of 6 

experiments. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 v control, Two-way 

ANOVA followed by Sidak post-hoc test. 
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2.3.6.5. The effect of simvastatin and rotenone-myxothiazol combination on 

relaxation to nifedipine: 

In order to determine if there is a relation between inhibition of mitochondrial function and 

inhibition of calcium influx, tissues were incubated with 10 µM simvastatin for 2h, with and 

without 10 µM mitochondrial complex I and III inhibitors (rotenone and myxothiazol), then 

pre-contracted with 30 nM of U46619 followed by adding nifedipine (1 nM-30 µM) to induce 

relaxation. Pre-incubation with 10 µM simvastatin with or without the combination 

(rotenone and myxothiazol) caused no significant effect on the nifedipine-relaxant 

response curve as shown in figure 2.37. Of note, the biphasic response to nifedipine was 

not as obvious in these experiments. 
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Figure 2.37: Effect of simvastatin (10 µM) and 10 uM rotenone-myxothiazol combination 

on nifedipine-relaxation response curve on PCA pre-contracted with U46619. Control is 

vehicle only (0.1% v/v DMSO). Data are expressed as a percentage of relaxation to 30 nM 

U46619-induced contraction and are mean of 6 experiments. P>0.05 v control, 2-way 

ANOVA followed by Sidak post-hoc test. 
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2.3.6.6. The effect of simvastatin on (±)-Bay K 8644 (L-type Ca2+ channel 

activator) induced contraction in porcine coronary arteries: 

In order to determine whether simvastatin inhibits the contractile response to L-type Ca2+ 

channel activator, the effect of pre-incubation with simvastatin on (±)-Bay K 8644-induced 

contractions was determined. The control tissues reached a response of 95± 6% of the KCl 

response at the maximum concentration of U46619 (n= 6). Pre-incubation with (10 µM) 

simvastatin caused significant inhibitory effect on the contractile response with response 

at maximum concentration of 46 ± 6% of the KCl response. See figure 2.38 
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Figure 2.38: Log concentration-response curves for the vasocontraction effects of (±)-

Bay K 8644 with pre-incubation of simvastatin (10 µM). Control is vehicle only (0.1% v/v 

DMSO). Data are expressed as a percentage of the contraction to 60 mM KCl and are mean 

± SEM of 6 experiments. **P< 0.01 v control at 300 nM of Bay K 8644, Student’s 2-tailed 

paired t-test. 
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2.3.6.7. Effect of myxothiazol and rotenone on the Simvastatin inhibition of the 

Bay K 8644 Response: 

In order to determine whether myxothiazol and rotenone prevent the simvastatin-induced 

inhibition of the (±)-Bay K 8644-induced response, tissues were incubated with 10µM 

simvastatin, in the absence or presence of a combination of rotenone and myxothiazol (10 

µM). The control tissues reached a response of 58± 6% of the KCl response at the 

maximum concentration of Bay K 8644 (n= 7). Pre-incubation with myxothiazol-rotenone 

combination alone had no significant effect on the contractile response to (±)-Bay K 8644, 

whereas simvastatin inhibited the contraction to (±)-Bay K 8644. Pre-incubation of 

myxothiazol-rotenone combination in the presence of simvastatin partially reversed the 

inhibitory effect of simvastatin. See table 2.20 and figure 2.39. 
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Figure 2.39: Log concentration-response curves for the vasocontraction effects of (±)-

Bay K 8644 with pre-incubation 10 µM (myxothiazol and rotenone) and 10 µM simvastatin. 

Control is vehicle only (0.1% v/v DMSO). Data are expressed as a percentage of the 

contraction to 60 mM KCl and are mean ± SEM of 7 experiments. *p<0.05 v control at 300 

nM of Bay K 8644, Two-way ANOVA followed by Tukey post-hoc test. 

 Response at 300 nM Bay K 

8644 ± SEM 

Control 58 ± 6% 

Simvastatin   30 ± 4%* 

Myxothiazol-Rotenone 52 ± 4% 

Simvastatin + 

Myxothiazol-Rotenone 

  43 ± 5%* 

Table 2.20: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for (±)-Bay K 8644 in the absence (control, which is 0.1% v/v 

DMSO), or presence of 10 µM simvastatin and 10 µM (myxothiazol and rotenone) with and 

without simvastatin in PCAs. Data are expressed as mean ± SEM of 7 experiments. 

*p<0.05 v control, Two-way ANOVA followed by Tukey post-hoc test.       
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2.4. Discussion: 

Statins inhibit HMG-CoA reductase, leading to a reduction in the synthesis of mevalonate 

and hence cholesterol. Many large trials have established that statins are not only safe and 

well tolerated but also significantly reduce the rate of cardiovascular morbidity and 

mortality in hypercholesteraemic patients in both primary and secondary prevention 

(Shepherd et al. 1995; Ford et al. 2007; Ramkumar, Raghunath, and Raghunath 2016). 

On the other hand, the remarkable benefit achieved with statin treatment in patients with 

”normal”  cholesterol levels has led to a question about the probable presence of other 

effects of statins away from their impact on serum cholesterol levels. One of the important 

pleiotropic effects is the regulation of vascular tone. Pleiotropic effects of statins could 

occur through prevention of isoprenylation of the small G-proteins Ras, Rho, and Rac, 

which are upstream of ERK, Rho kinase, and Nox respectively. Moreover, simvastatin/HMG 

CoA reductase could have an important role in the regulation of the activity of other 

enzymes such as AMP kinase. Alternatively, studies in our laboratory have demonstrated 

that statins can have effects on mitochondrial function, which may underlie the effects on 

vascular tone. Therefore, our aim in this study was to determine the role of Rho kinase, 

mitochondria and AMP kinase in the regulation of vascular smooth muscle tone by statins. 

Based on previous studies, we hypothesized that simvastatin acts to inhibit mitochondrial 

complexes, leading to inhibition of calcium influx directly or indirectly, possibly through 

activation of AMP kinase and independent of an effect on Rho kinase or ERK-MAP kinase. 

Therefore, the effects of known inhibitors of mitochondrial complex I (rotenone) and III 

(antimycin A and myxothiazol) on the inhibitory effect of simvastatin were determined. In 

addition, the effect of mitochondrial stimulants (co-enzyme Q10 or mitoquinol), AMP kinase 

inhibitor and FCCP (potent mitochondrial oxidative phosphorylation uncoupler) were 

determined. Moreover, the effect of simvastatin and mitochondrial inhibitors on CaCl2 and 

Bay K 8644-induced contraction were determined as well. The data in this section indicate 

that simvastatin inhibits U46619-induced contractions in the porcine coronary artery 

through inhibition of calcium influx, which may be downstream of mitochondrial inhibition. 

There is no evidence for the involvement of Rho kinase, ERK, or AMP kinase in the inhibitory 

effect. 

Previous studies in the laboratory have demonstrated that simvastatin produces a 

concentration and time-dependent relaxation of the porcine coronary artery pre-contracted 

with U46619, with 10 µM simvastatin producing ~100% relaxation after 2 h. Therefore, 

initial experiments confirmed these data with 10 µM simvastatin causing relaxation of pre-

contracted PCA. Subsequently, we determined the effect of a 2 h pre-incubation with 

simvastatin on concentration-response curves to U46619 in the presence or absence of 
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Ca2+. In the presence of calcium, pre-incubation with increasing concentrations of 

simvastatin caused a significant inhibitory effect on the contractile response with 10 µM 

simvastatin but not with 0.1 µM and 1 µM. Interestingly, previous data indicated that 

relaxation responses to simvastatin could be observed at concentrations as low as 100 nM. 

However, in the current study, only 10 µM simvastatin inhibited the U46619-induced 

contraction when added before the thromboxane receptor agonist. Therefore, we 

hypothesized that simvastatin may have a greater effect on the maintained contraction to 

U46619, rather than the initiation of contraction. Initiation of contraction may be due to 

the influx of calcium whereas maintained contraction may be due to other signaling 

pathways such as Rho kinase i.e. calcium sensitization signaling (Mizuno et al. 2008; Kizub 

et al. 2010). In order to test this, we investigated the effect of pre-incubation with 

simvastatin on the time profile of the contractile response to a single, sub-maximum 

concentration of U46619. Pre-incubation with simvastatin inhibited the U46619-induced 

contraction at all-time points, indicating that the initiation of the response is inhibited but 

actually, the response is still maintained, just at a lower level. This is suggesting that 

simvastatin possibly inhibited calcium influx rather than by affecting calcium sensitization. 

2.4.1. Mechanism of U46619-induced contraction: 

Thromboxane A2 (TXA2) is a potent contractile agent of smooth muscle cells (FitzGerald, 

Healy, and Daugherty 1987). Studies revealed that TXA2 could produce its contractile effect 

via activation of TP receptors then enhancing an increase in intracellular calcium level via 

inducing calcium release either from the sarcoplasmic reticulum (SR) and internal stores 

like mitochondrial calcium or via inducing a calcium entry from extracellular compartment 

(Ellinsworth et al. 2014; Touchberry et al. 2014). The influx of extracellular calcium 

involves activation of calcium channels such as receptor-operated calcium channel (ROCC) 

and store-operated calcium channel (SOCC), which are activated after depletion of calcium 

from ER(Parekh and Penner 1997; Putney 2001), as well as voltage-gated calcium channels 

(VGCC), which are activated after membrane depolarization (Berridge 1995; McFadzean 

and Gibson 2002). In addition to this mechanism, TXA2 could induce contraction via 

activation of Rho kinase activity that inhibits phosphatase activity and enhance calcium-

activated myosin light chain kinase activity, which is a key point for inducing muscle 

contraction (Fukata, Amano, and Kaibuchi 2001). On the other hand, there is some 

evidence about the involvement of extracellular signal-regulated kinases (ERK1/2) 

pathway in TXA2-induced contraction in smooth muscle cells via modulation the contractile 

response (Ishihata, Tasaki, and Katano 2002). 

Data in the present study showed that U46619 have the ability to induce a contraction in 

the presence and absence of calcium but the size of contraction in the absence of calcium 

was smaller. This means that the U46619 was depending on the influx of calcium from 
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extracellular compartment to induce contraction as well as on the intracellular calcium that 

release from internal stores but the latter was to a lesser extent as proposed. This is 

supported with evidence from the results of present study that showed the ability of 

simvastatin (chapter 2) and complex III inhibitor myxothiazol (chapter 4) to inhibit the 

U46619-induced contraction in the presence of calcium only. While in Chapter 3, with 

antimycin, which is another complex III inhibitor, the study showed that there was an 

inhibition to U46619-induced contraction in the presence and absence of calcium.   

In a study performed on rat pulmonary artery, the researchers found that nifedipine, VGCC 

blocker, inhibited the contraction induced by the thromboxane analogue U46619. They also 

found that Rho kinase inhibitors could not inhibit the same contraction (Cogolludo et al. 

2003). Another study identified that  Rho kinase inhibitors have no ability to inhibit 

U46619-induced contraction in at pulmonary arteries while diltiazem, which is a VGCC 

blocker, prevented this contraction and the prevention was greater when combined with a 

high concentration of 2-APB (2-amino ethoxy diphenyl borate), which is SGCC blocker 

(Snetkov et al. 2006). In contrast, a study performed on bovine pulmonary arteries 

detected that contraction induced by U46619 could not be inhibited with VGCC blockers 

but was inhibited with Rho kinase inhibitors (Alapati et al. 2007). A study performed on rat 

aorta identified that SB203580 (a p38 MAPK inhibitor) could not inhibit the contraction 

induced by U46619 but it was inhibited with the calcium channel blocker verapamil. The 

study demonstrated also that in the absence of calcium, the U46619-induced contraction 

was strongly attenuated (Tasaki et al. 2003). This indicates that U46619 could elicit a 

contraction via a calcium-independent pathway. A recent study performed on rat intra-

cavernous penile arteries revealed that U46619 signals through both calcium influx via 

VGCC and/or on calcium sensitization to induce a contraction (Grann et al. 2016). Calcium 

sensitization means direct inhibition of myosin light chain phosphatase independent of 

changes in calcium level, which could be regulated via Rho A activation (Somlyo and 

Somlyo 2000).  

Accordingly, it looks that U46619-inducing contraction in smooth muscle cells depends 

mainly on the influx of calcium, in addition to the calcium release from intracellular stores. 

In the absence of calcium, U46619 still elicited a contraction but at a lower level depending 

on the calcium sensitization pathway, which might be regulated via Rho kinase activity. 

Data from the present study are mostly similar to previous studies in reflecting the 

dependence on the presence of extracellular calcium to induce contraction, the ability of 

U46619 to induce smaller contraction in the absence of calcium.  
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2.4.2. Role of Rho kinase and ERK in the anti-contractile effect of simvastatin: 

A study performed by Copley et al (Copley, Beltrame, and Wilson 2008) showed that 

simvastatin at 10 µM reduced the U46619 contraction by 40% in rat caudal artery (RCA). 

In the presence of H-1152, which is a Rho kinase inhibitor, there was a greater reduction 

in the RCA contraction by simvastatin and this is similar to what we found in PCA using 

Y27632 (a selective inhibitor of Rho kinase (Davies et al. 2000)). By using a high 

concentration of the Rho kinase inhibitor, there should be near complete inhibition of Rho 

kinase. Therefore, it was hypothesised that if simvastatin inhibited Rho kinase as well, 

there would not be any additive effect. Therefore, these data bring a suggestion that either 

simvastatin works via another pathway rather than Rho kinase or it works partly via Rho 

kinase. The data in the absence of calcium also indicate that Rho kinase is not involved in 

the effect of simvastatin. Y27632 caused complete inhibition of the calcium-independent 

contraction caused by U46619, demonstrating that this response is dependent on Rho 

kinase activity (figure 7). However, simvastatin had no effect on the U46619-induced 

contraction in the absence of calcium (figure 2). In contrast, inhibition of Rho kinase would 

lead to activation of myosin phosphatase. As the myosin phosphatase inhibitor (calyculin 

A) inhibited the simvastatin relaxation, this could indicate that the simvastatin response is 

dependent on Rho kinase activity. However, calyculin A also inhibited the relaxation 

responses to antimycin A and myxothiazol (see chapters 2 &3), suggesting a non-specific 

effect. 

In order to confirm a lack of involvement of Rho kinase, we attempted to measure Rho 

kinase activity by measuring changes in phosphorylation of the Rho kinase substrate 

myosin phosphatase target subunit 1 (MYPT1) at Thr696, or Thr850. However, neither 

antibody detected a strong band at the predicted molecular weight of 140kDa, unlike the 

total MYPT1 antibody. 

A group of researchers found that 20mg/kg of simvastatin when given to rats for 16 weeks 

could provide cardio protection via a series of effects, including a reduction of ROCK activity 

(Li et al. 2012). In another study performed on bone marrow mesenchymal stem cells, the 

researchers identified that 1 µM simvastatin could enhance the phosphorylation of MYPT, 

i.e. ROCK activity, via increasing the cytosolic Rho A and reducing Rho A binding to cell 

membrane (Tai et al. 2015).  

 

In contrast to this present study, a study performed by (Rattan 2010) found that 

simvastatin (1 and 10 µM) caused concentration dependent inhibition of the contraction 

induced by U46619 in the internal anal sphincter, which could be prevented via incubation 

with the geranylgeranyl transferase substrate geranylgeranyl pyrophosphate, which is 

involved in isoprenylation of RhoA (Stubbs and Von Zee 2012). In addition, there was a 



81 

 

reduction in the prenylation of RhoA, as well as RhoA/ROCK activity as determined using 

Western blotting. These data indicate that simvastatin acts through inhibition of 

posttranslational RhoA prenylation by 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) 

reductase inhibition but not in the PCA.  

It has been found in a number of studies that the elevation in ERK activity is accompanied 

by an increased contraction of blood vessels, which occurs either as a response to 

activation of certain G_protein coupled receptors (Dessy et al. 1998; Roberts 2001) or as 

a response to stretch, which also induces contraction (Oeckler, Kaminski, and Wolin 

2003b). Moreover, the same group of researchers as Roberts 2001 found that the 

contraction of porcine palmar lateral vein and porcine ear artery elicited by α2-

adrenoceptors was dependent on ERK activation and using U46619 increased the 

contractile effect of α2-adrenoceptor via enhancing ERK activity (Bhattacharya and Roberts 

2003). This is supported by other studies in the porcine palmar lateral vein showing that 

inhibition of ERK activation caused a reduction in myosin light-chain phosphorylation 

(Roberts 2001). As statins can inhibit activation of Ras, which is upstream of ERK activity 

(Will et al. 2014; Stofega et al. 1997), we hypothesised that the inhibitory effect of 

simvastatin on U46619-induced contraction could be via inhibition of ERK activity. 

Therefore, we determined the effect of a 1 h pre-incubation with PD98059 a selective 

inhibitor of MEK, which is upstream of ERK activation (Davies et al. 2000), on 

concentration-response curves to U46619 in the presence or absence of Ca2+. Pre-

incubation with 50 µM PD98059 caused significant inhibitory effect to an intermediate 

concentration only. The fact that PD98059 did not produce the same inhibitory effect as 

simvastatin suggests that ERK is not involved in the simvastatin response. To help confirm 

this we determined the effect of simvastatin on U46619-induced contractions in the 

presence of 50 µM PD98059. Under these conditions, simvastatin produced a further 

inhibition of the contraction, suggesting ERK is not involved in the inhibitory effect of 

simvastatin. 

Western blotting was also used to determine changes in ERK activity. ERK is 

phosphorylated by MEK at threonine 202 and tyrosine 204 and this phosphorylation is 

required for activity (Stofega et al. 1997; Xu et al. 2016). Therefore, changes in ERK 

activity can be determined by measuring changes in phosphorylation at these sites. Data 

from the present study showed that there was no significant change either in 

phosphorylated- ERK1 or ERK2 indicating no changes in the activity.  

The possible interpretation is ERK1/2 pathway might not be downstream of the simvastatin 

inhibitory effect of the U46619-induced contraction possibly because U46619 induced the 

contraction via a pathway not involving activation of ERK1/2, as in the present study there 



82 

 

was not much change in phosphorylated-ERK1/2 activity in samples pre-incubated with 

U46619 and samples pre-incubated with simvastatin then contracted with U46619. This 

interpretation could be supported by previous studies in which the researchers found that 

PD98059 (MEK inhibitor) could inhibit MEK1/2 and 5 (i.e. ERK1/2 and 5) and that ERK5 

could play a role in U46619-induced contraction and that is why there were no changes in 

ERK1/2 activity (Kamakura, Moriguchi, and Nishida 1999; Bhattacharya and Roberts 

2003). 

2.4.3. Role of mitochondria in the anti-contractile effect of simvastatin: 

Mitochondria are thought to regulate blood vessel tone via producing ROS, which enhanced 

calcium sparks and calcium-activated K+ channel currents leading to vasodilatation of 

arterial smooth muscle (Xi, Cheranov, and Jaggar 2005). Statins may regulate vascular 

tone through inhibition of mitochondrial function (Broniarek and Jarmuszkiewicz 2016; 

Curry et al. 2019). Other studies found that simvastatin and lovastatin (lipid soluble drugs) 

but not pravastatin (water soluble) have an inhibitory effect on complex I, II, III, IV and 

complex V of heart and liver mitochondria (Nadanaciva et al. 2007). In a recent study, 

Almukhtar (2015) found that the relaxant effect of simvastatin on PCA was reduced by 

inhibition of mitochondrial complexes I and III, which indicates that the relaxation 

produced by simvastatin is dependent upon the activity of complexes I and III. Therefore, 

we determined the effect of mitochondrial complex inhibitors on the anti-contractile effect 

of simvastatin in the PCA. Neither rotenone (complex I inhibitor), myxothiazol nor 

antimycin A (complex III inhibitors), when added alone, had any effect on the inhibitory 

effect of simvastatin on U46619-induced contraction. However, the combination of 

rotenone and myxothiazol prevented the inhibitory effect of simvastatin suggesting that 

the combined inhibition of complex I and III are required to inhibit the effect of simvastatin. 

On the other hand, inhibition of complex I with rotenone and complex III with antimycin A 

enhanced the inhibitory effect of simvastatin on U46619-induced contraction. 

These differences in the effects of the combinations of complex inhibitors could be related 

to the different site of action for both inhibitors of complex III.  Antimycin A acts at the Q i 

site, which is found in the inner membrane and fronting the mitochondrial matrix, while 

myxothiazol inhibits the Qo site, which is oriented toward the intermembrane space (Chen 

et al. 2003). Qi represents the reducing site for ubisemiquinone in complex III and blocking 

with antimycin A could lead to a reduction in persistent sodium currents and the neuronal 

excitability (Lai et al. 2005). In contrast, Qo site represents the oxidizing site for ubiquinol 

and blocking with myxothiazol could lead to enhancement of persistent sodium currents 

and the neuronal excitability (Lai et al. 2006). In another study the researchers found that 

using antimycin A to inhibit complex III at Qi caused an inhibition in the amplitude of 

voltage-gated Ca2+ currents (ICa) while using myxothiazol to block the same complex but 
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at Qo site caused increases in the amplitude of ICa in rat prefrontal neurons (Wu et al. 

2010). In the rat-tail artery, the effect of mitochondrial inhibition with antimycin A was a 

reduction in the amplitude of cellular calcium waves, which may contribute to inducing 

vascular relaxation (Swärd et al. 2002). On the other hand, other researchers found that 

myxothiazol inhibited changes in ROS level and intracellular calcium concentration-induced 

by hypoxia in pulmonary artery smooth muscle cells (Waypa et al. 2006). Mitochondrial 

ROS are important for regulating release intracellular Ca2+ stores, activation voltage-gated 

and Ca2+-activated K+-channels (Sotnikova 1998; Gonzalez-Pacheco et al. 2002). This 

possibly means that calcium channel activation is downstream of the mitochondria and this 

is how simvastatin reduces calcium channels. However, it is also possible that the 

combination of rotenone and myxothiazol opposes the effect of simvastatin directly at the 

calcium channels, rather than within the mitochondria. 

Accordingly, we could say that the inhibition of two different sites for blocking of complex 

III are giving opposite effects and this could explain the opposite effect towards the 

inhibitory effect of simvastatin to U46619-induced contraction. As a support, there are 

several studies, which refer to the relationship between the chemical structure of statins 

and ability to inhibit mitochondrial function, more precisely inhibition of complex III. One 

of them revealed that statin lactones, simvastatin being one of the best examples, exert 

their mitochondrial inhibitory effect mainly via inhibition of the Qo site of complex III rather 

than Qi (Brandt, Schagger, and von Jagow 1988) and (Schirris et al. 2015), hence why 

myxothiazol prevents the effect of simvastatin. Further studies in the thesis will compare 

the anti-contractile effects of antimycin A and myxothiazol with simvastatin. 

As coenzyme Q10 (CoQ10) is a key component of the mitochondrial electron transport 

system, in which it is responsible for transfer electron between complexes (Littarru and 

Tiano 2007) and mitoquinol, the reduced form of CoQ10, a mitochondrial-targeted CoQ10 

analogue (Fink et al. 2012), it was hypothesised that supplementation with these 

compounds might overcome the inhibitory effect of simvastatin if the statin does act 

through inhibition of complex III. There are several studies that indicate that statins in 

general and simvastatin, in particular, can cause a reduction in serum level of CoQ10 via 

inhibiting the mevalonate pathway. This reduction in CoQ10 could disturb the mitochondrial 

function and lead to inhibition of respiration cycle (Ghirlanda et al. 1993; Deichmann, 

Lavie, and Andrews 2010). However, pre-incubation of CoQ10 or mitoquinol in the 

presence of simvastatin for 120 min had no effect on the inhibitory effect of simvastatin. 

These results may be explained by the inability of CoQ10, in oxidized and reduced form 

ubiquinol, to compete with the binding site of simvastatin and protect the mitochondria. 

Anyway, further studies in later chapters will compare the effect of CoQ10 and mitoquinol 

on the effects of antimycin and myxothiazol   
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Similar to CoQ10, H2S may also support the transfer of electrons through the mitochondrial 

electron transport chain (Szabo, Ransy, Módis, et al. 2014). Intra-mitochondrial H2S has 

an important role in maintaining the citric acid cycle and any degradation in H2S, as in the 

case of oxidative stress, can lead to a disturbance in mitochondrial function due to loss the 

protective effect of H2S (Geng et al. 2004; Doeller et al. 2005; Whiteman et al. 2011; 

Vandiver and Snyder 2012). In previous studies, researchers found that H2S could supply 

the mitochondrial electron transport chain with electrons and enhance the ATP production 

(Modis et al. 2014; Szabo, Ransy, Modis, et al. 2014). Therefore, if simvastatin is acting 

through inhibition of the mitochondrial complexes, we hypothesised that treatment with a 

mitochondrial-targeting hydrogen sulphide donor AP39 would protects the mitochondria 

and therefore prevent the inhibitory effect of simvastatin. Therefore, tissues were pre-

incubated with 10 µM simvastatin for 120 min and with AP39 (30 µM) for 15 min, prior to 

exposure to a single concentration of U46619 (30 nM). Pre-incubation with AP39 alone had 

no significant effect on the time-dependent contraction profile to U46619, whereas 

simvastatin showed significant inhibition at most time points. Pre-incubation of AP39 in the 

presence of simvastatin had no further effect. This indicates that AP39 cannot prevent the 

inhibitory effect of simvastatin, which could be because H2S feeds into the ETC at a different 

site, e.g. upstream of where simvastatin acts. 

In a recent study in isolated cardiac mitochondria from rat (Karwi et al. 2017a), a low 

concentration of AP39 was shown to supply electrons to the electron transport chain at the 

co-enzyme Q site and the electrons moved following the direction towards complex III to 

complex IV without passing complex I and II. This finding supported other previous studies, 

which demonstrated that inhibition of complex I with rotenone had no effect on oxidation 

of sulphide while blockage of complex III with antimycin A and complex IV with cyanide 

inhibited it (Volkel and Grieshaber 1996; Searcy 2001; Goubern et al. 2007; Szabo, Ransy, 

Modis, et al. 2014). Therefore, it is possible that AP39 had no ability to reverse simvastatin 

inhibitory effect because, as we hypothesised, simvastatin could inhibit complex III and 

this inhibited sulphide oxidation then abolished the H2S protection role in mitochondria. In 

order to clarify whether mitochondrial H2S can reverse the inhibition of complex III, the 

effect of AP39 on the antimycin and myxothiazol responses will be determined in chapters 

2 & 3. 

To get further clarification about the role of mitochondria, the effect of the mitochondrial 

uncoupling agent FCCP was determined (Kadenbach 2003). Pre-incubation with FCCP alone 

or simvastatin both inhibited the contraction to U46619.  According to Terada (Terada 

1990), the effect of FCCP could be due to inhibition of the transport and coupling of 

electrons released from the respiratory chain reaction, thus inhibiting the oxidative 

phosphorylation and ATP synthesis without affecting respiratory chain itself. The possible 
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consequence of that is the disturbance in calcium homeostasis, which could result in a 

reduction of intracellular calcium levels and inhibition of contraction. This is supported by 

several studies, which identified the direct and indirect inhibitory effect of FCCP on store-

operated Ca2+ entry (SOCE) in a variety of cell types (Hoth, Fanger, and Lewis 1997; 

Makowska, Zablocki, and Duszynski 2000; Smith et al. 2003). A group of researchers, who 

worked on rat hepatocytes, found that FCCP have indirect inhibitory effect on store-

operated calcium entry when the mitochondria lose buffering capacity and cytosolic calcium 

increases (To et al. 2010).  

Pre-incubation with FCCP in the presence of simvastatin enhanced significantly the 

inhibitory effect of simvastatin. The additional inhibitory effect by FCCP could support our 

hypothesis about simvastatin and inducing anti-contractile effect via inhibition of 

mitochondrial complexes if simvastatin still could inhibit these complexes even after 

uncoupling the mitochondria from ATP production, which possibly causing more 

disturbance in calcium levels. Otherwise, what we have is an additional inhibitory effect 

from FCCP via a different pathway. 

To clarify more about the involvement of mitochondria in simvastatin inhibitory effect to 

U46619-induced contraction in PCA, we tested the removal of extracellular glucose from 

Krebs’-Henseleit solution. Exogenous glucose is the predominant substrate utilized by 

vascular smooth muscles to generate ATP through the glycolytic pathway, and this is the 

main source of ATP required for inducing contraction while glucose entering the pyruvate 

pathway is mainly utilized in the mitochondrial electron transport chain to generate 

mitochondrial ATP production (Allen and Hardin 2000). Therefore, we hypothesised that 

removal of extracellular glucose would increase the requirement for mitochondrial 

respiration. Therefore, if simvastatin was acting through inhibition of mitochondrial ATP 

production, a greater effect might be seen in the absence of glucose. Removal of 

extracellular glucose inhibited the U46619-induced contraction, and this contraction was 

virtually abolished in the presence of simvastatin (figure 30). The size of the inhibition with 

simvastatin appeared to be similar in the presence or absence of glucose. However, the 

large inhibition of the U46619-induced contraction in the absence of glucose limited the 

contraction and therefore limited the size of the inhibitory response with simvastatin.  

Inhibition of mitochondrial function could lead to activation of AMP kinase (Jiang et al. 

2013), which could lead to inhibition of smooth muscle contraction (Wang et al. 2011). 

AMP kinase is thought to cause smooth muscle relaxation through eNOS and NO (Goirand 

et al. 2007; Mori et al. 2017)or phosphorylating and inactivating myosin light chain kinase 

(Horman et al. 2008; Lee and Choi 2013). Therefore, we compared the effect of the AMP 

kinase inhibitor dorsomorphin (Liu et al. 2014) on the inhibitory effects of simvastatin. Pre-
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incubation of dorsomorphin in the presence of simvastatin did not reverse or alter the 

inhibitory effect of simvastatin, indicating that AMP kinase is not involved in the anti-

contractile effect of simvastatin in the PCA. The data presented here are in contrast to the 

study performed on rat mesenteric artery (Rossoni et al. 2011). In this study, it was found 

that the anti-contractile effect of simvastatin was inhibited by dorsomorphin. The reasons 

behind this result could be using different tissue and animal, which could exhibit different 

behaviour. In addition, using a different contractile agent with different concentrations may 

show different effects.  

2.4.4. Role of calcium in the anti-contractile effect of simvastatin: 

Previous research has indicated that statins can inhibit calcium influx in vascular smooth 

muscle (Bergdahl et al. 2003). As discussed above, simvastatin had no effect on the 

U46619-induced contraction in the absence of extracellular calcium (figure 4). Further 

studies were carried out to determine the effect of simvastatin on calcium-induced 

contractions. Pre-incubation with simvastatin inhibited the contraction to CaCl2. This could 

be due to inhibition of calcium influx, either directly by inhibition of the calcium channels, 

or indirectly, or it could be due to inhibition of the intracellular signalling pathways 

downstream of calcium. Similar effects were seen with simvastatin in rat aorta and this 

was proposed to be due to inhibition of calcium influx (Alvarez de Sotomayor et al. 2001). 

Other studies suggested that simvastatin could inhibit the release of calcium from 

intracellular spaces and this induced inhibition of contraction (Ng, Davies, and Wojcikiewicz 

1994; Escobales et al. 1996; Tesfamariam, Frohlich, and Gregg 1999). Accordingly, 

simvastatin could affect calcium influx and intracellular calcium release directly or 

indirectly. 

In order to determine which calcium channels might be involved in the simvastatin-induced 

inhibition of the U46619-induced response, tissues were incubated with 10 µM simvastatin, 

in the absence or presence of the calcium channel blocker, nifedipine (5 µM). Pre-incubation 

with nifedipine alone or simvastatin alone caused a significant inhibition to the U46619 

contractile response. On the other hand, there was no further inhibition with simvastatin 

in the presence of nifedipine. This suggests that simvastatin is unable to block the U46619-

induced contraction if calcium channels are already inhibited, indicating that simvastatin 

either blocks L-type calcium channels or, as indicated above, inhibits the pathway 

downstream of calcium. These data are supported by the experiments with the L-type 

calcium channel opener Bay K 8644 in which simvastatin inhibited the contraction. 

Similarly, simvastatin inhibited the relaxation to nifedipine, although when this experiment 

was repeated in the presence of rotenone and myxothiazol, there was no inhibition. 

Nifedipine appeared to produce a biphasic relaxation of the coronary artery. This biphasic 

effect was more obvious in the presence of simvastatin, which inhibited the relaxation in 



87 

 

the first phase. At high concentrations, nifedipine can block T-type calcium channels 

(Shcheglovitov et al. 2005), which may explain the biphasic response. The fact that 

simvastatin appeared to inhibit the first phase suggests that it may be blocking L-type 

calcium channels.  

In a study performed on rat islet beta cells, it was found that simvastatin, but not 

pravastatin, blocked L-type calcium channels in order to prevent glucose-induced calcium 

signalling and insulin secretion (Yada et al. 1999; Curry et al. 2019). Other studies have 

also indicated that simvastatin can alter intracellular calcium homeostasis via disturbing 

the function of VGCC in vascular smooth muscle (Tesfamariam, Frohlich, and Gregg 1999; 

Alvarez de Sotomayor et al. 2001; Seto et al. 2007). A more recent study also identified 

that simvastatin irreversibly inhibited the maintenance phase of contraction induced in rat 

via interrupt the function of VGCC then inhibition calcium influx (Kang et al. 2014). This 

group also found that simvastatin inhibits the contraction in response to Bay K 8644 (Kang 

et al. 2014). 

2.4.5. Role of mitochondria in the inhibition of calcium-induced contractions: 

The data presented here suggest that simvastatin inhibits contractile responses through 

effects on both mitochondria and inhibition of calcium-induced contractions. In order to 

determine whether there is a link between these pathways, the effect of mitochondrial 

inhibitors on the calcium-induced response was determined. Pre-incubation with an 

antimycin A-rotenone combination alone had no significant effect on the contractile 

response to CaCl2, although there was a partial inhibition whereas simvastatin inhibited 

the contraction to CaCl2 significantly. Pre-incubation with the myxothiazol-rotenone 

combination alone had no effect on the inhibitory effect of simvastatin on the contraction 

to increasing concentrations of calcium (figure 34), which was different from the effects 

seen on the U46619-induced contraction (figure 25). On the other hand, the combination 

of myxothiazol-rotenone did prevent the inhibitory effect of simvastatin on the Bay K 8644-

induced contraction (figure 39). Pre-incubation with the myxothiazol-rotenone combination 

alone had no significant effect on the contractile response to Bay K 8644, whereas 

simvastatin inhibited the contraction. These studies indicate that inhibition of complex I 

and III can prevent the inhibitory effect of simvastatin on the L-type calcium channel 

induced contractions, suggesting that the effects of simvastatin on the L-type calcium 

channels could be downstream of inhibition of the mitochondria. The fact that rotenone 

and myxothiazol did not prevent the inhibitory effect on the calcium-induced contractions 

is harder to explain. It could be due to the calcium-induced contraction occurring through 

channels other than the L-type calcium channels. 
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Pre-incubation of antimycin A-rotenone in combination enhanced the inhibitory effect of 

simvastatin on the calcium-induced contraction, which is similar to the response seen 

against the U46619-induced contraction (figure 24). This enhancement of simvastatin 

inhibitory effect suggests that disturbing mitochondrial function with rotenone and 

antimycin A had a further inhibitory effect on calcium influx. A previous study clarified that 

disturbances in calcium homeostasis could result from impairment of mitochondrial ETC 

(Mohaupt et al. 2009). Another study performed on rat cortical neurons, identified a 

disturbance in VGCC leading to a reduction in calcium influx after using antimycin A to 

block complex III (Wu et al. 2010).  

A previous study determined that complex III inhibitor antimycin A acts on Qi site, while 

myxothiazol, another inhibitor of complex III, acts on the Qo site (Lai et al. 2005). Thus, 

inhibition of complex I with rotenone and complex III with myxothiazol possibly impaired 

mitochondrial respiration without impeding extracellular calcium influx, while blocking Qi 

site of complex III with antimycin A and complex I with rotenone could cause more 

disturbance in mitochondrial respiration, ATP production and possibly inhibit the influx of 

extracellular calcium via a different pathway.  

A study performed on pulmonary artery smooth indicated that blocking of complex I or III 

using rotenone and myxothiazol respectively inhibited the calcium increases due to hypoxia 

(Wang et al. 2007). A limitation of this present study is that we did not measure the effect 

of simvastatin on calcium responses. A previous study in the laboratory demonstrated that 

simvastatin inhibits calcium influx in freshly isolated smooth muscle cells (Almukhtar 

Thesis). However, it was not possible to determine whether this could be prevented by the 

combination of rotenone and myxothiazol. 
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In summary, the data presented in this chapter demonstrate that simvastatin inhibits the 

U46619-induced contraction in PCA only in the presence of calcium possibly via 

mitochondrial inhibition. The combination of mitochondrial inhibitors I and III (rotenone-

myxothiazol) reduced this inhibitory effect while the combination of mitochondrial inhibitors 

I and III (rotenone-antimycin A) enhanced the inhibitory effect of simvastatin. The fact 

that the rotenone-myxothiazol combination prevented the inhibitory effect of simvastatin 

on the Bay K8644-induced contraction suggests that the effects of simvastatin on calcium-

induced contractions may be due to mitochondrial effects. This suggests that there is a link 

between inhibition of mitochondrial function, calcium influx and inhibition of smooth muscle 

contraction by simvastatin in the PCA, as indicated in the pathway in figure 2.40. In order 

to clarify the role that mitochondria might play in the simvastatin responses in the PCA, it 

is necessary to compare the effects of simvastatin with known inhibitors of the 

mitochondrial ETC. Therefore, in the next chapters, the mechanism of the anti-contractile 

effects of antimycin A and myxothiazol will be determined.  

 

Figure 2.40: Hypothesized schematic diagram effect of 10 µM simvastatin on U46619-

induced contraction in PCA. The present study demonstrated the anticontractile effect of 

simvastatin is through inhibition of calcium influx or inhibition of mitochondria or both of 

them combined. Blue arrows indicate stimulation whereas red lines indicate inhibition. 
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Chapter III 

The effect of antimycin A on U46619 

(thromboxane A2 receptor agonist) 

induced contraction in porcine coronary 

arteries (PCAs) 
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3.1. Introduction: 

Mitochondria are an important organelle in all cells, they have a crucial role in metabolic 

pathways, including ATP production and supplying energy required for different processes 

including muscle contraction (Kuznetsov et al. 2009; Scheffler 2001). Thus, mitochondria 

have a vital role in regulating muscle tone besides other important roles such as Ca2+ 

regulation, cell signaling, cell proliferation and others (Busija et al. 2016). Mitochondria 

consist of four sections: the outer mitochondrial membrane (OMM), the intermembrane 

space (IMS), the inner mitochondrial membrane (IMM), and the mitochondrial matrix. The 

IMM is specialised to facilitate oxidative phosphorylation as it contains a diversity of 

proteins and mitochondrial complexes in addition to ATP synthase. ATP production depends 

mainly on the transfer of protons between the mitochondrial complexes according to 

gradients in the electron transport chain (ETC) (Scheffler 2001). Mitochondria also have a 

vital role in maintaining calcium homeostasis via calcium uptake into the mitochondria in 

conjunction with endoplasmic reticulum (ER) (Camello-Almaraz et al. 2006). Mitochondrial 

calcium is required for a number of processes including protein synthesis and ATP 

synthesis, activation of oxidative phosphorylation, citric acid cycle dehydrogenases and 

inducing muscle contraction (Joyal, Hagen, and Aprille 1995; Griffiths and Rutter 2009). 

The respiratory chain in IMM consist of five complexes (complex I to complex V) which 

regulate electron transfer in ETC and aid ATP production (Hatefi 1985). Impairment or 

damage in mitochondrial complexes could lead to mitochondrial dysfunction that possibly 

ends with a degenerative cellular process (Cadenas and Davies 2000; Caspersen et al. 

2005). On the other hand, mitochondrial complex inhibitors could modulate and modify 

the function of mitochondria (Camello-Almaraz et al. 2006). 

One of these complex inhibitors is antimycin A, which is a compound from Streptomyces 

kitazawensis (Nakayama, Okamoto, and Harada 1956). It is known to act at the Qi site of 

cytochrome c reductase that is located in the inner membrane on complex III. Antimycin 

A prevents the oxidation of ubiquinol in the ETC that blocks the transfer of a mitochondrial 

electron between cytochrome b and c (Campo, Kinnally, and Tedeschi 1992; Pham, 

Robinson, and Hedley 2000). See figure 3.1  
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Figure 3.1: schematic diagram of antimycin A inhibitory effect of Qi site of mitochondrial 

complex III. 

 

Blocking of complex III leads to several consequences, which include a collapse in electron 

movement, reduction in cellular ATP production and induction of ROS generation (Campo, 

Kinnally, and Tedeschi 1992; Balaban, Nemoto, and Finkel 2005). Previous studies on rat 

hippocampal CA1 cells identified that generation of ROS could have downstream effects 

including inducing a hypoxic response and reducing neuronal excitability via a reduction in 

sodium currents in the plasma membrane (Lai et al. 2005). In addition, it was found that 

antimycin A plays an important role in the regulation of guinea pig gallbladder smooth 

muscle tone via interrupting the normal function of mitochondria, leading to inhibition of 

spontaneous action potential and Ca2+ waves then reducing the contractility (Balemba et 

al. 2008). Recently, a study in our laboratory indicated that antimycin A caused a relaxation 

in PCA via inhibition of calcium influx (Almukhtar et al. 2016). 

Inhibition of complex I together with complex III could enhance ROS production (Chen et 

al. 2003), which in turn could disturb mitochondrial function, calcium homeostasis and ATP 

production (Herrero and Barja 1997; St-Pierre et al. 2002). In contrast and in some 

pathological conditions, blocking of complex I with rotenone could reduce ROS production 

such as in ischaemia in the isolated rat heart (Becker et al. 1999).  

One potential mechanism by which antimycin A could regulate smooth muscle tone is 

through activation of AMP-activated protein kinase (AMPK). AMPK is determined as a 

sensor of energy because when the ATP: AMP ratio decreases, this leads to AMPK activation 

through the increase in AMP (Suter et al. 2006; Gowans et al. 2013). There are several 

studies suggesting that increasing AMP Kinase activity could induce relaxation or anti-

contractile effects via either activating eNOS pathway(Mori et al. 2017) or via enhancement 

of phosphorylation of myosin light chain kinase (Horman et al. 2008).  
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The previous chapter indicated that simvastatin could have an anti-contractile effect 

through inhibition of the mitochondrial ETC, possibly at complex III. Therefore, in this 

chapter, we determined the anti-contractile effect of the complex III inhibitor antimycin A, 

in order to compare the effect of antimycin A with that of simvastatin. 
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3.2. Material and Methods: 

3.2.1. Tissue Preparation:  

3.2.2. Isolated organ bath experiments: 

Porcine coronary arteries were set up for isolated organ bath experiments as mentioned in 

chapter II, page 29. 

3.2.3. Effect of antimycin A on U46619-induced tone: 

In order to determine the effect of antimycin A on U46619-induced tone, tissues were 

exposed to antimycin A (1-10 µM) or vehicle control (0.1% v/v DMSO) for 2 h. After the 

incubation period, the thromboxane mimetic U46619 was added in a cumulative manner 

(1-300 nM). Contractile responses were expressed as a percentage of the response to 60 

mM KCl. In some experiments, the Krebs’- Henseleit buffer was replaced with calcium-free 

Krebs solution in which the calcium was replaced with 2 mM ethylene glycol bis (β amino 

ethyl ether)-N,N,N,N- tetraacetic acid (EGTA). In other experiments, the Krebs’- Henseleit 

buffer was replaced with glucose-free Krebs. 

3.2.4. Effect of Rho kinase, MEK, phosphatase and L-type calcium channel 

inhibition on antimycin A response: 

After the KCl responses, tissues were exposed to antimycin A (10 µM) in the absence or 

presence of one of the following compounds: Rho kinase inhibitor Y27632 (10 µM), MEK-

ERK inhibitor PD98059 (50 µM), L-type calcium channel blocker nifedipine (5 µM). Control 

tissues received vehicle only (distilled water for Y27632, 0.1% v/v DMSO for the other 

compounds). Cumulative concentration-response curves to U46619 were then carried out. 

In order to determine the effect of antimycin A on relaxation responses to the 

phosphoprotein phosphatase inhibitor calyculin A or the L-type calcium channel blocker 

nifedipine, tissues were incubated with a single concentration of antimycin A (10 µM) for 

120 min and then contracted with U46619 to about 40-60% of KCl contraction. This was 

followed by adding either a single concentration of calyculin A (100 nM) or cumulative 

concentrations of nifedipine (1 nM-3 µM) to induce relaxation. 

3.2.5. Effect of mitochondrial inhibitors (I and III) on antimycin A-induced 

inhibition of thromboxane contraction: 

In order to determine whether the inhibition of the U46619-induced contraction by 

antimycin A can be prevented by other complex inhibitors, the effects of mitochondrial 

inhibitors rotenone (complex I inhibitor) and myxothiazol (complex III inhibitor at Qo site), 

were determined. Tissues were pre-incubated with 10 µM antimycin A, with or without a 
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combination of rotenone and myxothiazol. Control tissues received vehicle only (0.1% v/v 

DMSO). Cumulative concentration-response curves to U46619 were then carried out. 

3.2.6. Effect of FCCP and AMP kinase inhibitor on the antimycin A-induced 

inhibition of thromboxane contraction: 

In order to determine whether the inhibition of the U46619-induced contraction by 

antimycin A could be prevented by uncoupling the mitochondria, tissues were pre-

incubated with antimycin A (10 µM) in the absence or presence of FCCP (1 µM). Control 

tissues received vehicle only (0.1% v/v ethanol for FCCP, 0.1% v/v DMSO for antimycin 

A). Cumulative concentration-response curves to U46619 were then carried out in the 

presence of extracellular calcium. Contractile responses were expressed as a percentage 

of the response to 60 mM KCl. 

Inhibition of the mitochondrial ETC can lead to activation of AMP kinase (Jiang et al. 2013). 

Therefore, in order to determine whether increased activity of AMP kinase underlies the 

inhibitory effect of antimycin A, tissues were pre-incubated with antimycin A in the absence 

or presence of dorsomorphin (10 µM). Control tissues received vehicle only (0.1% v/v 

DMSO). Cumulative concentration-response curves to U46619 were then carried out in the 

presence or absence of extracellular calcium. Contractile responses were expressed as a 

percentage of the response to 60 mM KCl. 

3.2.7. Effect of mitochondrial stimulants on the antimycin A-induced inhibition of 

thromboxane contraction: 

In order to determine if the inhibitory effect of antimycin A could be prevented by 

supplementation with co-enzyme Q10, tissues were exposed to co-enzyme Q10 (5 µM) or 

mitoquinol (1 µM), a mitochondria-targeted form of co-enzyme Q10. Control tissues 

received vehicle only (0.1% v/v ethanol for co-enzyme Q10 and 0.1% v/v DMSO for the 

rest). Cumulative concentration-response curves to U46619 were then carried out in the 

presence of extracellular calcium. Contractile responses were expressed as a percentage 

of the response to 60 mM KCl. 

Blocking complex III could increase mitochondrial ROS production, which can be prevented 

by mitochondrial H2S. Therefore, the effect of the mitochondria-targeted H2S donor AP39 

(30 µM) on the inhibitory effect of antimycin A was determined. Tissues were exposed to 

a single concentration of U46619 (30 nM) then tension recorded for up to 120 min. 

Contractile responses were expressed as a percentage of the response to 60 mM KCl.  
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3.2.8. Effect of antimycin A on CaCl2 and Bay K 8644-induced contraction: 

In order to determine whether the inhibition of the U46619-induced contraction by 

antimycin A requires the presence of extracellular calcium, tissues were pre-incubated with 

antimycin A (10 µM) in calcium-free Krebs-Henseleit buffer. Control tissues received 

vehicle only (0.1% v/v DMSO). After the incubation period, tissues were exposed to a 

maximum concentration of U46619 (300 nM). CaCl2 was then added cumulatively (10 µM-

3 mM) to induce a contraction. Contractile responses were expressed as a percentage of 

the response to 60 mM KCl. 

In other experiments and in order to determine and confirm the involvement of L-type 

calcium channel in the inhibitory effect of antimycin A, tissues were pre-incubated with 

antimycin A (10 µM). Control tissues received vehicle only (0.1% v/v DMSO). After the 

incubation period, the L-type calcium channel opener Bay K 8644 was then added 

cumulatively (1-300 nM). Contractile responses were expressed as a percentage of the 

response to 60 mM KCl.  

3.2.9. Drugs and Chemicals: 

U46619, Y27632, PD98059 and Bay K 8644 were purchased from Tocris Bioscience, UK. 

antimycin A, myxothiazol, rotenone, dorsomorphin, co-enzyme Q10, FCCP, and nifedipine 

were purchased from Sigma, UK. Mitoquinol and AP39 were purchased from Cayman 

Chemical Company, USA. Finally, calyculin A was purchased from Cell Signalling 

Technology, UK. 

Stock solutions of Y27632 were dissolved in distilled water. The stock solution of co-enzyme 

Q10 was dissolved in ethanol. The stock solutions of U46619 were made to 10mM in 

ethanol. All further dilutions of the stock solutions were made using distilled water. 

Furthermore, stock solutions of all remaining chemicals were dissolved in dimethyl 

sulfoxide (DMSO). 

The following modified Krebs-Henseleit buffer solution was used (in mM): NaCl 118, KCl 

4.8, CaCl2.H2O 1.3, NaHCO3 25.0, KH2PO4 1.2, MgSO4.7H2O and glucose 11.1, previously 

gassed with a mixture of 5% CO2 and 95% O2 with pH of approximately 7.5 and used at 

37 oC. All stocks were kept frozen at -20 oC, except for KCl and CaCl2 that were kept at 

room temperature.  
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 3.2.10. Statistical Analysis: 

Data were expressed as mean ± SEM where n = the number of different animals. The 

concentration-response curves were fitted to a sigmoidal curve with a variable slope using 

four parameters (Top, bottom, log EC50 and slope) logistic equation using Graph-Pad Prism 

software. The maximum percentage contraction (Rmax) and the negative log of 

concentration required to produce half the response to that ligand (pEC50) were derived 

from the fitted curves where appropriate. Data were analyzed using 2-tailed, paired 

(dependent) for one group sample tested twice or unpaired (independent) Student’s t-test 

to compare the means of 2 groups-tested once. Differences between 3 or more groups 

were assessed using one-way ANOVA or two-way ANOVA in conjunction with the Sidak’s 

post-hoc test or Tukey post-hoc test to assess possible difference at individual 

concentrations. The P-value <0.05 was considered statistically significant. Statistical 

analysis was performed by Graph-Pad Prism (Version 7). 
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3.3. Results: 

3.3.1. The effect of antimycin A on U46619 (thromboxane A2 mimetic) induced 

contraction in porcine coronary arteries (PCAs): 

In order to determine whether antimycin A inhibited the contractile response to 

thromboxane receptor activation, the effect of pre-incubation with antimycin A on U46619-

induced contractions was determined in the presence of calcium (fig.3.2) and in the 

absence of calcium (fig.3.3). In the presence of calcium, the Rmax response of control 

tissues was 96 ± 5% of the KCl response with pEC50 of 7.65± 0.04 (n= 12). Pre-incubation 

with increasing concentrations of antimycin A caused a significant inhibitory effect on the 

contractile response with 10 µM antimycin A mainly at 30 µM. See figure 3.2 and table 3.1. 
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Figure 3.2: Log concentration-response curves for the vasocontractile effects of U46619 

with pre-incubation of antimycin A (1, 3 and 10 µM). Control is vehicle only (0.1% v/v 

DMSO). Data are expressed as a percentage of the contraction to 60 mM KCl and are mean 

± SEM of 12 experiments. ****p-value< 0.0001 v control at 30 nM of U46619, One-way 

ANOVA followed by Tukey post-hoc test.  
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 Rmax  

(% KCl response, mean 

± SEM) 

pEC50 

(mean ± SEM) 

Control 96 ± 5 7.65 ± 0.04 

   1 µM Antimycin A 94 ± 5 7.60 ± 0.06 

   3 µM Antimycin A 98 ± 7 7.55 ± 0.05 

 10 µM Antimycin A 86 ± 7         7.27 ± 0.05**** 

 

Table 3.1: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl and log EC50 (pEC50) for U46619 in the absence (control, which is 

0.1% v/v DMSO), or presence of antimycin A (1, 3, and 10µM) in PCAs. Data are expressed 

as mean ± SEM of 12 experiments. ****p-value< 0.0001 v control at 30 nM of U46619, 

One-way ANOVA followed by Tukey post-hoc test. 

 

In the absence of calcium, the size of contraction to U46619 was smaller than that in the 

presence of calcium. Pre-incubation with 10 µM antimycin A showed smaller inhibitory 

effect between 30 and 100 nM of U46619 induced contraction of the PCA (Response at 

maximum concentration 300 nM U46619 = 12.5 ± 2.7%, mean ± SEM, n=6) compared to 

the control (Response at maximum concentration 300 nM U46619 = 14.6 ± 3%, mean ± 

SEM, n=6). See figure 3.3.                             
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Figure 3.3: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation of antimycin A (10 µM) in the absence of calcium. Control is vehicle 

only (0.1% v/v DMSO). Data are expressed as a percentage of the contraction to 60 mM 

KCl and are mean ± SEM of 6 experiments. *p-value< 0.05 v control, Student’s 2-tailed 

paired t-test. 
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3.3.2. Effect of rotenone (complex I inhibitor) on antimycin A response: 

In order to determine whether the effect of antimycin A could be prevented with a complex 

I inhibitor, tissues were incubated with 10 µM antimycin A, in the absence or presence of 

mitochondrial complex inhibitor I rotenone (10 µM). Response at maximum concentration 

of U46619 in the control tissues was 115 ± 7.6% of the KCl response (n= 6). Pre-incubation 

with rotenone alone had no significant effect on the contractile response to U46619, 

whereas antimycin A inhibited the contraction to U46619 at 30-100 nM. Pre-incubation of 

rotenone in the presence of antimycin A had no more effect on the inhibitory effect of 

antimycin A. See table 3.2 and figure 3.4. 
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Figure 3.4: Log concentration-response curves for the vasocontractile effects of U46619 

with pre-incubation 10 µM rotenone and 10 µM antimycin A. Control is vehicle only (0.1% 

v/v DMSO). Data are expressed as a percentage of the contraction to 60 mM KCl and are 

mean ± SEM of 6 experiments. **p<0.01 v control at 30-100 nM of U46619, Two-way 

ANOVA followed by Tukey post-hoc test. 

 

 Response at 300 nM 

U46619 ± SEM 

Control 115 ±7.6% 

Antimycin A 75 ± 3.4% 

Rotenone 101 ± 7.1% 

Antimycin A + Rotenone 68 ± 18% 

 

Table 3.2: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO), or 

presence of 10 µM antimycin A and 10 µM rotenone with and without antimycin A in PCAs. 

Data are expressed as mean ± SEM of 6 experiments. Two-way ANOVA followed by Tukey 

post-hoc test.   
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3.3.3. Effect of the rotenone-myxothiazol combination on antimycin A response: 

In order to determine whether inhibition of complex I and complex III at Qi site could 

prevent the inhibitory effect of antimycin A, tissues were incubated with 10µM antimycin 

A, in the absence or presence of the mitochondrial complex I and III inhibitors rotenone 

and myxothiazol (10 µM). The control tissues reached a Rmax of 94± 11% of the KCl 

response with pEC50 value of 8.0 ± 0.1 (n= 6). Pre-incubation with myxothiazol-rotenone 

combination alone had no significant effect on the contractile response to U46619, whereas 

antimycin A inhibited the contraction to U46619 at 10nM. Pre-incubation of myxothiazol-

rotenone combination in the presence of antimycin A had no significant effect on the 

inhibitory effect of antimycin A. See table 3.3 and figure 3.5. 
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Figure 3.5: Log concentration-response curves for the vasocontractile effects of U46619 

with pre-incubation 10 µM (myxothiazol and rotenone) and 10 µM antimycin A. Control is 

vehicle only (0.1% v/v DMSO). Data are expressed as a percentage of the contraction to 

60 mM KCl and are mean ± SEM of 6 experiments. *p<0.05 v control at 10 nM of U46619, 

Two-way ANOVA followed by Tukey post-hoc test. 

 Rmax  

(% KCl response, 

mean ± SEM) 

pEC50 

(mean ± SEM) 

Control 94 ± 11% 7.8 ± 0.06 

Antimycin A 101 ± 11%   7.6± 0.03* 

Myxothiazol-Rotenone  97 ± 14% 7.7 ± 0.04 

Antimycin A + Myxothiazol-

Rotenone 

100 ± 11% 7.5± 0.09 

Table 3.3: Maximum contraction (Rmax) expressed as a percentage of the response to 60 

mM KCl and log EC50 (pEC50) for U46619 in the absence (control, which is 0.1% v/v DMSO), 

or presence of 10 µM antimycin A and 10 µM (myxothiazol and rotenone) with and without 

antimycin A in PCAs. Data are expressed as mean ± SEM of 6 experiments. *p<0.05 v 

control at 10 nM of U46619, Two-way ANOVA followed by Tukey post-hoc test.   
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3.3.4. Effect of AMP kinase inhibitor on antimycin A response: 

In order to determine whether AMP kinase is involved in the anti-contractile effect of 

antimycin A, the effect of 10 µM dorsomorphin with or without 10 µM antimycin A on 

U46619-induced contractions in PCA was determined in the presence (Fig.5) and absence 

of calcium (Fig.6). In the presence of calcium, the control tissues reached a response at 

maximum concentration of U46619 used of 83.9± 7.24% of the KCl response (n= 6). Pre-

incubation with 10 µM dorsomorphin had no effect on the contractile response to U46619 

while pre-incubation with antimycin A inhibited the U46619 contraction. Pre-incubation 

with dorsomorphin attenuated the inhibitory effect of antimycin A on the contractile 

response of U46619. See figure 3.6 and table 3.4  
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Figure 3.6: Log concentration-response curves for the vasocontractile effects of U46619 

with pre-incubation 10 µM dorsomorphin and 10 µM antimycin A in the presence of calcium. 

Control is vehicle only (0.1% v/v DMSO). Data are expressed as a percentage of 

contraction to 60 mM KCl and are mean ± SEM of 6 experiments. *p-value < 0.05 v control 
at 300 nM of U46619, Two-way ANOVA followed by Tukey post-hoc test. 

 Response at 300 nM 

U46619 ± SEM 

Control 83.9 ± 7.24% 

Antimycin A     36.7 ± 10.5%* 

Dorsomorphin  85.36 ± 5.4% 

Dorsomorphin+ Antimycin A    80.6 ± 5.1%* 

 

Table 3.4: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO), or 

presence of 10 µM antimycin A and 10 µM dorsomorphin with and without antimycin A in 

PCAs. Data are expressed as mean ± SEM of 6 experiments performed in the presence of 

calcium. *p-value < 0.05 v control at 300 nM of U46619, Two-way ANOVA followed by 

Tukey post-hoc test. 
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In contrast, in the absence of calcium, dorsomorphin enhanced the inhibitory effect of 

antimycin A on the U46619-induced contraction, reducing the response at maximum 

concentration from 10.5 ± 0.72% to 7.3± 0.46% (as shown in table 3.5 and figure 3.7). 
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Figure 3.7: Log concentration-response curves for the vasocontractile effects of U46619 

with pre-incubation 10 µM dorsomorphin and 10 µM antimycin A in absence of calcium. 

Control is vehicle only (0.1% v/v DMSO). Data are expressed as a percentage of the 

contraction to 60 mM KCl and are mean ± SEM of 6 experiments. **p-value < 0.01 v 

control at 300 nM of U46619, Two-way ANOVA followed by Tukey post-hoc test. 

 

 Response at 300 nM 

U46619 ± SEM 

Control 15.8 ± 2.44% 

Antimycin A 10.5 ± 0.72% 

Dorsomorphin  15.7 ± 2.24% 

Dorsomorphin+ Antimycin A       7.3 ± 0.46%** 

 

Table 3.5: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO), or 

presence of 10 µM antimycin A and 10 µM dorsomorphin with and without antimycin A in 

PCAs. Data are expressed as mean ± SEM of 6 experiments performed in absence of 

calcium. **p<0.01 v control at 300 nM of U46619, Two-way ANOVA followed by Tukey 

post-hoc test.  
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3.3.5. Effect of co-enzyme Q10 on antimycin A response: 

In order to determine whether supplementation with coenzyme Q10 could prevent the 

antimycin A-induced inhibition of the U46619-induced response, tissues were incubated 

with 10 µM antimycin A, in the absence or presence of coenzyme Q10 (5 µM). Response 

at maximum concentration of U46619 in the control tissues was 108 ± 6% of the KCl 

response (n= 6). Pre-incubation with coenzyme Q10 alone had no significant effect on the 

contractile response to U46619, whereas antimycin A inhibited the contraction to U46619. 

Pre-incubation of coenzyme Q10 in the presence of antimycin A attenuated the inhibitory 

effect of antimycin A. See table 3.6 and figure 3.8. 
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Figure 3.8: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation 5 µM coenzyme Q10 and 10 µM antimycin A. Control is vehicle only 

(0.1% v/v DMSO+ Ethanol). Data are expressed as a percentage of the contraction to 60 

mM KCl and are mean ± SEM of 6 experiments. *p<0.05 v coenzyme, Two-way ANOVA 

followed by Tukey post-hoc test.      

 Response at 300 nM 

U46619 ± S.E.M 

Control 108 ± 6% 

Antimycin A 83 ± 8% 

Coenzyme Q10 99 ± 8% 

Antimycin A + Coenzyme 

Q10 

118 ± 5%* 

 

Table 3.6: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO+ 

Ethanol), or presence of 10 µM antimycin A and 5 µM co-enzyme Q10 with and without 

antimycin A in PCAs. Data are expressed as mean ± SEM of 6 experiments. *p<0.05 v 

coenzyme, Two-way ANOVA followed by Tukey post-hoc test.      
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3.3.6. Effect of mitoquinol on antimycin A response: 

In order to determine whether mitoquinol prevented the antimycin A-induced inhibition of 

the U46619-induced response, tissues were incubated with 10 µM antimycin A, in the 

absence or presence of mitoquinol (1 µM). The control tissues reached a Rmax of 93 ± 6% 

of the KCl response with pEC50 of 8 ± 0.1 (n= 6). Pre-incubation with mitoquinol alone had 

no significant effect on the contractile response to U46619, whereas antimycin A inhibited 

the contraction to U46619. Pre-incubation of mitoquinol in the presence of antimycin A 

moderately attenuated the inhibitory effect of antimycin A. See table 3.7 and figure 3.9. 
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Figure 3.9: Log concentration-response curves for the vasocontractile effects of U46619 

with pre-incubation 1 µM mitoquinol and 10 µM antimycin A. Control is vehicle only (0.1% 

v/v DMSO). Data are expressed as a percentage of the contraction to 60 mM KCl and are 

mean ± SEM of 6 experiments. ***p<0.001 v control at 30 nM of U46619, Two-way ANOVA 

followed by Tukey post-hoc test.  

 Rmax  

(% KCl response, 

mean ± SEM) 

pEC50 

(mean ± SEM) 

Control 93 ± 6% 8 ± 0.1 

Antimycin A   83 ± 3%       7 ± 0.1*** 

Mitoquinol  78 ± 3% 8 ± 0.1 

Antimycin A + Mitoquinol   92 ± 8% 8 ± 0.2 

 

Table 3.7: Maximum contraction (Rmax) expressed as a percentage of the response to 60 

mM KCl and log EC50 (pEC50) for U46619 in the absence (control, which is 0.1% v/v DMSO), 

or presence of 10 µM antimycin A and 1 µM mitoquinol with and without antimycin A in 

PCAs. Data are expressed as mean ± SEM of 6 experiments. ***p<0.001 v control at 30 

nM of U46619, Two-way ANOVA followed by Tukey post-hoc test.      
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3.3.7. Effect of FCCP on antimycin A response: 

In order to determine whether uncoupling the mitochondria prevented the antimycin A-

induced inhibition of the U46619-induced response, tissues were incubated with 10 µM 

antimycin A, in the absence or presence of FCCP (1 µM). The response at maximum 

concentration of U46619 in the control tissues was 90 ± 6% of the KCl response (n= 6). 

Pre-incubation with FCCP alone had no significant inhibitory effect on the contractile 

response to U46619, whereas antimycin A inhibited the contraction to U46619. Pre-

incubation of FCCP in the presence of antimycin A, attenuated the inhibitory effect of 

antimycin A. In fact, in the presence of antimycin A and FCCP, the contraction to U46619 

appeared to be enhanced compared to control. See table 3.8 and figure 3.10. 
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Figure 3.10: Log concentration-response curves for the vasocontractile effects of U46619 

with pre-incubation 1 µM FCCP and 10 µM antimycin A. Control is vehicle only (0.1% v/v 

DMSO +ethanol). Data are expressed as a percentage of the contraction to 60 mM KCl and 

are mean ± SEM of 6 experiments. *p<0.05 v control at 300 nM of U46619, Two-way 

ANOVA followed by Tukey post-hoc test.  

 Response at 300 nM 

U46619 ± S.E.M 

Control 90 ± 6% 

Antimycin A 69 ± 8%* 

FCCP 73 ± 5% 

Antimycin A + FCCP 125 ± 20%* 

 

Table 3.8: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO 

+ethanol), or presence of 10 µM antimycin A and 1 µM FCCP with and without antimycin A 

in PCAs. Data are expressed as mean ± SEM of 6 experiments. *p<0.05 v control at 300 

nM of U46619, Two-way ANOVA followed by Tukey post-hoc test.    
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3.3.8. Effect of removal of extracellular glucose on antimycin A response: 

Removal of extracellular glucose increases the cell’s reliance on mitochondrial oxidative 

phosphorylation and, therefore, mitochondrial function. Therefore, under these conditions, 

inhibition of mitochondrial complexes should lead to a greater effect. To test this, tissues 

were incubated with 10 µM antimycin A, in the presence or absence of glucose (using 

glucose-free Krebs). In the presence of glucose, the response at maximum concentration 

of U46619 in the control tissues was 116 ± 13% of the KCl response (n= 6). Pre-incubation 

with antimycin A caused inhibition to U46619-induced contraction at 30 nM of U46619. In 

the absence of glucose, the size of contraction was smaller, the response at maximum 

concentration of U46619 in the control tissues was 28 ± 8% and Antimycin A still inhibited 

the contraction to U46619-induced contraction under these conditions. See table 3.9 and 

figure 3.11. 
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Figure 3.11: Log concentration-response curves for the vasocontractile effects of U46619 

with pre-incubation 10 µM antimycin A in the presence and absence of glucose. Control is 

vehicle only (0.1% v/v DMSO). Data are expressed as a percentage of the contraction to 

60 mM KCl and are mean ± SEM of 6 experiments. **p<0.01 v his control, Student’s 2-

tailed paired t-test. 

 Response at 300 nM 

U46619 ± S.E.M 

Control 116 ± 13% 

Antimycin A           100 ± 9% 

Control-G.F.K. 28 ± 8% 

Antimycin A-G.F.K.     4 ± 2%** 

 

Table 3.9: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO), or 

presence of 10 µM antimycin A with and without glucose in PCAs. Data are expressed as 

mean ± SEM of 6 experiments. **p<0.01 v his control, Student’s 2- tailed paired t-test.      
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3.3.9. Effect of H2S donor AP39 on antimycin A response: 

Mitochondrial (H2S) can protect cells from increases in mitochondrial ROS production. In 

order to determine whether mitochondrial H2S could prevent the antimycin A effect, tissues 

were pre-incubated for 120 min with a single concentration of 10 µM antimycin A and with 

AP39 (30 µM) for 15 min, prior to exposure to a single sub maximum concentration of 

U46619 (30 nM). 15 min for the pre-incubation with AP39 was chosen as H2S is a short-

lived compound and is based on other observations of AP39 in the laboratory.  Pre-

incubation with AP39 alone had no significant effect on time-dependent contraction profile 

to U46619, whereas antimycin A showed significant inhibition of U46619-induced 

contraction with most time points. Pre-incubation of AP39 in the presence of antimycin A 

showed a partial reduction in antimycin A inhibitory effect, see figure 3.12.     

0 20 40 60 80 100 120
0

20

40

60

80

Time (min)

C
o

n
tr

a
c
ti

le
 r

e
s
p

o
n

s
e

(%
 K

C
l 

re
s

p
o

n
s

e
)

DMSO ( Control )

Antimycin A 10 uM

AP39 (30 uM)

Antimycin A 10 uM
+ AP39 (30 uM)

**
**

**
**

**
**

**
**

**
**

 

Figure 3.12: Time-response curves for the vasocontraction effects of 30 nM U46619 on 

PCA pre-incubated with 10 µM antimycin A and AP39 (30 µM). Control is vehicle only (0.1% 

v/v DMSO). Data are expressed as a percentage of the contraction to 60 mM KCl at 

different time points and are mean of 6 experiments. ****p<0.0001 v control at most of 

the time points, 2-way ANOVA followed by Tukey post-hoc test. 
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3.3.10. Effect of Y27632 (Rho Kinase Inhibitor) on antimycin A response: 

In order to determine the combined inhibitory effect of antimycin A (10 µM) and Y27632 

(10 µM) on concentration-response curves to U46619, tissues were pre-incubated with and 

without antimycin A (10 µM) for 2 h and with Y27632 (10 µM) for 1 h. The inhibitory effect 

of antimycin A and Y27632 together was larger than that produced by Y27632 alone. See 

table 3.10 and figure 3.13. 
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Figure 3.13: Log concentration-response curves for the vasocontractile effects of U46619 

with pre-incubation of antimycin A and Y27632 (10 µM). Control is 0.1% v/v 

DMSO+Y27632. Data are expressed as a percentage of the contraction to 60 mM KCl and 

are mean ± S.E.M. of 6 experiments. *p<0.05 v control at 300 nM of U46619, Student’s 

2-tailed paired t-test. 

 

 Response at 300 nM of 

U46619± SEM 

DMSO+Y27632 

(Control) 

24± 4 % 

Antimycin A+Y27632        

(10 µM) 

   15 ± 2 % * 

 

Table 10: Response at maximum concentration expressed as a percentage of the response 

to 60 mM KCl and for U46619 in the absence (control, which is 0.1% v/v DMSO+Y27632), 

or presence of antimycin A and Y27632 (10 µM) in PCAs. Data are expressed as mean ± 

SEM of 6 experiments. *p<0.05 v control at 300 nM of U46619, Student’s 2-tailed paired 

t-test. 
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3.3.11. Effect of PD98059 (MEK Inhibitor) on antimycin A response: 

In order to determine the combining inhibitory effect of antimycin A (10 µM) and PD98059 

(50 µM) on concentration-response curves to U46619, tissues were pre-incubated with and 

without antinycin A (10 µM) for 2 h and with PD98059 (50 µM) for 1. The inhibitory effect 

of antimycin A and PD98059 together was larger than that produced by PD98059 and 

DMSO (control). Table (3.11) and figure (3.14) 
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Figure 3.14: Log concentration-response curves for the vasocontractile effects of U46619 

with pre-incubation of antimycin A (10 µM) and PD98059 (50 µM). Control is 0.1% v/v 

DMSO+ PD98059. Data are expressed as a percentage of the contraction to 60 mM KCl 

and are mean ± SEM of 6 experiments. ***p<0.001 v control at 300 nM of U46619, 

Student’s 2-tailed paired t-test. 

 

 Rmax± S.E.M pEC50± S.E.M 

DMSO+ PD98059 

(Control) 

87.3 ± 9.3% 7.5 ± 0.03 

Antimycin A+ PD98059        

(10 µM) 

      65.7 ± 9 % ***        7.2 ± 0.03*** 

 

Table 3.11: Maximum contraction (Rmax) expressed as a percentage of the response to 60 

mM KCl and log EC50 (pEC50) for U46619 in the absence (control, which is 0.1% v/v DMSO+ 

PD98059), or presence of antimycin A (10 µM) and PD98059 (50 µM) in PCAs. Data are 

expressed as mean ± SEM of 6 experiments. ***p<0.001 v control at 300 nM of U46619, 

Student’s 2-tailed paired t-test. 
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3.3.12. Effect of calyculin A (Phosphatase inhibitor) on antimycin A response: 

Rho kinase inhibits myosin phosphatase. Therefore, we hypothesized that, if 10 µM 

antimycin A inhibited Rho kinase activation, inhibition of myosin phosphatase would 

prevent the inhibitory effect of antimycin A. Therefore, the effect of pre-incubation with 

100 nM calyculin A on relaxation responses to antimycin A (10 µM) was determined. 

Calyculin A caused inhibition of the relaxant effect of antimycin A on pre-contracted PCA 

through almost all of the 2 h compared to the control (n=8) as shown in figure 3.15. 
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Figure 3.15: Effect of calyculin A (100 nM) on antimycin A (10 µM) relaxation in porcine 

coronary artery pre-contracted with U46619. Control is vehicle only (0.1% v/v DMSO). 

Data are expressed as a percentage of relaxation to U46619-induced contraction and are 

mean of 8 experiments. *p<0.05 v control, **p<0.01 v control, ***p<0.001 v control 2-

way ANOVA followed by Sidak post-hoc test. 
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3.3.13. The effects of antimycin A on calcium-induced contractions in PCAs: 

In order to determine whether antimycin A inhibits calcium-influx to inhibit the U46619-

induced contraction, tissues were incubated with or without 10 µM antimycin A in calcium-

free buffer. After the incubation period, tissues were exposed to a maximum concentration 

of U46619 (300 nM). CaCl2 was then added cumulatively (10 µM-3 mM) to induce a 

contraction. The control tissues reached a Rmax of 61 ± 10% of the KCl response with pEC50 

of 3.9± 0.04 (n= 9). Pre-incubation with antimycin A inhibited the contraction to CaCl2 at 

the pEC50 (3.5 ± 0.1%) as shown in figure 3.16. 
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Figure 3.16: Log concentration-response curves for the vasocontractile effects of CaCl2 

with pre-incubation of antimycin A (10 µM). Control is vehicle only (0.1% v/v DMSO). Data 

are expressed as a percentage of the contraction to 60 mM KCl and are mean ± SEM of 9 

experiments. *p<0.05 v control, Student’s 2-tailed paired t-test. 
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3.3.14. Effect of L-type calcium channel blocker on antimycin A response: 

In order to determine which calcium channel is involved in the antimycin A-induced 

inhibition of the U46619-induced response, tissues were incubated with 10 µM antimycin 

A, in the absence or presence of calcium channel blocker, nifedipine (5 µM). The control 

tissues reached a contraction at 300 nM of U46619 used of 55 ± 11% of the KCl response 

(n= 6). Pre-incubation with nifedipine alone caused inhibition to the contractile response. 

Pre-incubation of nifedipine in the presence of antimycin A caused no further effect. Table 

3.12 and figure 3.17. 
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Figure 3.17: Log concentration-response curves for the vasocontractile effects of U46619 

with pre-incubation 5 µM nifedipine and 10 µM antimycin A. Control is vehicle only (0.1% 

v/v DMSO). Data are expressed as a percentage of the contraction to 60 mM KCl and are 

mean ± SEM of 6 experiments. *p<0.05 v control at 300 nM of U46619, Two-way ANOVA 

followed by Tukey post-hoc test. 

 

 Response at 300 nM of 

U46619 ± SEM 

Control 55 ± 11% 

Antimycin A 44 ± 12% 

Nifedipine                 26 ± 6% 

Antimycin A + Nifedipine  18 ± 6%* 

 

Table 3.12: Response at maximum concentration expressed as a percentage of the 

response to 60  mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO), or 

presence of 10 µM antimycin A and 10 µM nifedipine with and without antimycin A in PCAs. 

Data are expressed as mean ± SEM of 6 experiments. *p<0.05 v control at 300nM of 

U46619, Two-way ANOVA followed by Tukey post-hoc test.      
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3.3.15. The effect of antimycin A on relaxation response to nifedipine: 

As there was an apparent effect of antimycin A on CaCl2-induced concentration-response 

curve and to confirm which calcium channel is involved, tissues were incubated with or 

without 10 µM antimycin A, then pre-contracted with 30 nM of U46619 and followed by 

adding nifedipine (1-30 µM) to induce a relaxation. Nifedipine appeared to produce a 

biphasic relaxation response. Pre-incubation with 10 µM antimycin A had no effect on the 

nifedipine-induced relaxation as shown in figure 3.18. 

 

-10 -9 -8 -7 -6 -5 -4

-120

-100

-80

-60

-40

-20

0

 (Nifedipine) (log M)

C
o

n
tr

a
c
ti

le
 r

e
s
p

o
n

s
e

(%
 U

4
6

6
1

9
 r

e
s

p
o

n
s

e
)

DMSO (Control)

Antimycin A (10 µM)

 

 

Figure 3.18: Effect of antimycin A (10 µM) on nifedipine-relaxation response curve on PCA 

pre-contracted with U46619. Control is vehicle only (0.1% v/v DMSO). Data are expressed 

as a percentage of relaxation to 30 nM U46619-induced contraction and are mean of 6 

experiments. P-value >0.05 v control, 2-way ANOVA followed by Sidak post-hoc test. 
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3.3.16. The effect of antimycin A on (±)-Bay K 8644 (L-type Ca2+ channel 

activator) induced contraction in porcine coronary arteries: 

In order to determine whether antimycin A inhibits the contractile response to an L-type 

Ca2+ channel activator to explore more about the role of calcium channels, the effect of 

pre-incubation with antimycin A on (±)-Bay K 8644-induced contractions was determined. 

At the maximum concentration used, control tissues reached a contraction of 77 ± 5% of 

the KCl response (n= 6). Pre-incubation with (10 µM) antimycin A caused a significant 

inhibitory effect on the contractile response with maximum contraction 38 ± 3% of the KCl 

response. See figure 3.19. 
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Figure 3.19: Log concentration-response curves for the vasocontractile effects of (±)-BAY 

K 8644 with pre-incubation of antimycin A (10 µM). Control is vehicle only (0.1% v/v 

DMSO). Data are expressed as a percentage of the contraction to 60 mM KCl and are mean 

± SEM of 6 experiments. **P-value< 0.01 v control at 300 nM of Bay K 8644, Student’s 

2-tailed paired t-test. 
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3.4. Discussion: 

The aim of this study was to determine the effect of antimycin A on U46619-induced 

contraction then determine the role of Rho Kinase, ERK, AMP Kinase, calcium, and 

mitochondria in the regulation of vascular smooth muscle tone. 

3.4.1. Role of extracellular calcium in the antimycin A response: 

As previous studies and our present study indicated that simvastatin might be acting 

through inhibition of mitochondrial function, we tested the effects of antimycin A, a known 

complex III inhibitor (Xia et al. 2013) on U46619-induced contraction and investigated the 

possible pathway for exerting its effect, as a comparison with simvastatin. Pre-incubation 

with increasing concentrations of antimycin A (1, 3, and 10 µM) in the presence and 

absence of calcium showed significant inhibition of contraction with 10 µM antimycin A. 

Although, the size of contraction to U46619 was smaller in the absence of calcium, 

antimycin A still inhibited the contraction. This suggests it does not interfere with calcium 

influx. This effect of antimycin A is different from that seen with simvastatin in the previous 

chapter in which the inhibitory effect of simvastatin was not seen in the absence of calcium. 

 A previous study performed on the smooth muscle of guinea-pig taenia coli and rabbit 

aorta showed that antimycin A had a significant inhibitory effect on K+-induced contraction 

in guinea-pig taenia and noradrenaline-induced contraction in rabbit aorta. The study 

suggested that antimycin A exerts its action via causing a disturbance in mitochondrial 

function that leads to inhibition of K+-induced intracellular Ca2+ increase, possibly from 

mitochondrial stores (Nakagawa et al. 1985). The data suggest that antimycin A might be 

inhibiting the calcium-induced contraction. Another study, this time in guinea pig 

gallbladder smooth muscle, also suggested that antimycin A altered smooth muscle 

contractility through alteration of calcium handling by the mitochondria (Balemba et al. 

2008). 

Although these data suggest that antimycin A does not lead to inhibition of calcium influx, 

pre-incubation with antimycin A inhibited the contraction to calcium in the PCA, in the 

presence of U46619. Previous studies identified that ROS, especially H2O2, cause a 

reduction in voltage-gated Ca2+currents (ICa) in rat prefrontal neurons (Wu et al. 2010). 

As antimycin A inhibits the Qi site on complex III, where ubisemiquinon is reduced, this 

caused a disruption in the ETC followed by several consequences including production of 

ROS (Junemann, Heathcote, and Rich 1998). In another study performed on isolated heart 

mitochondria from guinea pigs, the researchers found that inhibition of complex III with 

antimycin A in the presence of an excess of CaCl2 enhanced the production of ROS, mainly 

H2O2 (Lindsay et al. 2015). Therefore, inhibition of complex III with antimycin A can lead 

to inhibition of calcium influx, which would explain the effects on the calcium-induced 
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contraction. Thus to clarify more about calcium role and which calcium channel could be 

involved, we examined the effect of nifedipine, an L- type VGCC blocker,  with antimycin 

A on U46619-induced contraction. The combination of antimycin A with nifedipine had no 

further inhibitory effect compared to nifedipine alone, which would suggest that antimycin 

A is acting to inhibit L-type VGCC. This is supported by the experiments showing that pre-

incubation with antimycin A caused a significant inhibition of the Bay K 8644 (L-type VGCC 

activator)-induced contraction in PCA. On the other hand, antimycin A had no significant 

effect on the nifedipine-induced relaxation. It is possible that, whatever the mechanism by 

which antimycin A inhibits the calcium influx through L-type VGCC, it cannot compete with 

nifedipine. This suggests that antimycin A may not be acting directly at the dihydropyridine 

binding site on the L-type VGCC or nifedipine can’t be displaced. 

These findings are supported by a previous study performed on rat ventricular cardiac 

myocytes, which identified that carbon monoxide enhanced the production of ROS at 

complex III due to making a leak in mitochondrial ETC. These ROS, in turn, caused a 

modulation in cardiac L-type VGCC leading to inhibition of calcium influx (Scragg et al. 

2008). Since complex III is one the main ETC sites for ROS production, inhibition of 

complex III with antimycin A will generate ROS (Turrens 2003; Park et al. 2007). These 

data could be clarified that this is the possible pathway for the ability of antimycin A to 

inhibit calcium influx and involvement of L- type VGCC in its inhibitory effect. 

Ca2+ influx into a cell is reliant on various channels and exchangers (Mehta and Shaha 

2004). This is suggesting that antimycin A probably induced its inhibitory effect via another 

mechanism or pathway beside inhibition of calcium influx from L-type VGCC and another 

channel may be involved. Previous studies identified that ATP could enhance calcium influx 

via non-selective cation calcium channel to induce contraction in VSMCs (Benham 1992). 

Researchers found that in rat basilar artery, ATP induced contraction after enhancing 

calcium release and increasing calcium influx via non L-type VGCC (Zhang et al. 1995). 

Another group of researchers found in their study on rat aorta that ATP increased cytosolic 

calcium via enhancement calcium influx and to a lesser extent calcium release to induce 

contraction (Kitajima, Ozaki, and Karaki 1993).   
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3.4.2. Effect of complex I and III inhibition: 

In our investigations of the anti-contractile effect of simvastatin, we determined the effect 

of complex I and complex III inhibitors. Therefore, as a comparison, we determined the 

effect of a complex I inhibitor (rotenone) and complex III inhibitor (myxothiazol) (Li et al. 

2003) on the antimycin A response. Pre-incubation with rotenone alone had no significant 

effect on the contractile response to U46619, whereas antimycin A inhibited the contraction 

to U46619 at EC50. Pre-incubation of rotenone in the presence of antimycin A had no effect 

on the inhibitory effect of antimycin A. There are several studies that refer to complexes I 

and III as the main site for ROS (Turrens and Boveris 1980; Li et al. 2003; Lai et al. 2005) 

and simultaneous inhibition of both complexes could enhance ROS production that could 

induce smooth muscle relaxation(St-Pierre et al. 2002). On the other hand, the researchers 

found in a separate study performed using rat hearts that inhibition of mitochondrial 

complex I with rotenone in ischaemia, could reduce ROS rather than induce ROS production 

(Lesnefsky et al. 2006). Accordingly, this possibly means that blocking complex III 

increases ROS production, but inhibition of complex I might prevent this increase in ROS, 

as there would be no electrons to transfer.  

The relation between ROS and smooth muscle tone is a bit complicated or not obvious. For 

example, in a study performed on cerebral arteries, the study showed that Ca2+ sparks 

could be activated in smooth muscle cells due to mitochondrial ROS generation and this 

leads to arterial dilatation as the Ca2+ sparks triggered large-conductance Ca2+-activated 

K+ channels (Xi, Cheranov, and Jaggar 2005). In contrast, another study performed on 

pulmonary arterial smooth muscle cells, the researchers found that ROS produced from 

mitochondria could induce cytosolic calcium increase and smooth muscle contraction in 

hypoxia (Waypa et al. 2002). This indicates that ROS play an important role in the 

regulation of smooth muscle tone in which the nature of smooth muscle cells and the 

amount of ROS could have an effect on the result. 

Researchers have identified that complex III has two different blocking sites; Qi, is 

commonly blocked with antimycin A, the second site Qo, is commonly blocked with 

myxothiazol (Chen et al. 2003). Therefore, the effect of combining inhibition of complex I 

and III with rotenone and myxothiazol on the inhibitory effect of antimycin A was 

determined. The present study showed that rotenone-myxothiazol combination had no 

significant effect on the inhibitory response of antimycin A. This suggests that blocking 

complex I and the Qo site of complex III is unable to overcome the inhibitory effect of 

antimycin A. These results are different from those seen with simvastatin in which the 

combination of myxothiazol and rotenone prevented the anti-contractile effect of 

simvastatin (chapter 2). This is further evidence to suggest that antimycin A acts in a 

different way from simvastatin.  
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To clarify the signalling pathway for the inhibitory effect of antimycin A on U46619-induced 

contractions, we determined if supplementation with co-enzyme Q10 or adding mitoquinol 

can prevent the inhibitory effect.  Pre-incubation with co-enzyme Q10 or mitoquinol in the 

presence of antimycin A attenuated the inhibitory effect of antimycin A. This indicates that 

inhibition of complex III at Qi site can be overcome by adding co-enzyme Q10 (Campo, 

Kinnally, and Tedeschi 1992; Pham, Robinson, and Hedley 2000). Adding co-enzyme Q10 

(oxidized form) or mitoquinol (reduced form) filled the gaps, returned the balance to the 

electron transport chain to keep the electrons moving (Siciliano et al. 2007) and therefore 

prevented the inhibitory effect of antimycin A. Another study performed on mice identified 

that CoQ10 supplementation could prevent mitochondrial deterioration and improve 

mitochondrial function (Ben-Meir et al. 2015). 

Following that, we tested whether uncoupling the mitochondria could prevent the antimycin 

A-induced inhibition of the U46619-induced response. Data from the present study showed 

that pre-incubation with FCCP attenuated the inhibitory effect of antimycin A. This supports 

the idea that the inhibitory effect of antimycin A on the U46619-induced contraction is 

mediated through its effects on the mitochondria. Interestingly, the U46619-induced 

contraction in the presence of both antimycin A and FCCP was enhanced.  

U46619 induce contraction in smooth muscle cells via activating TP receptors that induce 

an increase in cytosolic calcium level via either enhancing the calcium release from stores 

or enhancing calcium entry through calcium channels on the cell membrane (Berridge 

1995; Parekh and Penner 1997). Cytosolic calcium homeostasis is controlled by a calcium 

uniporter that is driven by mitochondrial membrane potential and cytosolic calcium 

concentration (Brookes et al. 2004). Uncoupling of mitochondria with FCCP means 

separation of the ETC from the phosphorylation process, which caused an inhibition in ATP 

production and change in membrane potential (Terada 1990). A study performed on 

pulmonary artery smooth muscle cells identified that FCCP could induce changes in 

mitochondrial membrane potential and inhibit mitochondrial calcium uptake during release 

from the sarcoplasmic reticulum (Drummond and Tuft 1999a). On the other hand, 

mitochondrial inhibitors could deteriorate the respiration process and impair membrane 

potential, which lead to enhance mitochondrial calcium release and then cytosolic calcium 

increase (Duchen 1999). This suggests that FCCP and antimycin A in combination could 

lead to a greater increase in intracellular calcium concentration, besides that induced by 

U46619 alone, and this possibly the reason for seeing the enhancement in U46619 

contraction.  

Removal of extracellular glucose increases the cell’s reliance on mitochondrial oxidative 

phosphorylation and, therefore, mitochondrial function. Therefore, under these conditions, 

inhibition of mitochondrial complexes should have greater impact. Therefore, we tested 
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the inhibition of mitochondrial complex III with antimycin A in the presence and absence 

of glucose. Antimycin A caused inhibition of the U46619-induced contraction in both the 

presence and absence of glucose. The size of the U46619-induced contraction was smaller 

and the antimycin A inhibitory effect was greater in the absence of glucose. Glucose is a 

vital constituent in any cell, it plays an important role in muscle contraction and regulation 

of tone (Richter and Hargreaves 2013). After glycolysis, it supplies body cells with ATP as 

a direct source of energy and supplies the mitochondria with pyruvate as a key for initiating 

both Krebs cycle and ETC (respiration process) which in turn provides the oxidative 

phosphorylation process with sources of energy production (Vaishnavi et al. 2010). 

Therefore, glucose removal disturbs the respiration process, oxidative phosphorylation and 

leads to a reduction in ATP production, hence reduced contraction. These could be the 

reasons for observing a higher significant inhibitory effect of antimycin A and small size of 

contraction in the absence of glucose. 

Inhibition of mitochondrial complex III with antimycin A can lead to enhanced production 

of ROS (Turrens 1997), and the consequences for that could be inhibition of calcium influx 

and therefore inhibition of contraction. AP39, which is a mitochondrial H2S donor, can 

protect cells from increases in mitochondrial ROS production (Gerő et al. 2016). Therefore, 

we tested whether AP39 could prevent the inhibitory effect of antimycin A on the U46619-

induced contraction. Pre-incubation of AP39 in the presence of antimycin A showed a partial 

reduction in the antimycin A inhibitory effect. This provides further support for the effect 

of antimycin A on the mitochondria.  

3.4.3. Role of AMP kinase in the antimycin A response: 

One potential mechanism by which mitochondria could regulate smooth muscle tone is 

through activation of AMPK. AMPK is considered a sensor of energy because when the ATP: 

AMP ratio decreases, this leads to AMPK activation (Suter et al. 2006; Gowans et al. 2013). 

Therefore, the effect of dorsomorphin, an AMPK inhibitor, on the antimycin A response was 

determined in the presence and absence of calcium. Dorsomorphin attenuated the 

inhibitory effect of antimycin A in the presence of calcium, while in absence of calcium it 

enhanced the antimycin A inhibitory effect. These data suggest that antimycin A when 

inhibiting complex III, disturbs the ETC ending with a reduction in ATP production because 

there is no more proton gradient (Kim et al. 1999). This reduction in ATP/AMP ratio leads 

to an increase in AMPK activity (Hardie, Carling, and Carlson 1998), which in turn could 

induce a relaxation or anti-contractile effect via either activating eNOS pathway(Mori et al. 

2017) or via enhanced a phosphorylation of myosin light chain kinase (Horman et al. 2008). 

Another study performed on H4IIE cells showed that antimycin A at 50-200 nM could 

induce AMPK activity (Hawley et al. 2002). 



122 

 

In addition, the presence of extracellular calcium means more calcium influx and this 

increases in calcium concentration induced more elevation in AMPK activity (Kahn et al. 

2005). A recent study performed on arteries isolated from hamster and mouse revealed 

that activation of AMP Kinase caused a reduction of intracellular calcium concentration via 

stimulation BKCa channels activity that lead to dilation of vascular smooth muscle cells 

(Schneider et al. 2015). On the other hand, ROS produced from sources such as 

mitochondria, xanthine oxidase and NO synthase could play an important role as a signal 

mediator in non-pathological conditions. It has been found in some previous studies that 

exogenous ROS could stimulate AMPK activity (Choi et al. 2001; Nagata et al. 2004). In 

addition, a study performed on rat thoracic aortas identified that stimulation of 

thromboxane receptors by U46619 significantly induced the production of ROS such as 

H2O2, which in turn caused concentration-dependent increases in AMPK activity, as 

evidenced by increased phosphorylation of AMPK-Thr172 (Zhang et al. 2008). Therefore, 

what is happening in the present result is that the AMPK activation by antimycin inhibits 

calcium influx; therefore inhibiting AMPK prevents this effect. 

In the absence of calcium, surprisingly, there was an enhancement of antimycin A 

inhibitory effect in the presence of dorsomorphin. This unanticipated result could be due 

to the absence of calcium itself as a key for initiating smooth muscle contraction (Cool et 

al. 2006). In a study performed on rat aortic VSMCs, the researchers found that blocking 

the calcium channels with nifedipine and preventing calcium influx enhanced AMPK activity 

(Sung and Choi 2012). Thus, if antimycin A acts through AMPK to inhibit calcium influx, it 

would be expected that the inhibitory effect of dorsomorphin would not be seen in the 

absence of calcium or would still see some inhibitory effect, but the effect may be reduced. 

This is indeed the case, although the further inhibitory effect of dorsomorphin was 

unexpected. 

3.4.4. Role of Rho kinase and ERK-MAP kinase in antimycin A response: 

In the previous chapter, we determined the effect of Rho kinase and ERK-MAP kinase 

pathways in the simvastatin response. Therefore, as a comparison, we determined whether 

these pathways play a role in the antimycin A response. Several studies revealed that ROS 

produced as by-products of metabolism or due to blocking of mitochondrial complexes 

(Taverne et al. 2013) could enhance Rho A activity, which plays an important role in 

regulation smooth muscle tone (Heo et al. 2006). In these studies performed in the REF-

52 fibroblasts-Rat cell line, the researchers found that inhibition of complex III with 

antimycin A enhanced the production of superoxide and other ROS and these, in turn, 

increased Rho A activity via a pathway concerning critical cysteine residues present in a 

redox-sensitive motif (Aghajanian et al. 2009; Heo et al. 2006). Therefore, we tested 

whether inhibition of the Rho kinase pathway with Y27632 could prevent the antimycin A 
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inhibitory effect. The data showed that the inhibitory effect of antimycin A and Y27632 

together was larger than that produced by Y27632 alone. This possibly indicates that 

antimycin A does not rely on the Rho kinase pathway to induce its inhibitory effect but it 

has a different inhibitory mechanism as the effect of Y27632 and antimycin A were additive.  

Rho kinase inhibits myosin phosphatase to induce smooth muscle contraction (Nagumo et 

al. 2000; Kimura et al. 1996). Therefore, if we hypothesized that antimycin A inhibited Rho 

kinase activation, then inhibition of myosin phosphatase with calyculin A would prevent the 

inhibitory effect of antimycin A. Pre-incubation with calyculin A caused inhibition of the 

relaxant effect of antimycin A, indicating that phosphoprotein phosphatase activity is 

required for the antimycin A response. However, the data with Y26732 would rule out an 

effect on Rho kinase. This does not mean that myosin phosphatase is not involved, but it 

may involve other pathways rather than Rho kinase activity. 

ROS produced by antimycin A as a consequence of blocking complex III and inducing a 

collapse in ETC, could enhance ERK phosphorylation and increase ERK activity (Guyton et 

al. 1996; Rygiel et al. 2008). Although, this would cause contraction rather than relaxation, 

this still indicates that mitochondria could regulate ERK activity. Therefore, we determined 

the effect of combining antimycin A and PD98059, a known inhibitor of MEK, on 

concentration-response curves to U46619. The inhibitory effect of antimycin A and 

PD98059 together was larger than that produced by PD98059 alone. This suggests that 

antimycin A does not rely on the ERK pathway because using of a MEK inhibitor did not 

prevent the inhibitory effect of antimycin A and rather than that, it caused more inhibition 

to U46619-induced contraction. As with the Rho kinase inhibitor, the assumption is that 

PD98059 caused maximum inhibition of ERK activation at the concentration used. Previous 

studies in the laboratory have used these inhibitors and these concentrations to cause 

complete inhibition of ERK and Rho kinase activation (Roberts, 2001; Roberts 2004). 

Furthermore, Davies et al. demonstrated that these compounds produce near complete 

inhibition of these kinases in enzyme assays (Davies et al., 2000). 
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In summary, the main finding in this chapter was identifying that the complex III inhibitor 

antimycin A inhibited contractile responses in the porcine coronary artery. The data suggest 

that the anti-contractile effects are mediated through inhibition of calcium influx through 

L-type VGCC as well as inhibition of calcium-independent contractions. The effects of the 

AMPK inhibitor dorsomorphin indicates that antimycin A activates AMPK, which could lead 

to the opening of calcium channels. Neither inhibition of complex I with rotenone alone nor 

the rotenone-myxothiazol combination had an effect on antimycin A inhibitory effect. On 

the other hand, addition of co-enzyme Q10 or mitoquinol attenuated the inhibitory effect 

of antimycin A. In addition, uncoupling the mitochondria with FCCP also attenuated the 

inhibitory effect of antimycin.   

The results from this study are different from those obtained with simvastatin in the 

previous chapter, suggesting that antimycin A and simvastatin act in different ways. This 

could be evidence that simvastatin does not act through inhibition of complex III Qi in the 

mitochondria, or that antimycin A is acting on a different site of complex III. Therefore, in 

the next chapter, the effect of the complex III Qo inhibitor myxothiazol on the U46619-

induced contraction will be determined. 

 

 

 

 

Figure 3.20: Hypothesized schematic diagram of effect of antimycin A effect on U46619-

induced contraction in PCA. The present study demonstrated that antimycin A inhibited 

calcium-independent contraction via an unknown pathway. In addition, antimycin A 

inhibited calcium-dependent contraction via inhibiting calcium influx via AMPK or via 

another pathway. 
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Chapter IV 

The effects of myxothiazol on U46619 

(thromboxane A2 mimetic) induced 

contraction in porcine coronary arteries 
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4.1. Introduction: 

The regulation of smooth muscle contraction and relaxation depend on several factors and 

could involve multiple pathways. The presence of intracellular free calcium and ATP to 

initiate and supply the contraction with motivating force are examples of the main factors 

(Barnes 1998). Each contractile agent has a specific mechanism or pathway to induce its 

effect (Brozovich et al. 2016). The data in chapter 3 indicates that inhibition of complex III 

inhibited U46619-induced contractions through activation of AMPK and inhibition of calcium 

influx. 

Complex III has two inhibitory sites; Qi, which is located in the inner membrane and the 

Qo, which is oriented toward the intermembrane space (Chen et al. 2003). Blocking of the 

Qo site with myxothiazol has many consequences including impairment of respiration 

process, enhancing superoxide production (ROS), reducing ATP production (Gao, Laude, 

and Cai 2008; Muller et al. 2003), losing the regulation of calcium homeostasis, and 

modulation of channels and protein activity (Makowska, Zablocki, and Duszynski 2000). 

The amount of ROS produced with myxothiazol is much lower than that produced with 

antimycin A. Blocking of the Qi site with antimycin A enhances the accumulation of 

semiquinone at the proximal and distal sites of the Qo site, which reduces O2
- radical to 

produce superoxide. While with myxothiazol, blocking of the Qo site allows the formation 

but not oxidation of semiquinone and just at the distal site (Muller et al. 2003). This means 

that in the presence of myxothiazol there is only the distal site of Qo available for ROS 

production while in the presence of antimycin A there are two sites, the proximal and distal 

sites. 

Blocking of complex III with myxothiazol could enhance or reduce ROS production and to 

date there is controversy about that. A study performed on mouse pulmonary artery 

smooth muscle cells showed that mitochondrial ROS generated from complex III enhanced 

intracellular calcium concentration and are involved in the underlying mechanism of 

hypoxia-induced vasoconstriction. Myxothiazol inhibited this vasoconstriction, indicating 

that opposes the formation of ROS from complex III (Yadav et al. 2013). Another study 

revealed that exposure of liver hepatocytes and isolated mitochondria to myxothiazol is 

associated with increased ROS production (Young, Cunningham, and Bailey 2002). Other 

studies identified that blocking of the Qo site of complex III with myxothiazol could enhance 

ROS production at complex I (Hansford, Hogue, and Mildaziene 1997) and complex II 

(Quinlan et al. 2012). In a study performed on rat heart and brain mitochondria, the 

researchers found that myxothiazol could enhance ROS generation depending on the 

succinate/fumarate ratio. This might be one of the factors that explain different effects of 

complex inhibitor (myxothiazol) on ROS production each time, in addition to the difference 

in tissue or cell line used (Starkov and Fiskum 2001).  
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There are multiple signalling pathways by which myxothiazol could regulate the smooth 

muscle tone and one of these is AMPK activity. One consequence of blocking complex III 

with myxothiazol is inhibition of respiration thus reducing ATP production. This reduction 

in the ATP: AMP ratio could enhance AMPK activity (Gowans et al. 2013). In addition, 

enhancement of ROS production by myxothiazol effect could increase MAP kinase activity 

especially ERK1/2 and ERK5 (Wall et al. 2006). Moreover, mitochondrial ROS could regulate 

smooth muscle tone via inhibitory and modulatory effect on the channels and exchangers 

such as inhibition of L-Type calcium channel activity (Makowska, Zablocki, and Duszynski 

2000).  

The previous chapters indicated that simvastatin could have an anti-contractile effect 

through inhibition of the mitochondrial ETC, possibly at complex III. Antimycin A (blocker 

of Qi site) also had an anti-contractile effect, although the mechanism appears to be 

different from the effect of simvastatin. Therefore, in this chapter, we determined the anti-

contractile effect of myxothiazol (blocker of Qo site), in order to compare the effect of 

myxothiazol with that of simvastatin and antimycin A. 
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4.2. Material and Methods: 

4.2.1. Tissue Preparation:  

4.2.2. Isolated organ bath experiments: 

Tissue preparation and isolated organ bath experiments are the same as mentioned in 

chapter II, page 29.  

4.2.3. Effect of myxothiazol on U46619-induced tone: 

In order to determine the effect of myxothiazol on U46619-induced tone, tissues were 

exposed to myxothiazol (10 µM) or vehicle control (0.1% v/v DMSO) for 2 h. After the 

incubation period, the thromboxane mimetic U46619 was added in a cumulative manner 

(1-300n M). Contractile responses were expressed as percentage of the response to 60 

mM KCl. In some experiments, the Krebs’- Henseleit buffer was replaced with calcium-free 

Krebs solution in which the calcium was replaced with 2 mM ethylene glycol bis (β amino 

ethyl ether)-N,N,N,N- tetra acetic acid (EGTA). In other experiments, the Krebs’- Henseleit 

buffer was replaced with glucose-free Krebs. 

4.2.4. Effect of Rho kinase, MEK, phosphatase and L-type calcium channel 

inhibition on myxothiazol -induced inhibition of thromboxane contraction: 

After the KCl responses, tissues were exposed to myxothiazol (10 µM) in the absence or 

presence of one of the following compounds: Rho kinase inhibitor Y27632 (10 µM), MEK-

ERK inhibitor PD98059 (50 µM), L-type calcium channel blocker nifedipine (5 µM). Control 

tissues received vehicle only (distilled water for Y27632, 0.1% v/v DMSO for the other 

compounds). Cumulative concentration-response curves to U46619 were then carried out. 

In order to determine the effect of myxothiazol on relaxation responses to the 

phosphoprotein phosphatase inhibitor calyculin or the L-type calcium channel blocker 

nifedipine, tissues were incubated with a single concentration of myxothiazol (10 µM) for 

120 min and then contracted with U46619 to about 40-60% of KCl contraction. This was 

followed by adding either a single concentration of calyculin (100 nM) or cumulative 

concentrations of nifedipine (1 nM-3 µM) to induce relaxation. 

4.2.5. Effect of FCCP and AMP Kinase inhibitor on the myxothiazol-induced 

inhibition of thromboxane contraction: 

In order to determine whether the inhibition of the U46619-induced contraction by 

myxothiazol could be prevented by uncoupling the mitochondria, tissues were pre-

incubated with myxothiazol (10 µM) in the absence or presence of FCCP (1 µM). Control 

tissues received vehicle only (0.1% v/v ethanol for FCCP, 0.1% v/v DMSO for myxothiazol). 

Cumulative concentration-response curves to U46619 were then carried out in the 
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presence of extracellular calcium. Contractile responses were expressed as a percentage 

of the response to 60 mM KCl. 

Inhibition of the mitochondrial ETC can lead to activation of AMPK. Therefore, in order to 

determine whether increased activity of AMPK underlies the inhibitory effect of 

myxothiazol, tissues were pre-incubated with myxothiazol in the absence or presence of 

dorsomorphin (10 µM). Control tissues received vehicle only (0.1% v/v DMSO). Cumulative 

concentration-response curves to U46619 were then carried out in the presence of 

extracellular calcium. Contractile responses were expressed as a percentage of the 

response to 60 mM KCl. 

4.2.6. Effect of mitochondrial stimulants on the myxothiazol-induced inhibition of 

thromboxane contraction: 

In order to determine if the inhibitory effect of myxothiazol could be prevented by 

supplementation with  coenzyme Q10, tissues were exposed to co-enzyme Q10 (5 µM) or 

mitoquinol (1 µM), a mitochondria-targeted form of co-enzyme Q10. Control tissues 

received vehicle only (0.1% v/v ethanol for co-enzyme Q10 and 0.1% v/v DMSO for the 

rest). Cumulative concentration-response curves to U46619 were then carried out in the 

presence of extracellular calcium. Contractile responses were expressed as a percentage 

of the response to 60 mM KCl. 

Blocking complex III could increase mitochondrial ROS production, which can be prevented 

by mitochondrial H2S. Therefore, the effect of the mitochondria-targeted H2S donor AP39 

on the inhibitory effect of myxothiazol was determined. Tissues were exposed to a single 

concentration of U46619 (30 nM) then tension recorded for up to 120 min. Contractile 

responses were expressed as a percentage of the response to 60 mM KCl.    

4.2.7. Effect of myxothiazol on CaCl2 and Bay K 8644-induced contraction: 

In order to determine whether the inhibition of the U46619-induced contraction by 

myxothiazol requires the presence of extracellular calcium, tissues were pre-incubated with 

myxothiazol (10 µM) in calcium-free Krebs-Henseleit buffer. Control tissues received 

vehicle only (0.1% v/v DMSO). After the incubation period, tissues were exposed to a 

maximum concentration of U46619 (300 nM). CaCl2 was then added cumulatively (10 µM-

3 mM) to induce a contraction. Contractile responses were expressed as a percentage of 

the response to 60 mM KCl. In other experiments and in order to determine and confirm 

the involvement of L-type VGCC in the inhibitory effect of myxothiazol, tissues were pre-

incubated with myxothiazol (10 µM). Control tissues received vehicle only (0.1% v/v 

DMSO). After the incubation period, the L-type VGCC opener Bay K 8644 was then added 

cumulatively (1-300 nM). Contractile responses were expressed as a percentage of the 

response to 60 mM KCl.  
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4.2.8. Drugs and Chemicals: 

U46619, Y27632, PD98059 and Bay K 8644 were purchased from Tocris Bioscience, UK. 

Antimycin A, myxothiazol, rotenone, dorsomorphin, co-enzyme Q10, FCCP, and nifedipine 

were purchased from Sigma, UK. Mitoquinol and AP39 were purchased from Cayman 

Chemical Company, USA. Finally, calyculin A was purchased from Cell Signalling 

Technology, UK. 

Stock solutions of Y27632 were dissolved in distilled water. The stock solution of co-enzyme 

Q10 was dissolved in ethanol. The stock solutions of U46619 were made to 10mM in 

ethanol. All further dilutions of the stock solutions were made using distilled water. 

Furthermore, stock solutions of all remaining chemicals were dissolved in dimethyl 

sulfoxide (DMSO). 

The following modified Krebs-Henseleit buffer solution was used (in mM): NaCl 118, KCl 

4.8, CaCl2.H2O 1.3, NaHCO3 25.0, KH2PO4 1.2, MgSO4.7H2O and glucose 11.1, previously 

gassed with a mixture of 5% CO2 and 95% O2 with pH of approximately 7.5 and used at 

37 oC. All stocks were kept frozen at -20 oC, except for KCl and CaCl2 which were kept at 

room temperature.  

4.2.9. Statistical Analysis: 

Data were expressed as mean ± SEM where n = the number of different animals. The 

concentration-response curves were fitted to a sigmoidal curve with a variable slope using 

four parameters (Top, bottom, log EC50 and slope) logistic equation using Graph-Pad Prism 

software. The maximum percentage contraction (Rmax) and the negative log of 

concentration required to produce half the response to that ligand (pEC50) were derived 

from the fitted curves where appropriate. Data were analyzed using 2-tailed, paired 

(dependent) for one group sample tested twice or unpaired (independent) Student’s t-test 

to compare the means of 2 groups-tested once. Differences between 3 or more groups 

were assessed using one-way ANOVA or two-way ANOVA in conjunction with the Sidak’s 

post-hoc test or Tukey post-hoc test to assess possible difference at individual 

concentrations. The P-value <0.05 was considered statistically significant. Statistical 

analysis was performed by Graph-Pad Prism (Version 7). 
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4.3. Results: 

4.3.1. The effects of myxothiazol on U46619 (thromboxane A2 mimetic) induced 

contraction in porcine coronary arteries (PCAs): 

In order to determine whether myxothiazol inhibited the contractile response to 

thromboxane receptor activation, the effect of pre-incubation with myxothiazol on U46619-

induced contractions was determined in the presence of calcium (Fig4.1) and in the 

absence of calcium (Fig4.2). In the presence of calcium, control tissues reached an Rmax 

of 127 ± 12% KCl response with a pEC50 value of 7.7± 0.05 (n= 6). Pre-incubation with 

10 µM myxothiazol caused a significant inhibitory effect on the contractile response with 

Rmax of 79 ± 12% KCl response and pEC50  value of 7.3 ± 0.06 (n= 6). 
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Figure 4.1: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation of myxothiazol (10 µM). Control is vehicle only (0.1% v/v DMSO). Data 

are expressed as a percentage of the contraction to 60 mM KCl and are mean ± SEM of 6 

experiments. **p-value< 0.01 v control, Student’s 2-tailed paired t-test. 
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On the other hand, in the absence of calcium, the size of contraction to U46619 was smaller 

than that in the presence of calcium. Pre-incubation with 10 µM myxothiazol showed no 

inhibitory effect of U46619 induced contraction (Response at maximum concentration= 12 

± 1%, estimated pEC50 = 7.55± 0.2, mean ± SEM, n=6) compared to the control 

(Response at maximum concentration= 14 ± 2%, estimated pEC50 = 7.59 ± 0.1, mean ± 

SEM, n=6). See figure 4.2.                             
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Figure 4.2: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation of myxothiazol (10 µM) in the absence of calcium. Control is vehicle 

only (0.1% v/v DMSO). Data are expressed as a percentage of the contraction to 60 mM 

KCl and are mean ± SEM of 6 experiments. P-value> 0.05 v control, Student’s 2-tailed 

paired t-test. 
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4.3.2. Role of AMPK in myxothiazol response: 

As inhibition of AMPK prevented the inhibitory effect of antimycin A, we determined 

whether AMPK is also involved in the anti-contractile effect of myxothiazol. Tissues were 

exposed to 10 µM myxothaizol in the absence or presence of 10 µM dorsomorphin. 

Cumulative concentration response curves to U46619 were then carried out (Fig4.3). The 

control tissues reached a response at maximum concentration to 80± 5% of the KCl 

response (n= 6). Pre-incubation with 10 µM dorsomorphin had no significant effect on the 

contractile response to U46619 while pre-incubation with myxothiazol inhibited the U46619 

contraction. Pre-incubation of dorsomorphin did not reverse the inhibitory effect of 

myxothaizol significantly in the presence of myxothiazol. See table 4.1 and figure 4.3.  
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Figure 4.3: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation 10 µM dorsomorphin and 10 µM myxothiazol. Control is vehicle only 

(0.1% v/v DMSO). Data are expressed as a percentage of contraction to 60 mM KCl and 

are mean ± SEM of 6 experiments. p> 0.05 v control, Two-way ANOVA followed by Tukey 

post-hoc test. 

 Response at 300 nM of 

U46619 ± SEM 

Control 80 ± 5% 

myxothiazol 66 ± 8% 

Dorsomorphin 90 ± 11% 

Dorsomorphin+ myxothiazol 73 ± 11% 

 

Table 4.1: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO), or 

presence of 10 µM myxothiazol and 10 µM dorsomorphin with and without myxothiazol in 

PCAs. Data are expressed as mean ± SEM of 6 experiments. p>0.05 v control, Two-way 

ANOVA followed by Tukey post-hoc test. 
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4.3.3. Effect of Co-enzyme Q10 on myxothiazol response: 

In order to determine whether supplementation with co-enzyme Q10 prevents the 

myxothiazol-induced inhibition of the U46619-induced response, tissues were incubated 

with 10 µM myxothiazol, in the absence or presence of co-enzyme Q10 (5 µM). The control 

tissues reached an Rmax of 117 ± 9% of the KCl response with pEC50 of 7.9 ± 0.07 (n= 

6). Pre-incubation with co-enzyme Q10 alone had no significant effect on the contractile 

response to U46619, whereas myxothiazol inhibited the contraction to U46619. Pre-

incubation of co-enzyme Q10 did not prevent the inhibitory effect of myxothiazol in the 

presence of myxothiazol. See table 4.2 and figure 4.4. 
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Figure 4.4: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation 5 µM co-enzyme Q10 and 10 µM myxothiazol. Control is vehicle only 

(0.1% v/v DMSO+ Ethanol). Data are expressed as a percentage of the contraction to 60                                                                                                                                                                                                                                               

mM KCl and are mean ± SEM of 6 experiments. **p<0.01 v control, Two-way ANOVA 

followed by Tukey post-hoc test.    

 Rmax  

(% KCl response, 

mean ± SEM) 

pEC50 

(mean ± SEM) 

Control 117 ± 9% 7.9 ± 0.07 

myxothiazol 74 ± 6%** 7.6 ± 0.04 

Co-enzyme Q10 100 ± 6% 7.9 ± 0.07 

myxothiazol + Co-enzyme 

Q10 

77 ± 5% 7.7 ± 0.06 

 

Table 4.2: Maximum contraction (Rmax) expressed as a percentage of the response to 60 

mM KCl and log EC50 (pEC50) for U46619 in the absence (control, which is 0.1% v/v DMSO+ 

0.1% v/v Ethanol), or presence of 10 µM myxothiazol and 5 µM co-enzyme Q10 with and 

without myxothiazol in PCAs. Data are expressed as mean ± SEM of 6 experiments. 

**p<0.01 v control, Two-way ANOVA followed by Tukey post-hoc test.      
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4.3.4. Effect of mitoquinol on myxothiazol response: 

In order to determine the effect of mitoquinol on myxothaizol-induced inhibition of the 

U46619-induced response, tissues were incubated with 10 µM myxothiazol, in the absence 

or presence of mitoquinol (1 µM). The control tissues reached a response at the maximum 

concentration used of 107 ± 15% of the KCl response (n= 6). Pre-incubation with 

mitoquinol alone had no significant effect on the contractile response to U46619, whereas 

myxothiazol inhibited the contraction to U46619. Pre-incubation of mitoquinol in the 

presence of myxothiazol, caused no effect to the inhibitory effect of myxothiazol. See table 

4.3 and figure 4.5. 
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Figure 4.5: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation 1 µM mitoquinol and 10 µM myxothiazol. Control is vehicle only (0.1% 

v/v DMSO). Data are expressed as a percentage of the contraction to 60 mM KCl and are 

mean ± SEM of 6 experiments. *p<0.05 v control at 300 nM U46619. Two-way ANOVA 

followed by Tukey post-hoc test.       

 

 Response at 300 nM 

U46619± SEM 

Control 107 ± 15% 

myxothiazol 60 ± 4%* 

Mitoquinol 83 ± 8% 

myxothiazol + Mitoquinol 63 ± 7%* 

 

Table 4.3: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO), or 

presence of 10 µM myxothiazol and 1 µM mitoquinol with and without myxothiazol in PCAs. 

Data are expressed as mean ± SEM of 6 experiments. *p<0.05 v control at 300 nM 

U46619, Two-way ANOVA followed by Tukey post-hoc test.      
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4.3.5. Effect of FCCP on myxothiazol response: 

In order to determine whether uncoupling the mitochondria prevents the inhibitory effect 

of myxothiazol, tissues were incubated with 10 µM myxothiazol, in the absence or presence 

of FCCP (1 µM). The control tissues reached a response at the maximum concentration 

used of 86 ± 6% of the KCl response (n= 6). Pre-incubation with FCCP alone had no 

significant inhibitory effect on the contractile response to U46619, whereas myxothiazol 

inhibited the contraction to U46619. Pre-incubation of FCCP in the presence of myxothiazol, 

prevented the inhibitory effect of myxothiazol. See table 4.4 and figure 4.6. 
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Figure 4.6: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation 1 µM FCCP and 10 µM myxothiazol. Control is vehicle only (0.1% v/v 

DMSO). Data are expressed as a percentage of the contraction to 60 mM KCl and are mean 

± SEM of 6 experiments. *p<0.05 v control, *p<0.05 v Myxothiazol+FCCP at 300 nM of 

U46619, Two-way ANOVA followed by Tukey post-hoc test.    

 

 Response at 300 nM 

U46619 ± SEM 

Control 86 ± 6% 

Myxothiazol 65 ± 8%* 

FCCP 67 ± 4% 

Myxothiazol + FCCP 83 ± 6%* 

 

Table 4.4: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO), or 

presence of 10 µM myxothiazol and 1 µM FCCP with and without myxothiazol in PCAs. Data 

are expressed as mean ± SEM of 6 experiments. *p<0.05 v control, *p<0.05 v 

Myxothiazol+FCCP at 300 nM of U46619, Two-way ANOVA followed by Tukey post-hoc test.    
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4.3.6. Effect of removal of extracellular glucose on myxothiazol response: 

In order to determine whether removal of glucose alters the myxothiazol-induced inhibition 

of the U46619-induced response, tissues were incubated with 10 µM myxothiazol, in the 

presence or absence of glucose (using glucose-free Krebs). In the presence of glucose, the 

control tissues reached an Rmax of 109 ± 9% of the KCl response with pEC50 of 7.6 ± 0.06 

(n= 6). Pre-incubation with myxothiazol caused inhibition to U46619-induced contraction. 

In the absence of glucose, the size of contraction was smaller and the Rmax of control was 

65 ± 17%. Myxothiazol caused a large inhibition of the contraction to U46619 in the 

absence of glucose. See table 4.5 and figure 4.7. 

-9 -8 -7
0

20

40

60

80

100

 [ U46619 ] (log M)

C
o

n
tr

a
c
ti

le
 r

e
s
p

o
n

s
e

(%
 K

C
l 

re
s

p
o

n
s

e
)

DMSO ( Control )

Myxothiazol (10 µM)

DMSO ( Control ) G.F.K.

Myxothiazol (10 µM) G.F.K.
*

*

 

Figure 4.7: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation 10 µM myxothiazol in the presence and absence of glucose (G.F.K.). 

Control is vehicle only (0.1% v/v DMSO). Data are expressed as a percentage of the 

contraction to 60 mM KCl and are mean ± SEM of 6 experiments. *p<0.05 v his control, 

Student’s 2 tailed paired t-test.   . 

 

 Rmax  

(% KCl response, 

mean ± SEM) 

pEC50 

(mean ± SEM) 

Control 109 ± 9% 7.6 ± 0.06 

Myxothiazol 78 ± 5%* 7.4 ± 0.07 

Control-G.F.K. 65 ± 17% 7.5 ± 0.08 

Myxothiazol-G.F.K. 6 ± 2%* 7.3 ± 0.13 

 

Table 4.5: Maximum contraction (Rmax) expressed as a percentage of the response to 60 

mM KCl and log EC50 (pEC50) for U46619 in the absence (control, which is 0.1% v/v DMSO), 

or presence of 10 µM myxothiazol with and without glucose in PCAs. Data are expressed 

as mean ± SEM of 6 experiments. *p<0.05 v his control, Student’s 2 tailed paired t-test. 
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4.3.7. Effect of the mitochondrial H2S donor AP39 on myxothiazol response: 

The inhibitory effect of myxothiazol on the U46619-induced contraction could be due to 

increases in mitochondrial ROS production. In order to determine whether mitochondrial 

hydrogen sulphide (H2S) can prevent the myxothiazol-induced inhibition, tissues were pre-

incubated for 120 min with a single concentration of 10 µM myxothiazol and with AP39 (30 

µM) for 15 min, prior to exposure to a single sub maximum concentration of U46619 (30 

nM). Pre-incubation with AP39 alone had no significant effect on time-dependent 

contraction profile to U46619, whereas myxothiazol showed a significant inhibition of 

U46619-induced contraction. Pre-incubation of AP39 did not prevent the inhibitory effect 

of myxothiazol in the presence of myxothiazol. See figure 4.8.     
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Figure 4.8: Time-response curves for the vasocontraction effects of 30 nM U46619 on PCA 

pre-incubated with 10 µM myxothiazol and AP39 (30 µM). Control is vehicle only (0.1% 

v/v DMSO). Data are expressed as a percentage of the contraction to 60 mM KCl at 

different time points and are mean of 6 experiments. *p<0.05 v control, 2-way ANOVA 

followed by Tukey post-hoc test. 
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4.3.8. Effect of Y27632 (Rho Kinase Inhibitor) on myxothiazol response: 

In order to determine the combined inhibitory effect of myxothiazol (10 µM) and Y27632 

(10 µM) on concentration-response curves to U46619, tissues were pre-incubated with 

orwithout myxothiazol (10 µM) for 2 h and with Y27632 (10 µM) for 1 h. The inhibitory 

effect of myxothiazol and Y27632 combined was larger than that produced by Y27632 and 

DMSO (control). See table 4.6 and figure 4.9. 
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Figure 4.9: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation of myxothiazol and Y27632 (10 µM). Control is DMSO+Y27632. Data 

are expressed as a percentage of the contraction to 60 mM KCl and are mean ± SEM of 6 

experiments. *p<0.05 v control at 300 nM of U46619, Student’s 2-tailed paired t-test. 

 

 Response at 300 nM 

U46619 ± SEM 

DMSO+Y27632 

(Control) 

20.4 ± 3.9 % 

Myxothiazol+Y27632        

(10 µM) 

  12.4 ± 4.1 % * 

 

Table 4.6: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is DMSO+Y27632), or 

presence of myxothiazol and Y27632 (10 µM) in PCAs. Data are expressed as mean ± SEM 

of 6 experiments. *p<0.05 v control at 300 nM of U46619, Student’s 2-tailed paired t-test. 
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4.3.9. Effect of PD98059 (MEK Inhibitor) on myxothiazol response: 

In order to determine the combined inhibitory effect of myxothiazol (10 µM) and PD98059 

(50 µM) on concentration-response curves to U46619, tissues were pre-incubated with and 

without myxothiazol (10 µM) for 2 h and with PD98059 (50 µM) for 1 h. The inhibitory 

effect of myxothiazol and PD98059 together was larger than that produced by PD98059 

and DMSO (control). See table 4.7 and figure 4.10. 
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Figure 4.10: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation of myxothiazol (10 µM) and PD98059 (50 µM). Control is DMSO+ 

PD98059. Data are expressed as a percentage of the contraction to 60 mM KCl and are 

mean ± SEM of 6 experiments. *p<0.05 v control, Student’s 2 tailed paired t-test. 

 

 Rmax  

(% KCl response, mean 

± SEM) 

pEC50 

(mean ± SEM) 

DMSO+ PD98059 

(Control) 

88.4 ± 6.4% 7.5 ± 0.07 

Myxothiazol (10 µM)+ 

PD98059 (50 µM)         

     67.7 ± 4.9 % * 7.3 ± 0.08 

 

Table 4.7: Maximum contraction (Rmax) expressed as a percentage of the response to 60 

mM KCl and log EC50 (pEC50) for U46619 in the absence (control, which is DMSO+ 

PD98059), or presence of myxothiazol (10 µM) and PD98059 (50 µM) in PCAs. Data are 

expressed as mean ± SEM of 6 experiments. *p<0.05 v control, Student’s 2 tailed paired 

t-test. 
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4.3.10. Effect of calyculin A (phosphoprotein phosphatase inhibitor) on 

myxothiazol response: 

Rho kinase inhibits myosin phosphatase. Therefore, we hypothesised that, if myxothiazol 

inhibited Rho kinase activation, inhibition of myosin phosphatase would prevent the 

inhibitory effect of myxothiazol. Therefore, the effect of pre-incubation with 100 nM 

calyculin A on myxothiazol relaxations was determined. Myxothiazol caused a time-

dependent relaxation of the U46619-induced contraction. Calyculin A caused inhibition of 

the relaxant effect of myxothiazol on pre-contracted PCA through almost of the 2 h 

comparing to the control (n=8). See figure 4.11. 
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Figure 4.11: Effect of calyculin A (100 nM) on myxothiazol relaxation in porcine coronary 

artery pre-contracted with U46619. Control is vehicle only (0.1% v/v DMSO). Data are 

expressed as a percentage of relaxation to U46619-induced contraction and are mean of 

8 experiments. *p<0.05 v control, **p<0.01 v control, ***p<0.001 v control, Tow-way 

ANOVA followed by Sidak post-hoc test. 
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4.3.11. The role of calcium in myxothiazol response in PCAs: 

In order to determine whether extracellular calcium is involved in the myxothiazol-induced 

inhibition of the U46619-induced response, tissues were incubated with or without 10 µM 

myxothiazol in calcium-free buffer. After the incubation period, tissues were exposed to a 

maximum concentration of U46619 (300 nM). CaCl2 was then added cumulatively (10 µM-

3 mM) to induce a contraction. Response at maximum concentration for control tissues 

reached to 58 ± 10% of the KCl response (n= 9). Pre-incubation with myxothiazol inhibited 

the contraction of CaCl2 with response at maximum concentration 39 ± 9%. See figure 

4.12. 
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Figure 4.12: Log concentration-response curves for the vasocontraction effects of CaCl2 

with pre-incubation of myxothiazol (10 µM). Control is vehicle only (0.1% v/v DMSO). Data 

are expressed as a percentage of the contraction to 60 mM KCl and are mean ± SEM of 6 

experiments. **p<0.01 v control at 3mM CaCl2, Student’s 2 tailed paired t-test. 
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4.3.12. Effect of L-type VGCC blocker on myxothiazol response: 

In order to determine which calcium channel is involved in the myxothiazol-induced 

inhibition of the U46619-induced response, tissues were incubated with 10 µM 

myxothiazol, in the absence or presence of the L-type VGCC blocker, nifedipine (5 µM). 

The response at the maximum concentration for the control tissues reached to 105 ± 15% 

of the KCl response (n= 6). Pre-incubation with nifedipine caused significant inhibitory 

effect on the U46619-induced contraction. There was no difference in the size of the 

inhibition with the combination of nifedipine and myxothiazol, compared to nifedipine 

alone. See table 4.8 and figure 4.13. 
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Figure 4.13: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation 5 µM nifedipine and 10 µM myxothiazol. Control is vehicle only (0.1% 

v/v DMSO). Data are expressed as a percentage of the contraction to 60 mM KCl and are 

mean ± SEM of 6 experiments. *p<0.05 v control at 300 nM of U46619, Two-way ANOVA 

followed by Tukey post-hoc test.      

 

 Response at 300 nM 

U46619 ± SEM 

Control 105 ± 15% 

Myxothiazol 72 ± 5% 

Nifedipine 51 ± 5%* 

Myxothiazol + Nifedipine 49 ± 2%* 

 

Table 4.8: Response at maximum concentration ± expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO), or 

presence of 10 µM myxothiazol and 10 µM nifedipine with and without myxothiazol in PCAs. 

Data are expressed as mean ± SEM of 6 experiments. *p<0.05 v control at 300 nM of 

U46619, Two-way ANOVA followed by Tukey post-hoc test.      
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4.3.13. Effect of L-type VGCC blocker on myxothiazol-rotenone combination 

response: 

In order to determine the effect of myxothiazol-rotenone combination on U46619-induced 

contraction and to clarify which calcium channel could involve in myxothiazol-rotenone 

response, tissues were incubated with a combination 10 µM myxothiazol-rotenone, in the 

absence or presence of VGCC blocker, nifedipine (5 µM). Response at maximum 

concentration of the control tissue reached to 77 ± 6% of the KCl response (n= 6). Pre-

incubation with nifedipine alone caused significant inhibitory effect to U46619-induced 

contraction, while the myxothiazol-rotenone combination caused no significant inhibition. 

Pre-incubation with nifedipine in the presence of myxothiazol-rotenone combination caused 

no further effect compared to nifedipine alone. See table 4.9 and figure 4.14. 
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Figure 4.14: Log concentration-response curves for the vasocontraction effects of U46619 

with pre-incubation 5 µM nifedipine and 10 µM myxothiazol. Control is vehicle only (0.1% 

v/v DMSO). Data are expressed as a percentage of the contraction to 60 mM KCl and are 

mean ± SEM of 6 experiments. *p<0.05 v control at 300 nM of U46619, Two-way ANOVA 

followed by Tukey post-hoc test.      

 Response at 300 nM 

U46619 ± SEM 

Control 77 ± 6% 

Myxothiazol-Rotenone   59 ± 10% 

Nifedipine   38 ± 4%* 

Myxothiazol-Rotenone + 

Nifedipine 

29 ± 3% 

 

Table 4.9: Response at maximum concentration expressed as a percentage of the 

response to 60 mM KCl for U46619 in the absence (control, which is 0.1% v/v DMSO), or 

presence of 10 µM myxothiazol and 10 µM nifedipine with and without myxothiazol in PCAs. 

Data are expressed as mean ± SEM of 6 experiments. *p<0.05 v control, Two-way ANOVA 

followed by Tukey post-hoc test.      
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4.3.14. The effect of myxothiazol on relaxation to nifedipine: 

As there was an apparent effect of myxothiazol on the CaCl2-induced concentration 

response curve and to confirm which calcium channel could be involved, tissues were 

incubated with or without 10 µM myxothiazol then pre-contracted with 30 nM of U46619 

and followed by adding nifedipine (1 nM-30 µM) to induce relaxation.  Pre-incubation with 

10 µM myxothiazol caused a slight inhibition of the relaxant effect of nifedipine. See figure 

4.15. 
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Figure 4.15: Effect of myxothiazol (10 µM) on nifedipine-relaxation response curve on 

PCA pre-contracted with U46619. Control is vehicle only (0.1% v/v DMSO). Data are 

expressed as a percentage of relaxation to 30 nM U46619-induced contraction and are 

mean of 6 experiments. Non-significant indicates P>0.05, *P< 0.05 and **P< 0.01 v 

control, 2-way ANOVA followed by Sidak post-hoc test. 
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4.3.15. The effect of myxothiazol on (±)-Bay K 8644 (L-type VGCC activator) 

induced contraction in porcine coronary arteries: 

In order to determine whether myxothiazol inhibited the contractile response to L-type 

VGCC activator to explore more about the role of calcium, the effect of pre-incubation with 

myxothiazol on (±)-Bay K 8644-induced contractions was determined. Control tissues 

reached a response at maximum concentration used of 69 ± 12% of the KCl response (n= 

6). Pre-incubation with (10 µM) myxothiazol caused a significant inhibitory effect on the 

contractile response with a response at maximum concentration of 30 ± 10% of the KCl 

response. See figure 4.16. 
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Figure 4.16: Log concentration-response curves for the vasocontraction effects of (±) 

BAY K 8644 with pre-incubation of myxothiazol (10 µM). Control is vehicle only (0.1% v/v 

DMSO). Data are expressed as a percentage of the contraction to 60 mM KCl and are mean 

± SEM of 6 experiments. **P-value< 0.01 v control at 300 nM of Bay K 8644, Student’s 

paired t-test. 
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4.4. Discussion: 

The aim of the experiments in this chapter was to determine the effect of myxothiazol 

(mitochondrial complex III inhibitor) on U46619-induced contraction then to determine the 

mechanism underlying the anti-contractile effect. The data indicate that myxothiazol 

caused inhibition of calcium-induced contractions. 

4.4.1. Role of extracellular calcium in the myxothiazol response: 

The data in this present study has identified the possibility of simvastatin acting through 

inhibition of mitochondrial complexes but not through inhibition of complex III at site Qi. 

Therefore, we tested the effects of myxothiazol, a known complex III inhibitor at the Qo 

site (Chen et al. 2003) on the U46619-induced contractions and determined the possible 

pathway for its effect, as a comparison with simvastatin. In the presence of calcium, pre-

incubation with 10 µM myxothiazol caused a significant inhibitory effect on the contractile 

response while in the absence of calcium, myxothiazol showed no inhibitory effect of 

U46619 induced contraction. These data suggest that myxothiazol induces its inhibitory 

effect via inhibition the influx of extracellular calcium, as calcium has a key role in the 

initiation of contraction. In the absence of extracellular calcium, U46619-induces 

contraction via calcium-independent contractions, such as activation of Rho kinase. A study 

performed on Jurkat cells showed that blocking of complex III with myxothiazol caused 

inhibition of respiration process, a collapse in mitochondrial membrane potential and 

inhibition of the activation of plasma membrane calcium channels, which prevented calcium 

influx. Furthermore, the study identified that when the same cells were suspended in 

calcium-free medium, myxothiazol showed no effect on the intracellular calcium 

concentration (Makowska, Zablocki, and Duszynski 2000). Taken together, these data 

suggest that blocking complex III at the Qo site with myxothiazol could induce its anti-

contractile effect via inhibition of calcium influx. To confirm this result and to clarify more 

about the role of calcium, the effect of myxothiazol on CaCl2-induced contraction was 

determined in the presence of U46619. Pre-incubation with myxothiazol inhibited the 

contraction to CaCl2, which confirmed the role of extracellular calcium. The influx of calcium 

through L-type VGCC is the main entry site for calcium induce a contraction in smooth 

muscle cells (Ghosh et al. 2017). In order to determine whether myxothiazol prevents 

influx through L-type VGCC, experiments were carried out showing that pre-incubation 

with myxothiazol caused a significant inhibition of the Bay K 8644 induced contraction in 

PCA. 

To clarify further that myxothiazol is acting through L-type VGCC, the calcium channels 

were blocked with nifedipine in the absence or presence of myxothiazol. As expected, 

nifedipine inhibited the U46619-induced contraction. The combination of myxothiazol and 
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nifedipine had no further effect on the U46619-induced contraction compared to nifedipine 

alone, indicating that, when L-type calcium channels are blocked, myxothiazol has no 

effect. Therefore, myxothiazol is likely to be acting through inhibition of L-type calcium 

channels. In order to determine whether myxothiazol could be binding to the 

dihydropyridine binding site on L-type calcium channels, concentration-response curves to 

nifedipine were carried out in the absence or presence of myxothiazol. Although there was 

a slight inhibition of the relaxant effect of nifedipine, this was not enough to suggest that 

myxothiazol might be competing with nifedipine for binding. 

Previous studies identified that complex I and complex III are the major sites for producing 

mitochondrial ROS due to incomplete reduction of oxygen molecules (Duchen 1999); 

blocking of complex I with rotenone and complex III with myxothiazol enhance the 

production of ROS (Raha et al. 2000; Young, Cunningham, and Bailey 2002; Muller et al. 

2003; Li et al. 2003). A review of literatuer showed that ROS could play an important role 

as a mediator to regulate SMC tone as in pulmonary artery vasoconstriction and cerebral 

artery vasodilation (Clempus and Griendling 2006). A reduction in ROS production could 

inhibit redox-sensitive K+ channels, which regulate pulmonary artery smooth muscle tone. 

This, in turn, enhances the influx of calcium via L-type VGCC and induces smooth muscle 

contraction (Moudgil, Michelakis, and Archer 2005). In a study performed on the cerebral 

artery, it was found that mitochondrial ROS caused a sequential activation of ryanodine-

sensitive calcium channels in sarcoplasmic reticulum, activating large conductance 

calcium-activated potassium channels (BKCa) on the plasma membrane and then inducing 

smooth muscle vasodilation (Xi, Cheranov, and Jaggar 2005).  

These data and supporting evidence indicate that myxothiazol inhibits or modulate the 

activity of L-type calcium channel, probably through its effects on complex III.  

4.4.2. Role of mitochondria in the myxothiazol response: 

To clarify the signalling pathway for the inhibitory effect of myxothiazol on U46619-induced 

contractions, we determined whether supplementation with co-enzyme Q10 or adding 

mitoquinol could prevent the inhibitory effect. Pre-incubation of co-enzyme Q10 or 

mitoquinol did not prevent the inhibitory effect of myxothiazol. Although co-enzyme Q10 

or mitoquinol (reduced form of coenzyme Q10) have an important role in regulation and 

maintaining of oxidative phosphorylation processes and ATP production (Lenaz, Daves, and 

Kfolkers 1968; Ogasahara et al. 1989), there is no evidence that they can prevent the anti-

contractile effect of myxothiazol. The usual function of co-enzyme Q10 (reduced and 

oxidized forms) is to transfer electrons coming from NADH (complex I) and FADH2 (complex 

II) to cytochrom b in the complex III then to the final electron acceptor which is cytochrome 

c (Dallner and Sindelar 2000; Moudgil, Michelakis, and Archer 2005). One possible 
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explanation is that the concentrations of co-enzyme Q10 and mitoquinol used were not 

sufficient to reverse the inhibitory effect on the mitochondria. However, the same 

concentrations prevented the effects of antimycin A (chapter 3). 

Another possible explanation is that co-enzyme Q10 and mitoquinol were prevented from 

binding to Qo, as the site was completely blocked with myxothiazol. Thus, this prevented 

the transfer of electron to the Rieske iron sulfur center at cytochrome b, which is required 

for oxidizing ubiquinol to the ubisemiquinone radical. Another study performed on heart 

mitochondria from aogMclk1 KO mice showed that co-enzyme Q10 defeciency caused a 

reduction in ROS production when assessed in the presence of rotenone (complex I 

inhibitor) and antimycin A (complex III inhibitor) but not with myxothiazol (Wang, Oxer, 

and Hekimi 2015). This indicates that co-enzyme Q10 can reverse the effects on inhibition 

of the Qi site,  but not in the case of blocking the Qo site. 

To further confirm that myxothiazol’s anti-contractile effect is mediated through the 

mitochondria, tissues were pre-incubated with FCCP to uncouple the mitochondria. FCCP 

prevented the inhibitory effect of myxothiazol. This supports the idea that the inhibitory 

effect of myxothiazol on the U46619-induced contraction is mediated through its effects 

on the mitochondria.  

Similarly, removal of extracellular glucose increases the cell’s reliance on mitochondrial 

oxidative phosphorylation and, therefore, mitochondrial function. Thus, inhibition of 

mitochondrial complexes should lead to a greater effect. Therefore, we tested the inhibition 

of mitochondrial complex III with myxothiazol in the presence and absence of glucose. 

Myxothiazol caused inhibition of the U46619-induced contraction in the presence and 

absence of glucose. The size of contraction was smaller and the myxothiazol inhibitory 

effect was greater in the absence of glucose. Glucose is an energetic constituent in any 

cell, it participates and regulates many cell s activity including muscle contraction and 

regulation of tone (Richter and Hargreaves 2013). As glucose in the body undergoes 

glycolysis it produces ATP as direct source of energy to the cells. For mitochondria, it 

provides other products which are needed for the respiration process, such as NADH, which 

feeds into complex I and FADH2, which provid electrons to complex II. Both are energy-

rich molecules as each contains a pair of electrons having a high motive force. Complex I 

and II both are parts of electron transport chain that provide phosphorylation process with 

required electrons and sources for producing mitochondrial ATP (Brown, Lakin-Thomas, 

and Brand 1990; Vaishnavi et al. 2010). On the other hand, ATP is a vital requirment in 

smooth muscle contraction since it provides the required energy for sliding myosin and 

actin filaments over each other to initiate the contraction (Aguilar and Mitchell 2010). 

Accordingly, glucose removal disturbed the respiration process, oxidative phosphorylation 

and reduced ATP production, hence reduced contraction. These could be the reasons for 
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observing a higher inhibitory effect of myxothiazol and small size of contraction in absence 

of glucose. 

Blocking of the Qo site of mitochondrial complex III with myxothiazol can lead to enhanced 

production of ROS (Muller et al. 2003) and the consequences for that could be inhibition of 

calcium influx and therefore inhibition of smooth muscle contraction (Makowska, Zablocki, 

and Duszynski 2000). AP39, which is a mitochondrial H2S donor, can protect cells from 

increases in mitochondrial ROS production (Gerő et al. 2016). Therefore, we tested 

whether AP39 could prevent the inhibitory effect of myxothiazol on the U46619-induced 

contraction. Pre-incubation of AP39 in the presence of myxothiazol showed no effect on 

the myxothiazol inhibitory effect. This indicates that H2S can not reverse the myxothiazol 

effect and this could be due to feeding of electrons at different site on electron transport 

chain. In a study performed on isolated mitochondria from human colon adenocarcinoma 

cell lines, the researchers identified that H2S feeds the mitochondrial respiratory chain with 

electrons between complex I and III and co-enzyme Q10 is the intermediate and the 

acceptor of these electrons to transfer them to complex III then to complex IV, until the 

oxidative-phosphorlation process is completed succefully (Goubern et al. 2007). As 

mentioned before in this chapter, co-enzyme Q10 failed to antagonize the myxothiazol 

inhibitory effect. Therefore, it is possible that increasing mitochondrial H2S with AP39 

cannot reverse the inhibition of Qo with myxothiazol. The effects of AP39 on inhibition of 

mitochondrial complexes is untested. Therefore, the next chapter will determine the effects 

of AP39 on the changes in mitochondrial membrane potential in the presence of 

mitochondrial complex inhibitors. 

4.4.3. Role of AMP kinase in the myxothiazol response: 

Mitochondrial activation of AMPK is another mechanism by which the mitochondria could 

regulate smooth muscle tone. AMPK is considered a regulator of cellular energy 

homeostasis. When the ATP: AMP ratio decreases, this leads to activation of AMPK (Suter 

et al. 2006; Gowans et al. 2013). In the previous chapter, inhibition of AMPK prevented 

the anti-contractile effects of antimycin A. Therefore, the effect of dorsomorphin, an AMPK 

inhibitor, on the myxothiazol response was determined. Dorsomorphin could not attenuate 

the inhibitory effect of myxothiazol indicating that, unlike antimycin A, AMPK is not involved 

in the myxothiazol response. Interestingly, dorsomorphin alone enhanced the contraction 

induced by U46619. A study performed on vascular smooth muscle cells (VSMCs) showed 

that activation of the TP receptor with U46619 enhanced the ROS production, which in turn 

enhanced AMPK activity (Zhang et al. 2008). Therefore, it is possible that activation of 

AMPK after TP receptor activation limits the contractile response. On inhibiting AMPK, the 

contraction is thus enhanced. It is beyond the scope of this thesis to investigate this 

further. The lack of effect of inhibition of AMPK is similar to that seen with simvastatin 
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(chapter 2), but different from that seen with antimycin A, which supports our hypothesis 

that simvastatin and myxothiazol could have the same pathway. 

4.4.4. Role of Rho kinase and ERK-MAP kinase in myxothiazol response: 

In the previous chapters, we determined the effect of Rho kinase and ERK-MAP kinase 

pathways in the simvastatin and antimycin A response. Therefore, as a comparison, we 

determined whether these pathways play a role in the myxothiazol response. Previous 

studies have shown that blocking of mitochondrial complexes enhances the production of 

ROS (Chen et al. 2003), which could enhance Rho-A activity that plays a vital role in 

regulation of smooth muscle tone (Fukata, Amano, and Kaibuchi 2001). A study performed 

on rat pulmonary artery showed that U46619 enhanced ROS production in the cytosol and 

using myxothiazol could not prevent this production. ROS in turn enhanced the 

translocation of Rho A from cytosol to the cell membrane (MacKay et al. 2017), which is a 

required step for activating Rho kinase (Mori and Tsushima 2004). Studies clarified that 

activated Rho kinase could induce smooth muscle contraction via activating Ca2+ 

sensitization and inhibiting myosin light chain phosphatase (Somlyo and Somlyo 2003; 

Dimopoulos et al. 2007). Therefore, we tested whether inhibition of the Rho kinase 

pathway with Y27632 could prevent myxothiazol inhibitory effect. The data showed that 

the inhibitory effect of myxothiazol and Y27632 together was larger than that produced by 

Y27632 alone. This possibly indicates that myxothiazol does not rely on Rho kinase 

pathway to induce its inhibitory effect but it has a different inhibitory mechanism as the 

effect of Y27632 and myxothiazol were additive.  

To induce smooth muscle contraction via activation of Rho kinase involves inhibition of 

myosin phosphatase (Kitazawa et al. 2003). Thus, if we hypothesized that if myxothiazol 

inhibited Rho kinase activation, then inhibition of myosin phosphatase with calyculin A 

would prevent the inhibitory effect of myxothiazol. Pre-incubation with calyculin A caused 

inhibition of the relaxant effect of myxothiazol, indicating that phosphatase activity is 

required for the myxothiazol response. However, the data with Y26732 would rule out an 

effect on Rho kinase. This does not mean that myosin phosphatase is not involved, but it 

may involve other pathways rather than Rho kinase activity. In other words, the calyculin 

A inhibitory effect looks to be non-specific as the present study showed the same results 

with simvastatin (chapter 2) and antimycin A (chapter 3).   

ERK1/2 are MAP kinases that play an important role in cell signalling, intracellular 

processes and targeting the mitochondria. Studies showed that MAP kinases could directly 

interact with the mitochondria outer membrane then translocate to inside (Kharbanda et 

al. 2000; Ballard-Croft et al. 2005). Other studies showed that MAP kinases could indirectly 

regulate some mitochondrial function such as cell survival and death, proliferation and 
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smooth muscle tone via their effect on Ca2+ and ROS signalling (Bogoyevitch et al. 2000; 

Wall et al. 2006). A study performed on trout hepatocytes showed that activation of ERK1/2 

was involved in copper-induced ROS generation, mitochondrial ATP production and 

intracellular Ca2+ for modulating activity (Nawaz et al. 2006). Recent study revealed that 

there is a crosslink between mitochondrial ROS and non-mitochondrial ROS production and 

activation of ERK1/2, although, the mechanism is not clear (Javadov, Jang, and Agostini 

2014). Mitochondrial complex III is one of the sites that is responsible for producing ROS 

and blocking of Qo site of this complex with myxothiazol enhance ROS production, which 

could inhibit respiration process and reduced ATP production. Accordingly, we determined 

the effect of combining myxothiazol and PD98059, a known inhibitor of MEK, on 

concentration-response curves to U46619. Myxothiazol still inhibited the U46619-induced 

contraction in the presence of PD98059 indicating that myxothiazol is likely to be acting 

through a pathway that does not involve ERK. As with the Rho kinase inhibitor, the 

assumption is that PD98059 caused maximum inhibition of ERK activation at the used 

concentration.  
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In summary, the main finding in this chapter was identifying that the complex III inhibitor 

myxothiazol inhibits contractile responses in the porcine coronary artery and only in the 

presence of calcium. The data suggest that the anti-contractile effects are mediated 

through inhibition of calcium influx through L-type calcium channels. The effects of the 

AMP kinase inhibitor dorsomorphin indicates that, unlike antimycin A, myxothiazol does 

not activate AMP kinase. Neither inhibition of Rho kinase nor inhibition of ERK activity had 

an effect on the myxothiazol inhibitory effect. Similarly, addition of co-enzyme Q10 or 

mitoquinol did not attenuate the inhibitory effect of myxothiazol. On the other hand, 

uncoupling the mitochondria through addition FCCP attenuated the inhibitory effect of 

myxothiazol. These data suggest that inhibition of complex III at the Qo site leads to 

inhibition of calcium influx through L-type calcium channels.     

Some of the results from this study are different from those obtained in the presence of 

antimycin A in the previous chapter (chapter3) but they are similar to simvastatin, 

suggesting that myxothiazol and simvastatin might act in a similar way. This could be 

evidence that simvastatin acts through inhibition of complex III Qo in the mitochondria. 

Therefore, in the next chapter, the effect of simvastatin on isolated mitochondria will be 

compared with, rotenone, antimycin A, myxothiazol, co-enzyme Q10 and mitoquinol.  

 

 

 

 

Figure 4.17:  Hypothesized schematic diagram of effect of myxothiazol on U46619-

induced contraction in PCA. The present study demonstrated that myxothiazol inhibited 

calcium-dependent contraction via inhibiting calcium influx either via inhibiting L-type 

calcium channel directly or via another pathway. 
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Chapter V 

Effect of simvastatin, mitochondrial 

complex inhibitors and mitochondrial 

stimulants on isolated mitochondria 
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5.1. Introduction: 

Mitochondria are the site of energy production that is used by different cellular process 

inside the body of human and animals (Piomboni et al. 2012). Mitochondria have many 

other jobs such as calcium uptake and maintenance of calcium homeostasis, regulation 

muscle tone, regulation of cell proliferation and death (Lee and Peng 2008). There is 

evidence that impairment of mitochondrial function is associated with serious 

diseases/disorders (Vafai and Mootha 2012). An example is the epilepsy associated with 

mitochondrial dysfunction in neurological tissue (Zsurka and Kunz 2010) as well as 

neurodegenerative disorders and ageing in which mitochondrial dysfunction is implicated 

(Ekstrand et al. 2007). In addition, it has been found that diabetes mellitus type 2 is 

associated with mitochondrial dysfunction in skeletal muscle and liver (Szendroedi et al. 

2007). Furthermore, mitochondrial dysfunction has been associated with cardiac diseases 

such as heart failure, atherosclerosis, ischaemia and hypertension (Siasos et al. 2018). 

Therefore, it is important to study mitochondrial function directly to understand the 

molecular changes in cellular metabolism that lead to many diseases or disorders. Using 

isolated mitochondria rather than intact tissue or cells could be more insightful as isolation 

of intact mitochondria offers the ability to analyse either whole organelle or protein fraction 

levels more deeply and precisely (Lampl et al. 2015). 

Oxidative phosphorylation is an important mitochondrial process responsible for ATP 

production (Covian and Balaban 2012). The mitochondrial membrane potential (ΨM), which 

represents a proton motive force that is regulated by complexes I, III and IV, is an 

important component in the oxidative phosphorylation process. This proton gradient is 

required for aerobic energy production and is essential for various processes inside and 

outside the mitochondria (Gerencser et al. 2012). Several studies have determined that 

release of ROS, which are produced by mitochondrial complexes and play an important 

role in the regulation of vascular tone, could be doubled in well-polarized ΨM (Michelakis et 

al. 2002; Starkov and Fiskum 2003).  

Previous studies identified that there are many cationic dyes used to measure changes in 

mitochondrial membrane potential (ΔΨM) and one of them is rhodamine 123 (Rh123) (Chen 

1988; Smith 1990; Dykens and Stout 2001). These dyes have an ability to distribute 

electrophoretically into the mitochondrial matrix and across the inner membrane. Their 

charge and solubility in aqueous space of matrix and lipid space of inner mitochondrial 

membrane enable these dyes to accumulate in mitochondria (Rottenberg 1984; Jackson 

and Nicholls 1986). Rh123 dye could be used to measure ΔΨM either by microscope stain 

(Johnson, Walsh, and Chen 1980) or by cytofluorometry (Johnson et al. 1981) and this 

requires observing the increase in fluorescence due to its electrophoretic accumulation in 

mitochondria (Ronot et al. 1986).  
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Active and passive movement of protons across the inner mitochondrial membrane during 

oxidative phosphorylation process usually produce changes in ΨM that appear as a decrease 

or increase in Rh123 fluorescence due to quenching of dye from the mitochondria (Hafner, 

Brown, and Brand 1990). Adding a mitochondrial complex inhibitor blocks electron 

movement through the electron transport chain which leads to a decrease in mitochondrial 

membrane potential, which appears as an elevation in Rh123 fluorescence (Baracca et al. 

2003). These changes in ΨM frequently help to identify the effect of compounds and in 

understanding the physiological and pathological processes inside the mitochondrial 

(Fontaine et al. 1997). 

The data presented in the previous chapters of the present study demonstrated that 

simvastatin inhibits the U46619-induced contraction in PCA only in the presence of calcium 

and possibly via mitochondrial inhibition. The data from the previous chapters also indicate 

that co-enzyme Q10 and AP39 have different effects on the responses to the known 

complex III inhibitors antimycin A and myxothiazol. Therefore, the aims of these 

experiments were to determine if simvastatin has the direct effect of simvastatin on 

isolated mitochondria, in comparison with the complex III inhibitors, and to determine the 

effect of co-enzyme Q10 and AP39 on these responses.  
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5.2. Materials and method: 

5.2.1. Tissue preparation: 

Isolated mitochondria from rat liver were used to characterize the effects of simvastatin 

and mitochondrial complexes inhibitors on mitochondrial membrane potential. Rat livers 

were obtained from male Wistar rats (~250g), killed according to Schedule 1. A coarse 

dissection was conducted to isolate the liver. Liver tissue was washed with isolation buffer, 

composed of (mannitol 210mM, sucrose 70mM, EDTA 1mM, Tris 50mM, pH 7.4), to remove 

excess blood and then the tissue was weighed.  

To isolate the mitochondria, ~ 13 g of tissue was chopped with scissors and homogenised 

in 130 ml of ice-cold isolation buffer using manual glass homogenizer. The homogenate 

was then centrifuged at 1000 g for 20 min to remove nuclei and un-homogenised material. 

The supernatant was then re-centrifuged at 5000 g for 15 min. The resulting supernatant 

layer was discarded and the pellet re-suspended. This was re-centrifuged at 10,000 g for 

15 min. The resultant pellets (mitochondria) were then re-suspended in a minimum volume 

of isolation buffer and kept ice cold. 

Isolated mitochondria were added to respiration buffer (potassium chloride 100 mM, 

mannitol 75 mM, sucrose 25mM, Tris 10 mM, EDTA 0.1 mM, potassium dihydrogen 

phosphate 10 mM, magnesium sulphate 1 mM, pH 7.1) at 37oC in a clean dry cuvette. 

Glutamate 1 M, malate 250 mM, and bovine serum albumin 2.5 mg/ml were added to 

provide respiratory substrates for the mitochondria. After that, Rh123 (0.2 µM) was added 

to the mixture. The cuvette was then placed in the fluorimeter and stirred continuously 

using a magnetic stirrer bar.  

A Hitachi F-2500 fluorescence spectrophotometer was used to measure the changes in 

fluorescence of Rh123 at an excitation wavelength of 503 nm and emission 527 nm. After 

about 60 seconds of adding the Rh123 and observing a steady reading, isolated 

mitochondria were added causing a rapid drop in the fluorescence reading due to 

sequestering of the fluorescent dye (Rh123) by functioning mitochondria.  

5.2.2. Effect of simvastatin or mitochondrial inhibitors on rat liver isolated 

mitochondria: 

In order to determine whether simvastatin could alter the mitochondrial membrane 

potential, rat liver isolated mitochondria were placed in a cuvette at 37 °C in a fluorimeter 

as above. Fluorescence signals were allowed to stabilise before compounds were added; 

simvastatin, rotenone (complex I inhibitor), antimycin A (complex III inhibitor at Qi site) 

or myxothiazol (complex III inhibitor at Qo site) all at 10 μM, or 0.01% v/v DMSO as a 

vehicle control. In some experiments the active form of simvastatin, simvastatin hydroxy 
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acid sodium salt, was added. Fluorescence was then measured for around 20 min. At the 

end of the experiments 1 μM FCCP was added to uncouple mitochondrial respiration and 

provide the maximum release of Rh123. The fluorescence obtained with test compounds 

was expressed as a percentage of the total response after addition of 1 μM FCCP. 

In the case of mitochondrial stimulants, 1 μM mitoquinol, 5 μM co-enzyme Q10, 0.3 and 

10 μM AP39 were added then the fluorescence measured for about 20 min. The 

experiments were terminated by adding 1 μM FCCP to uncouple mitochondrial respiration.  

5.2.3. Effect of mitochondrial inhibitors or mitochondrial stimulants on 

simvastatin, antimycin A or myxothiazol response in rat liver isolated 

mitochondria: 

In order to determine the effect of mitochondrial inhibitors or stimulants on the changes 

in Rh123 fluorescence in response to simvastatin, antimycin A or myxothiazol, the isolated 

mitochondria were exposed to one of these compounds: rotenone (complex I inhibitor), 

antimycin A (complex III inhibitor at Qi site) or myxothiazol (complex III inhibitor at Qo 

site) 10 μM each. In case of mitochondrial stimulants, 1 μM mitoquinol, 5 μM co-enzyme 

Q10, 0.3 or 10 μM AP39 were added. Fluorescence was then measured for about 20 min, 

prior to addition of simvastatin, antimycin A or myxothiazol, as appropriate. FCCP was 

added at the end of the experiment, as above.  

5.2.4. Drugs and Chemicals: 

Simvastatin was purchased from Tocris Bioscience, Bristol, UK. Simvastatin hydroxy acid 

sodium salt was purchased from Santa Cruz Biotechnology, Dallas, USA. Antimycin A, 

myxothiazol, rotenone, coenzyme Q10 rhodamine 123 and FCCP were purchased from 

Sigma Aldrich, Poole, UK. Mitoquinol and AP39 were purchased from Cayman Chemical 

Company, Michigan, USA.  

Stock solutions of rhodamine 123 were dissolved in distilled water. A stock solution of co-

enzyme Q10 and FCCP were dissolved in ethanol. Stock solutions of all remaining chemicals 

were dissolved in dimethyl sulfoxide (DMSO). All further dilutions of the stock solutions 

were made using dimethyl sulfoxide (DMSO) and respiration buffer. All stocks were kept 

frozen at -20 oC.  

Mitochondrial isolation buffer: mannitol 210 mM, sucrose 70mM, EDTA 1mM, Tris 50mM 

(pH 7.4). Mitochondrial respiration buffer (potassium chloride 100 mM, mannitol 75 mM, 

sucrose 25mM, Tris 10 mM, EDTA 0.1 mM, potassium dihydrogen phosphate 10 mM, 

magnesium sulphate 1 mM pH 7.1) at 37 oC. 
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5.2.5. Statistical Analysis: 

Data were expressed as a percentage of the maximum change in fluorescence obtained by 

the addition of FCCP at the end of the experiment. Data were presented as mean ± SEM 

where n = the number of different animals. Data were analyzed using 2-tailed, paired or 

unpaired Student’s t-test to compare differences between 2 groups, as appropriate. 

Differences between 3 or more groups were assessed using one-way ANOVA in conjunction 

with the Tukey post-hoc test. The P-value <0.05 was considered statistically significant. 

Statistical analysis was performed by Graph-Pad Prism (Version 7). 
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5.3. Results: 

5.3.1. The effect of simvastatin on mitochondria isolated from liver of rat: 

In order to determine whether simvastatin has a direct effect on mitochondrial membrane 

potential, the effect of 10 μM simvastatin on the isolated mitochondria was determined. 

Simvastatin had no effect on membrane potential compared to the vehicle control in the 

isolated mitochondria loaded with Rh123. See figure 5.1 and 5.2. 

Figure 5.1: Cumulative fluorescence data for isolated mitochondria from liver of rat loaded 

with Rh123 in the presence of simvastatin (10 μM) or vehicle control (0.1% v/v DMSO). 

Data are expressed as a percentage of the response to 1 μM FCCP in the same isolated 

mitochondria and are mean ± SEM from n=3. 
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Figure 5.2: Typical trace showing the effect of A- 0.1% v/v DMSO and B- 10 μM 

simvastatin on Rh123 fluorescence in isolated mitochondria from liver of rat. FCCP 1 μM 

was added as a positive control to get the maximum fluorescence and the DMSO as a 

solvent control.  
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5.3.2. The effect of simvastatin on mitochondria isolated from liver of rat: 

As DMSO produced a large response on its own, experiments were carried out by diluting 

compounds in respiration buffer in order to reduce the concentration of DMSO added. In 

these experiments, the fluorescence response to DMSO was reduced to ~6% of the FCCP 

response (figure 5.3). However, the response to simvastatin was lower than that seen with 

vehicle (figure 5.3 & 5.4). 
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Figure 5.3: Fluorescence data from isolated mitochondria from rat livers loaded with 

Rh123 in the presence of simvastatin (10 μM) or vehicle control (0.01% v/v DMSO). Data 

are expressed as a percentage of the maximum fluorescence obtained after addition of 1 

μM FCCP in the same isolated mitochondria and are mean ± SEM from n=3.  
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Figure 5.4: Typical trace showing the effect of A- 0.01% v/v DMSO and B- 10 μM 

simvastatin on Rh123 fluorescence in isolated mitochondria from rat livers. FCCP 1 μM was 

added as a positive control to get the maximum fluorescence.  
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5.3.3. The effect of rotenone (mitochondrial complex I inhibitor) on simvastatin 

response in rat liver isolated mitochondria:  

In order to determine whether adding of 10 μM rotenone could have an effect on the 

simvastatin response, the isolated mitochondria were exposed to 10 μM simvastatin in the 

absence or presence of rotenone (10 µM), complex I inhibitor. The effect of simvastatin 

and rotenone on mitochondrial membrane potential were determined. Although rotenone 

produced a response on its own (figure 5.6), simvastatin failed to produce a response 

either on its own or in the presence of rotenone (figure 5.5 & 5.6). Neither simvastatin 

alone nor rotenone alone had a significant effect on membrane potential compared to 

control. In addition, there were no significant changes in simvastatin effect in the presence 

of rotenone. See figure 5.5 and 5.6. 
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Figure 5.5: Fluorescence data from isolated mitochondria from liver of rat loaded with 

Rh123 in the presence of simvastatin (10 μM) and rotenone (10 μM) or vehicle control 

(0.01% v/v DMSO). Data are expressed as a percentage of the maximum fluorescence 

obtained after addition of 1 μM FCCP in the same isolated mitochondria and are mean ± 

SEM from n=3. One-way ANOVA followed by Tukey post-hoc test.  
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Figure 5.6: Typical traces showing the effect of A- 0.01% v/v DMSO, B- rotenone (10 

μM), C- simvastatin (10 μM) and D- simvastatin after rotenone (10 μM each) on Rh123 

fluorescence in isolated mitochondria from rat liver. FCCP 1 μM was added as a positive 

control to get the maximum fluorescence. 
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5.3.4. The effect of antimycin A (mitochondrial complex III inhibitor at Qi site) on 

simvastatin response in rat liver isolated mitochondria: 

In order to determine whether addition of 10 μM antimycin A could have an effect on the 

simvastatin response, the isolated mitochondria were exposed to 10 μM simvastatin in the 

absence or presence of mitochondrial complex inhibitor III antimycin A (10 µM). The effect 

of simvastatin and antimycin A on mitochondrial membrane potential were determined. 

Antimycin A alone caused a significant increase in total fluorescence in the isolated 

mitochondria loaded with Rh123 (fluorescence = 82± 6%) compared to the control 

(fluorescence = 6± 0.6%). Simvastatin had no significant effect on membrane potential 

while adding of simvastatin after antimycin A caused a reduction in total fluorescence 

(fluorescence = 1± 1%) compared to the simvastatin alone (fluorescence = 4± 0.2%). 

See figure 5.7 and 5.8. 

 

 

D
M

S
O

A
n

ti
m

y
c
in

 A
 

S
im

v
a
s
ta

t i
n

 

S
im

v
a
s
ta

t i
n

 a
f t

e
r  

A
n

t i
m

y
c
in

 A

0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

8 0

9 0

%
 F

C
C

P
 d

e
p

o
la

r
iz

a
ti

o
n

*

N .S .

 

Figure 5.7: Fluorescence data from isolated mitochondria from liver of rat loaded with 

Rh123 in the presence of simvastatin (10 μM) and antimycin A (10 μM) or vehicle control 

(0.01% v/v DMSO). Data are expressed as a percentage of the maximum fluorescence 

obtained after addition of 1 μM FCCP in the same isolated mitochondria and are mean ± 

SEM from n=3, *p<0.05, One-way ANOVA followed by Tukey post-hoc test.  
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Figure 5.8: Typical traces showing the effect of A- 0.01% v/v DMSO, B- antimycin A (10 

μM), C- simvastatin (10 μM) and D- simvastatin after antimycin A (10 μM each) on Rh123 

fluorescence in isolated mitochondria from rat’s liver. FCCP 1 μM was added as a positive 

control to get the maximum fluorescence.  
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5.3.5. The effect of myxothiazol (mitochondrial complex III inhibitor at Qo site) 

on simvastatin response in rat liver isolated mitochondria: 

In order to determine whether adding 10 μM myxothiazol could have an effect on the 

simvastatin response, the isolated mitoc DONE--Stevehondria were exposed to 10 μM 

simvastatin in the absence or presence of myxothiazol (10 µM). The effect of simvastatin 

and myxothiazol on mitochondrial membrane potential were determined. Myxothiazol 

alone caused a significant increase in total fluorescence in the isolated mitochondria loaded 

with Rh123 (fluorescence = 84± 6%) compared to the control (fluorescence = 6± 0.6%). 

Simvastatin had no significant effect on membrane potential and there was no further 

effect after adding simvastatin after myxothiazol. See figure 5.9 and 5.10. 
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Figure 5.9: Fluorescence data from isolated mitochondria from liver of rat loaded with 

Rh123 in the presence of simvastatin (10 μM) and myxothiazol (10 μM) or vehicle control 

(0.01% v/v DMSO). Data are expressed as a percentage of the maximum fluorescence 

obtained after addition of 1 μM FCCP in the same isolated mitochondria and are mean ± 

SEM from n=3, *p<0.05, One-way ANOVA followed by Tukey post-hoc test.  
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Figure 5.10: Typical traces showing the effect of A- 0.01% v/v DMSO, B- myxothiazol 

(10 μM), C- simvastatin (10 μM) and D- simvastatin after myxothiazol (10 μM each) on 

Rh123 fluorescence in isolated mitochondria from rat liver. FCCP 1 μM was added as a 

positive control to get the maximum fluorescence. 
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5.3.6. The effect of co-enzyme Q10 on simvastatin response in rat liver isolated 

mitochondria:  

In order to determine whether supplementation with co-enzyme Q10 could have an effect 

on the simvastatin response, the isolated mitochondria were exposed to 10 μM simvastatin 

in the absence or presence of co-enzyme Q10 (5 μM). The effect of simvastatin and co-

enzyme Q10 on mitochondrial membrane potential were determined. Although co-enzyme 

Q10 produced a change in fluorescence, this was no different from the 0.1% v/v ethanol 

used as a vehicle control. In addition, co–enzyme Q10 had no significant effect on 

simvastatin response. See figure 5.11 and 5.12. 
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Figure 5.11: Fluorescence data from isolated mitochondria from liver of rat loaded with 

Rh123 in the presence of simvastatin (10 μM) and co-enzyme Q10 (5 μM) or vehicle control 

(0.1% v/v ethanol). Data are expressed as a percentage of the maximum fluorescence 

obtained after addition of 1 μM FCCP in the same isolated mitochondria and are mean ± 

SEM from n=3. One-way ANOVA followed by Tukey post-hoc test.  
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Figure 5.12: Typical traces showing the effect of A- 0.1% v/v ethanol, B- co-enzyme Q10 

(5 μM), C- simvastatin (10 μM) and D- simvastatin after co-enzyme Q10 (5 μM each) on 

Rh123 fluorescence in isolated mitochondria from rat liver. FCCP 1 μM was added as a 

positive control to get the maximum fluorescence. 
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5.3.7. The effect of co-enzyme Q10 on rotenone (mitochondrial complex I 

inhibitor) response in rat liver isolated mitochondria:  

In order to determine whether supplementation with co-enzyme Q10 could have an effect 

on the rotenone response, the isolated mitochondria were exposed to 10 μM rotenone in 

the absence or presence of co-enzyme Q10 (5 μM). The effect of rotenone and co-enzyme 

Q10 on mitochondrial membrane potential were determined. Co-enzyme Q10 had no effect 

on the membrane potential compared to the vehicle control (0.1% v/v ethanol). In 

addition, rotenone had no effect on its own compared to the ethanol control. Similarly, co–

enzyme Q10 had no significant effect on rotenone response. See figure 5.13 and 5.14. 
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Figure 5.13: Fluorescence data from isolated mitochondria from liver of rat loaded with 

Rh123 in the presence of rotenone (10 μM) and co-enzyme Q10 (5 μM) or vehicle control 

(0.1% v/v ethanol). Data are expressed as a percentage of the maximum fluorescence 

obtained after addition of 1 μM FCCP in the same isolated mitochondria and are mean ± 

SEM from n=3. One-way ANOVA followed by Tukey post-hoc test.  
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Figure 5.14: Typical traces showing the effect of A- 0.1% v/v ethanol, B- co-enzyme Q10 

(5 μM), C- rotenone (10 μM) and D- rotenone after co-enzyme Q10 (10 μM each) on Rh123 

fluorescence in isolated mitochondria from rat liver. FCCP 1 μM was added as a positive 

control to get the maximum fluorescence. 
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5.3.8. The effect of co-enzyme Q10 on antimycin A (mitochondrial complex III 

inhibitor) response in rat liver isolated mitochondria:  

In order to determine whether supplementation with co-enzyme Q10 could prevent the 

antimycin A response, the isolated mitochondria were exposed to 10 μM antimycin A in the 

absence or presence of co-enzyme Q10 (5 μM). The effect of antimycin A and co-enzyme 

Q10 on mitochondrial membrane potential were determined. Co-enzyme Q10 had no effect 

on the membrane potential compared to its vehicle control (0.1% v/v ethanol). In addition, 

co–enzyme Q10 had no significant effect on the antimycin A response. See figure 5.15 and 

5.16. 
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Figure 5.15: Fluorescence data from isolated mitochondria from liver of rat loaded with 

Rh123 in the presence of antimycin A (10 μM) and co-enzyme Q10 (5 μM) or vehicle control 

(0.1% v/v ethanol). Data are expressed as a percentage of the maximum fluorescence 

obtained after addition of 1 μM FCCP in the same isolated mitochondria and are mean ± 

SEM from n=3. One-way ANOVA followed by Tukey post-hoc test.  
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Figure 5.16: Typical traces showing the effect of A- 0.1% v/v ethanol, B- co-enzyme Q10 

(5 μM), C- antimycin A (10 μM) and D- antimycin A after co-enzyme Q10 (10 μM each) on 

Rh123 fluorescence in isolated mitochondria from rat liver. FCCP 1μM was added as a 

positive control to get the maximum fluorescence. 
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5.3.9. The effect of co-enzyme Q10 on myxothiazol (mitochondrial complex III 

inhibitor at Qo site) response in rat liver isolated mitochondria:  

In order to determine whether supplementation with co-enzyme Q10 could prevent the 

myxothiazol response, the isolated mitochondria were exposed to 10 μM myxothiazol in 

the absence or presence of co-enzyme Q10 (5 μM). The effect of myxothiazol and co-

enzyme Q10 on mitochondrial membrane potential were determined. Co-enzyme Q10 had 

no effect on the membrane potential compared to its vehicle control (0.1% v/v ethanol). 

In addition, co–enzyme Q10 had no significant effect on the myxothiazol response. See 

figure 5.17 and 5.18. 
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Figure 5.17: Fluorescence data from isolated mitochondria from liver of rat loaded with 

Rh123 in the presence of myxothiazol (10 μM) and co-enzyme Q10(5 μM), or vehicle 

control (0.1% v/v ethanol). Data are expressed as a percentage of the maximum 

fluorescence obtained after addition of 1 μM FCCP in the same isolated mitochondria and 

are mean ± SEM from n=3. One-way ANOVA followed by Tukey post-hoc test.  
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Figure 5.18: Typical traces showing the effect of A- 0.1% v/v ethanol, B- co-enzyme Q10 

(5 μM), C- myxothiazol (10 μM) and D myxothiazol after co-enzyme Q10 (10 μM each) on 

Rh123 fluorescence in isolated mitochondria from rat liver. FCCP 1 μM was added as a 

positive control to get the maximum fluorescence. 
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5.3.10. The effect of mitoquinol on simvastatin response in isolated mitochondria 

from rat liver:  

In order to determine whether adding of mitoquinol could have an effect on simvastatin 

response, the isolated mitochondria were exposed to 10 μM simvastatin in the absence or 

presence of mitoquinol (1 μM). Mitoquinol alone caused an increase in total fluorescence 

in the isolated mitochondria loaded with Rh123 (fluorescence = 38± 8%) compared to the 

control (fluorescence = 8± 2%). Simvastatin had no significant effect on membrane 

potential and adding of mitoquinol before simvastatin showed no significant changes in 

simvastatin response. See figure 5.19 and 5.20. 
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Figure 5.19: Fluorescence data from isolated mitochondria from liver of rat loaded with 

Rh123 in the presence of simvastatin (10 μM) and mitoquinol (1 μM) or vehicle control 

(0.01% v/v DMSO). Data are expressed as a percentage of the maximum fluorescence 

obtained after addition of 1 μM FCCP in the same isolated mitochondria and are mean ± 

SEM from n=3. *p<0.05, One-way ANOVA followed by Tukey post-hoc test.  
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Figure 5.20: Typical traces showing the effect of A- 0.01% v/v DMSO, B- mitoquinol (1 

μM), C- simvastatin (10 μM) and D- simvastatin (10 μM) after mitoquinol (1 μM) on Rh123 

fluorescence in isolated mitochondria from rat liver. FCCP 1 μM was added as a positive 

control to get the maximum fluorescence. 

 

 

 

0 5 0 0 1 0 0 0

1 7 5

2 0 0

2 2 5

2 5 0

2 7 5

3 0 0

T im e  in  S e c o n d s

F
lu

o
r
e

s
c

e
n

c
e

 u
n

it
s

I

F C C P

I

D M S O

I M ito c h o n d r ia

0 5 0 0 1 0 0 0

2 0 0

2 2 5

2 5 0

2 7 5

3 0 0

3 2 5

3 5 0

3 7 5

4 0 0

4 2 5

4 5 0

4 7 5

5 0 0

T im e  in  S e c o n d s

F
lu

o
r
e

s
c

e
n

c
e

 u
n

it
s F C C P

I

I

 M ito q u in o l

I

M ito c h o n d r ia

0 5 0 0 1 0 0 0

2 5 0

2 7 5

3 0 0

3 2 5

3 5 0

3 7 5

4 0 0

4 2 5

4 5 0

4 7 5

5 0 0

T im e  in  S e c o n d s

F
lu

o
r
e

s
c

e
n

c
e

 u
n

it
s

I

F C C P

I

I

D M S O

S im v a s ta tin

I M ito c h o n d r ia

0 5 0 0 1 0 0 0

2 0 0

2 2 5

2 5 0

2 7 5

3 0 0

3 2 5

3 5 0

3 7 5

4 0 0

4 2 5

4 5 0

4 7 5

5 0 0

T im e  in  S e c o n d s

F
lu

o
r
e

s
c

e
n

c
e

 u
n

it
s

I

F C C P

I

    M ito q u in o l
I

S im v a s ta tin

I

M ito c h o n d r ia



179 

 

5.3.11. The effect of mitoquinol on rotenone (mitochondrial complex I inhibitor) 

response in isolated mitochondria from rat liver:  

In order to determine whether adding of mitoquinol could have an effect on rotenone 

response, the isolated mitochondria were exposed to 10 μM rotenone in the absence or 

presence of mitoquinol (1 μM). Mitoquinol alone and rotenone alone both caused an 

increase in total fluorescence in the isolated mitochondria loaded with Rh123 (fluorescence 

= 35± 7%, 39± 5% respectively) compared to the vehicle control (fluorescence = 8± 1%). 

On the other hand, adding mitoquinol before rotenone caused a non-significant reduction 

in the rotenone response (absorbance= 23± 8%). See figure 5.21 and 5.22. 
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Figure 5.21: Fluorescence data from isolated mitochondria from liver of rat loaded with 

Rh123 in the presence of rotenone (10 μM) and mitoquinol (1 μM) or vehicle control (0.01% 

v/v DMSO). Data are expressed as a percentage of the maximum fluorescence obtained 

after addition of 1 μM FCCP in the same isolated mitochondria and are mean ± SEM from 

n=3. *p<0.05, One-way ANOVA followed by Tukey post-hoc test.  
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Figure 5.22: Typical traces showing the effect of A- 0.01% v/v DMSO, B- mitoquinol (1 

μM), C- rotenone (10 μM) and D- rotenone (10 μM) after mitoquinol (1 μM) on Rh123 

fluorescence in isolated mitochondria from rat liver. FCCP 1 μM was added as a positive 

control to get the maximum fluorescence. 
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5.3.12. The effect of mitoquinol on antimycin A (mitochondrial complex III 

inhibitor at Qi site) response in isolated mitochondria from rat liver:  

In order to determine whether adding mitoquinol could have an effect on the antimycin A 

response, the isolated mitochondria were exposed to 10 μM antimycin A in the absence or 

presence of mitoquinol (1 μM). Mitoquinol alone and antimycin A alone both caused an 

increase in total fluorescence in the isolated mitochondria loaded with Rh123 (fluorescence 

= 35± 7% and fluorescence = 42± 10% respectively) compared to the vehicle control 

(absorbance= 8± 1%). On the other hand, adding mitoquinol before antimycin A enhanced 

the antimycin A response but not significantly (absorbance= 67± 6%). See figure 5.23 and 

5.24. 
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Figure 5.23: Fluorescence data from isolated mitochondria from liver of rat loaded with 

Rh123 in the presence of antimycin A (10 μM) and mitoquinol (1 μM) or vehicle control 

(0.01% v/v DMSO). Data are expressed as a percentage of the maximum fluorescence 

obtained after addition of 1 μM FCCP in the same isolated mitochondria and are mean ± 

SEM from n=3. *p<0.05, One-way ANOVA followed by Tukey post-hoc test.  
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Figure 5.24: Typical traces showing the effect of A- 0.01% v/v DMSO, B- mitoquinol (1 

μM), C- antimycin A (10 μM) and D- antimycin A (10 μM) after mitoquinol (1 μM) on Rh123 

fluorescence in isolated mitochondria from rat liver. FCCP 1 μM was added as a positive 

control to get the maximum fluorescence. 
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5.3.13. The effect of mitoquinol on myxothiazol (mitochondrial complex III 

inhibitor at Qo site) response in isolated mitochondria from rat liver:  

In order to determine whether adding mitoquinol could have an effect on myxothiazol 

response, the isolated mitochondria were exposed to 10 μM myxothiazol                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

in the absence or presence of mitoquinol (1 μM). Mitoquinol alone caused an increase in 

total fluorescence in the isolated mitochondria loaded with Rh123 (absorbance= 35± 7%) 

compared to the vehicle control (absorbance= 8± 1%). Myxothiazol alone caused an 

increase in total fluorescence (absorbance= 44± 4%) compared to the vehicle control. 

However, this was unaltered in the presence of mitoquinol. See figure 5.25 and 5.26. 
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Figure 5.25: Fluorescence data from isolated mitochondria from liver of rat loaded with 

Rh123 in the presence of myxothiazol (10 μM) and mitoquinol (1 μM) or vehicle control 

(0.01% v/v DMSO). Data are expressed as a percentage of the maximum fluorescence 

obtained after addition of 1 μM FCCP in the same isolated mitochondria and are mean ± 

SEM from n=3. *p<0.05, One-way ANOVA followed by Tukey post-hoc test.  
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Figure 5.26: Typical traces showing the effect of A- 0.01% v/v DMSO, B- mitoquinol (1 

μM), C- myxothiazol (10 μM) and D- myxothiazol (10 μM) after mitoquinol (1 μM) on Rh123 

fluorescence in isolated mitochondria from rat liver. FCCP 1 μM was added as a positive 

control to get the maximum fluorescence. 
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5.3.14. The effect of AP39 (mitochondrial H2S donor) on simvastatin response in 

isolated mitochondria from rat liver:  

Mitochondrial H2S can protect cells from increases in mitochondrial ROS production. In 

order to determine whether mitochondrial H2S could have an effect on the simvastatin 

effect, the isolated mitochondria were exposed to 10 μM simvastatin                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

in the absence or presence of AP39 (0.3 μM or 10 μM). The 0.3 μM AP39 alone had no 

effect on mitochondrial membrane potential compared to the control. In these 

experiments, although there was an apparent increase in total fluorescence in the isolated 

mitochondria with simvastatin compared to the vehicle control, this was not significant. 

Similarly, 0.3 μM AP39 appeared to reduce the simvastatin response but failed to achieve 

statistical significance. See figure 5.27 and 5.28. 
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Figure 5.27: Cumulative fluorescence data from isolated mitochondria from liver of rat 

loaded with Rh123 in the presence of simvastatin (10 μM) and AP39 (0.3 μM) or vehicle 

control (0.01% v/v DMSO). Data are expressed as a percentage of the maximum 

fluorescence obtained after addition of 1 μM FCCP in the same isolated mitochondria and 

are mean ± SEM from n=3. One-way ANOVA followed by Tukey post-hoc test.  
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Figure 5.28: Typical traces showing the effect of A- 0.01% v/v DMSO, B- AP39 (0.3 μM), 

C- simvastatin (10 μM) and D- simvastatin (10 μM) after AP39 (0.3 μM) on Rh123 

fluorescence in isolated mitochondria from rat liver. FCCP 1 μM was added as a positive 

control to get the maximum fluorescence. 
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In case of 10 μM AP39 alone, there was an increase in total fluorescence in the isolated 

mitochondria loaded with Rh123 (absorbance= 74± 2%) compared to the vehicle control 

(absorbance= 3± 1%). Simvastatin had no effect on mitochondrial membrane potential in 

the presence or absence of 10 μM AP39. See figure 5.29 and 5.30. 
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Figure 5.29: Fluorescence data from isolated mitochondria from liver of rat loaded with 

Rh123 in the presence of simvastatin (10 μM) and AP39 (10  μM) or vehicle control (0.01% 

v/v DMSO). Data are expressed as a percentage of the maximum fluorescence obtained 

after addition of 1 μM FCCP in the same isolated mitochondria and are mean ± SEM from 

n=3. *p<0.05, One-way ANOVA followed by Tukey post-hoc test.  
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Figure 5.30: Typical traces showing the effect of A- 0.01% v/v DMSO, B- AP39 (10 μM), 

C- simvastatin (10 μM) and D- simvastatin (10 μM) after AP39 (10 μM) on Rh123 

fluorescence in isolated mitochondria from rat liver. FCCP 1 μM was added as a positive 

control to get the maximum fluorescence. 

 

 

0 5 0 0 1 0 0 0

1 5 0

1 7 5

2 0 0

2 2 5

2 5 0

2 7 5

3 0 0

3 2 5

3 5 0

3 7 5

4 0 0

T im e  in  S e c o n d s

F
lu

o
r
e

s
c

e
n

c
e

 u
n

it
s

I

F C C P

I

D M S O

I M ito c h o n d r ia

0 5 0 0 1 0 0 0

3 0 0

3 2 5

3 5 0

3 7 5

4 0 0

4 2 5

4 5 0

4 7 5

5 0 0

5 2 5

5 5 0

5 7 5

6 0 0

T im e  in  S e c o n d s

F
lu

o
r
e

s
c

e
n

c
e

 u
n

it
s

I

F C C P

A P 39

I

I M ito c h o n d r ia

0 5 0 0 1 0 0 0

1 5 0

1 7 5

2 0 0

2 2 5

2 5 0

2 7 5

3 0 0

3 2 5

3 5 0

3 7 5

4 0 0

T im e  in  S e c o n d s

F
lu

o
r
e

s
c

e
n

c
e

 u
n

it
s

I

F C C P

   D M S O

I
I

    S im v a s ta t in

I M ito c h o n d r ia

0 5 0 0 1 0 0 0

1 5 0

1 7 5

2 0 0

2 2 5

2 5 0

2 7 5

3 0 0

3 2 5

3 5 0

3 7 5

4 0 0

T im e  in  S e c o n d s

F
lu

o
r
e

s
c

e
n

c
e

 u
n

it
s

I

F C C P

A P 39

I I

    S im v a s ta t in

I M ito c h o n d r ia



189 

 

5.3.15. The effect of AP39 (mitochondrial H2S donor) on antimycin A 

(mitochondrial complex III inhibitor at Qi site) response in isolated mitochondria 

from liver rat:  

In order to determine whether mitochondrial H2S could prevent the antimycin A effect, 

therefore, the isolated mitochondria were exposed to 10 μM antimycin A                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

in the absence or presence of AP39 (0.3 μM or 10 μM). The 0.3 μM of AP39 alone had no 

effect on mitochondrial membrane potential comparing to the vehicle control. On the other 

hand, AP39 had no significant effect on the antimycin A response. See figure 5.31 and 

5.32. 
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Figure 5.31: Cumulative fluorescence data from isolated mitochondria from liver of rat 

loaded with Rh123 in the presence of antimycin A (10 μM) and AP39 (0.3 μM) or vehicle 

control (0.01% v/v DMSO). Data are expressed as a percentage of the maximum 

fluorescence obtained after addition of 1 μM FCCP in the same isolated mitochondria and 

are mean ± SEM from n=3. One-way ANOVA followed by Tukey post-hoc test.  
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Figure 5.32: Typical traces showing the effect of A- 0.01% v/v DMSO, B- AP39 (0.3 μM), 

C- antimycin A (10 μM) and D- antimycin A (10 μM) after AP39 (0.3 μM) on Rh123 

fluorescence in isolated mitochondria from rat liver. FCCP 1 μM was added as a positive 

control to get the maximum fluorescence. 
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In case of 10 μM AP39 alone, there was an increase in total fluorescence in the isolated 

mitochondria loaded with Rh123 (absorbance= 74± 2%) compared to the vehicle control 

(absorbance= 3± 1%). 10 μM AP39 had no significant effect on the antimycin A response. 

See figure 5.33 and 5.34. 
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Figure 5.33: Fluorescence data from isolated mitochondria from liver of rat loaded with 

Rh123 in the presence of antimycin A (10 μM) and AP39 (10 μM) or vehicle control (0.01% 

v/v DMSO). Data are expressed as a percentage of the maximum fluorescence obtained 

after addition of 1 μM FCCP in the same isolated mitochondria and are mean ± SEM from 

n=3. *p<0.05, One-way ANOVA followed by Tukey post-hoc test.  

 

 

 

 

 



192 

 

                                A                                          B  

  

 

 

  C                                            D 

  

  

Figure 5.34: Typical traces showing the effect of A- 0.01% v/v DMSO, B- AP39 (10 μM), 

C- antimycin A (10 μM) and D- antimycin A (10 μM) after AP39 (10 μM) on Rh123 

fluorescence in isolated mitochondria from rat liver. FCCP 1 μM was added as a positive 

control to get the maximum fluorescence. 
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5.3.16. The effect of AP39 (mitochondrial H2S donor) on myxothiazol 

(mitochondrial complex III inhibitor at Qo site) response in isolated mitochondria 

from rat liver:  

In order to determine whether mitochondrial H2S could prevent myxothiazol effect, 

therefore, the isolated mitochondria were exposed to 10 μM myxothiazol in the absence or 

presence of AP39 (0.3 μM). AP39 alone had no effect on mitochondrial membrane potential 

compared to the vehicle control or on the myxothiazol response. See figure 5.35 and 5.36. 
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Figure 5.35: Fluorescence data from isolated mitochondria from liver of rat loaded with 

Rh123 in the presence of myxothiazol (10 μM) and AP39 (0.3 μM) or vehicle control (0.01% 

v/v DMSO). Data are expressed as a percentage of the maximum fluorescence obtained 

after addition of 1 μM FCCP in the same isolated mitochondria and are mean ± SEM from 

n=3. One-way ANOVA followed by Tukey post-hoc test.  
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Figure 5.36: Typical traces showing the effect of A- 0.01% v/v DMSO, B- AP39 (0.3 μM), 

C- myxothiazol (10 μM) and D- myxothiazol (10 μM) after AP39 (0.3 μM) on Rh123 

fluorescence in isolated mitochondria from rat liver. FCCP 1 μM was added as a positive 

control to get the maximum fluorescence. 
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5.3.17. The effect of lactone form of simvastatin (pro-drug) and hydroxy acid 

form of simvastatin (pharmacologically active) on mitochondria isolated from 

liver of rat: 

In order to determine whether the active form of simvastatin has a different effect on 

mitochondrial membrane potential compared to the lactone form of simvastatin, the effect 

of 10 μM simvastatin and 10 μM of the active metabolite of simvastatin on the isolated 

mitochondria were determined. Simvastatin and the active form of simvastatin had no 

significant effect on membrane potential compared to the vehicle control in the isolated 

mitochondria loaded with Rh123. See figure 5.37 and 5.38. 
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Figure 5.37: Fluorescence data from isolated mitochondria from rat’s liver loaded with 

Rh123 in the presence of simvastatin (10 μM), active simvastatin (10 μM) or vehicle control 

(0.01% v/v DMSO). Data are expressed as a percentage of the maximum fluorescence 

obtained after addition of 1 μM FCCP in the same isolated mitochondria and are mean ± 

SEM from n=3. One-way ANOVA followed by Tukey post-hoc test.  
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Figure 5.38: Typical trace showing the effect of A- 0.01% v/v DMSO, B- simvastatin (10 

μM) and C- active metabolite simvastatin (10 μM) on Rh123 fluorescence in isolated 

mitochondria from rat liver. FCCP 1 μM was added as a positive control to get the maximum 

fluorescence. 
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5.4. Discussion: 

Statins inhibit HMG-CoA reductase, leading to a reduction in synthesis of mevalonate and 

hence cholesterol. Many large trials have established that statins are significantly declined 

the rate of cardiovascular morbidity and mortality (Shepherd et al. 1995; Ford et al. 2007; 

Ramkumar, Raghunath, and Raghunath 2016). On the other hand, the Heart Protection 

study demonstrated that statins benefit patients with ”normal” cholesterol levels (Pedersen 

2010). The overall beneficial effects of statins not only come from the reduction of 

cholesterol, but also come from cholesterol-independent effects known as pleiotropic 

effects (Barone, Di Domenico, and Butterfield 2014). One of the important pleiotropic 

effects is the regulation of vascular tone. 

The data presented in the previous chapters demonstrated that simvastatin inhibited the 

U46619-induced contraction in PCA only in the presence of calcium and possibly via 

mitochondrial inhibition at complex III. Inhibition of complex III with antimycin A or 

myxothiazol also inhibits the U46619-induced contraction. However, there were differences 

in the mechanism by which these inhibitors produced their effect, with myxothiazol 

showing similarities with the effect of simvastatin. Indeed, CoQ10 and mitoquinol only 

prevented the effect of antimycin A; they had no effect on either the simvastatin or the 

myxothiazol response. Therefore, the aim of this chapter was to determine the effect of 

simvastatin and the mitochondrial complex inhibitors on mitochondrial membrane potential 

and then to determine whether CoQ10, mitoquinol or the H2S donor AP39 could prevent 

these effects. 

Although a previous study in our laboratory showed that simvastatin has an effect on 

mitochondrial membrane potential in intact blood vessels and smooth muscle cells via using 

similar method and technique used in the present study (Almukhtar et al. 2016). The data 

in this present study showed that simvastatin could not increase the Rh123 fluorescence 

beyond that seen with the vehicle control. Initial studies used simvastatin in 0.1% DMSO. 

However, this concentration of DMSO produced a relatively large change in fluorescence 

on its own, which we thought might be preventing the effects of simvastatin. We, therefore, 

reduced the DMSO concentration. Although the effect of vehicle control was lower, 

simvastatin still failed to produce a change in fluorescence beyond that seen with the 

vehicle control. This suggests that simvastatin has no direct effect on the mitochondria, 

or, at least, not in a way that changes rhodamine fluorescence.  

A previous study in our laboratory showed that simvastatin caused a change in 

mitochondrial membrane potential in the intact porcine coronary artery at 10 µM 

(Almukhtar et al. 2016). Similarly, a study in skeletal muscle myocytes showed that 

simvastatin altered mitochondrial membrane potential with an EC50 of around 2 µM (Sirvent 
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et al. 2005). Studies on isolated mitochondria have used far higher concentrations than 

those used in this study. 

For example, in a study performed on isolated mitochondria from rat, the researchers found 

that simvastatin has a direct effect on mitochondria in a concentration-dependent manner 

(10-80 μM) via inducing changes in mitochondrial transition permeability (Velho et al. 

2006). A previous study showed that 20 μM statin has a direct effect on mitochondrial 

electron transport chain and caused an impairment in mitochondria functions such as 

maintenance of calcium homeostasis and antioxidant effect (De Pinieux et al. 1996). 

Studies have suggested that statins effect on mitochondria is more likely to depend on 

statin concentrations. At lower micromolar concentrations and in a neonatal 

rat cardiac myocytes, the statins induced a protective mitochondrial effect via an 

antioxidant mechanism involving inhibition of Rac1 (Takemoto et al. 2001). At 

concentrations higher than 10 μM, statins could produce a damaging effect to the 

mitochondria as in a study performed on human rhabdomyosarcoma cells in which 30 μM 

simvastatin enhanced the mitochondrial pathway of apoptosis (Werner, Sacher, and 

Hohenegger 2004).  

As the effects of simvastatin on mitochondrial membrane depolarization at low micromolar 

concentrations were seen in intact cells or tissues, we hypothesized that the ability of 

simvastatin to depolarize mitochondria depends primarily on the conversion of simvastatin 

to an active metabolite and, therefore, requires intact cells. This would explain why 

simvastatin had no effect on isolated mitochondria but has been seen to have an effect in 

intact tissues. Consequently, we used 10 μM of an active form of simvastatin. However, 

again, we did not see significant changes in mitochondrial membrane potential, although, 

there was a larger increase in Rh123 fluorescence compared to the lactone form of 

simvastatin (10 μM). It is possible that the active form cannot be taken up into the isolated 

mitochondria. The inactive pro-drug may need to be converted into the active form, but 

the incubation time was not long enough for this to occur (Kearney et al. 1993). Studies 

showed that simvastatin can be converted from the lactone form (pharmacologically 

inactive) to the hydroxy acid form (active) in an alkaline medium within 24 h while in acidic 

medium, the rate of conversion is too slow and it needs more time. Therefore, any change 

in the pH could change the acid-base balance and the chemical reactions required for 

simvastatin interconversion (Prueksaritanont et al. 2001; Prueksaritanont et al. 2005). In 

addition, the solubility is important for penetration of mitochondrial membrane and 

inducing an effect. The lactone form simvastatin is more lipophilic while the hydroxy acid 

form of simvastatin is more hydrophilic (Beretta et al. 2011). This suggests that preparing 

conditions nearer to the physiological conditions could enable simvastatin for better 

penetration with enough concentration to induce the change in mitochondrial membrane 
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potential. Longer incubation with the active form may have led to a response in the 

mitochondria. Indeed, in the intact blood vessels, a 2 h incubation was carried in order to 

observe anti-contractile effects (chapter 2). 

In order to see if inhibition of the mitochondrial ETC could uncover a response to 

simvastatin, mitochondria were exposed to 10 μM rotenone (complex I inhibitor), 10 μM 

antimycin A (complex III inhibitor at Qi site) or 10 μM myxothiazol (complex III inhibitor 

at Qo site). Unlike simvastatin, both antimycin A and myxothiazol increased Rh 123 

fluorescence, indicating that inhibition of complex III can lead to a change in the 

mitochondrial membrane potential. The changes in the proton movement across the inner 

membrane space and the respiratory chain were followed by using Rh123 fluorescence 

dye, which represents the changes in mitochondrial membrane potential as increase or 

decrease in Rh123 fluorescence (Emaus, Grunwald, and Lemasters 1986). Adding a 

mitochondrial complex inhibitor blocks electron movement through the electron transport 

chain which leads to a decrease in mitochondrial membrane potential, which appears as 

an elevation in Rh123 fluorescence (Baracca et al. 2003). The fact that myxothiazol and 

antimycin A caused a change in Rh123 fluorescence, whereas simvastatin did not, suggests 

that simvastatin does not act through complex III.  

In the tissue bath studies, co-enzyme Q10 (CoQ10), which is a vital component of the 

mitochondrial electron transport system (Littarru and Tiano 2007) and mitoquinol, the 

reduced form of CoQ10 (Fink et al. 2012) both prevented the anti-contractile effect of 

antimycin A, but not myxothiazol or simvastatin. We hypothesised that this could be 

because these compounds are able to prevent the effects of antimycin A on the electron 

transport chain and hence on the mitochondrial membrane potential. CoQ10 at 5μM had no 

effect on mitochondrial membrane potential. However, supplementation of isolated 

mitochondria with CoQ10 could not prevent the reduction in mitochondrial membrane 

potential caused by antimycin A and myxothiazol. This could indicate that the effect of 

CoQ10 on the antimycin A anti-contractile effect is not due to a reversal of the effect of 

antimycin A on the electron transport chain. In a study performed on isolated mitochondria 

from pig brain, the study showed that high concentration of co-enzyme Q10 (12.5-100 μM) 

could improve mitochondrial respiration rate which mostly linked at complex I. This 

probably means that there is support of electron transfer between complex I and complex 

III, possibly through integration of co-enzyme Q10 into the inner mitochondrial membrane 

(Fisar et al. 2016).  

Mitoquinol (a reduced form of coenzyme Q10), in contrast, increased Rh123 fluorescence 

on its own. The antimycin A effect on mitochondrial membrane potential was non-

significantly enhanced in the presence of mitoquinol whereas the myxothiazol effect was 

unaltered. A study performed on rat liver mitochondria and on mitochondria within cells 
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showed that mitoquinol in a concentration more than 25 μM resulted in a loss of the 

mitochondrial membrane potential, and the oxidizing of mitoquinol to mitoquinone in 

mitochondria was inhibited by the complex III inhibitor myxothiazol (Kelso et al. 2002). 

This probably could explain the inability of 1 μM mitoquinol to alter the myxothiazol effect. 

In contrast, there was non-significant prevention of the effect of rotenone on mitochondrial 

action potential by mitoquinol. This possibly indicates that mitoquinol could displace 

rotenone from its binding site even partially, as the reduction in Rh123 fluorescence was 

not too much, and then improve the forward movement of electron. On the other hand, 

mitoquinol enhances the movement of electrons in the opposite direction at complex III 

where the Q cycle and CoQ10 are predominate. In contrast to the data presented here, a 

previous study performed on isolated mitochondria from endothelial cells identified that 1 

μM mitoquinol could prevent the 5 μM rotenone effect and inhibit ROS production at 

complex I while at complex III, mitoquinol had a little enhancement effect on ROS 

production depending on substrate provided for mitochondria fuel (O'Malley et al. 2006) 

and concentration of the complex inhibitor used (Fink et al. 2009).  

Similar to CoQ10, H2S may also support the transfer of electrons through the mitochondrial 

electron transport chain (Szabo, Ransy, Módis, et al. 2014). AP39, an H2S donor, at 0.3 

μM showed no effect on mitochondrial membrane potential while 10 μM AP39 caused a 

significant elevation in Rh 123 fluorescence. This suggests that at this high concentration 

it has a direct effect on the mitochondrial membrane potential but towards disruption of 

mitochondrial function. Therefore, we used the lower concentration of AP39 to ensure that 

it does not have an inhibitory effect on the mitochondrial ETC.  

Although simvastatin had no effect on the mitochondrial membrane potential beyond that 

seen with DMSO, there was a non-significant reduction in this response in the presence of 

AP39 at both concentrations. This suggests that the effect of DMSO on the mitochondrial 

membrane potential could be prevented by the release of H2S in the mitochondria. 

Similarly, there was a non-significant reduction in the myxothiazol response and a non-

significant enhancement in antimycin A response in the presence of AP39. The lack of effect 

of AP39 could be due to the high concentration produced an effect on the isolated 

mitochondria on its own, whereas the low concentration was not high enough to prevent 

the effects of the complex inhibitors. Alternatively, the limited number of repeats may not 

have been enough to see a significant effect. 

A study performed on chicken liver mitochondria showed that inhibition of complex I with 

5 μM rotenone had no effect on >5 μM sulfide oxidation and mitochondrial respiration while 

inhibition of complex III with 10 μM antimycin A impeded it (Yong and Searcy 2001). 

Another study performed on bovine heart mitochondria revealed that AP39 could reduce 

elevated mitochondrial membrane potential due to hyperglycaemia and improve 
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mitochondrial respiration at complex III (Gero et al. 2016). Moreover, a study performed 

on cardio-myocyte mitochondria isolated from mouse showed that AP39 could feed the 

mitochondrial ETC with electrons but without affecting mitochondrial respiration rate. In 

addition, the study clarified that AP39 supplied the ETC with electrons at the level of 

coenzyme Q where sulfide quinone reductase activity is involved, thus, the electrons 

moved toward complex III and IV without passing complex I and II (Karwi et al. 2017b). 

The study also identified that AP39 at low concentration (1 μM) could reduce mitochondrial 

ROS production but this effect was decreased with increasing AP39 concentration (Goubern 

et al. 2007; Szabo, Ransy, Modis, et al. 2014).  

Finally, an alternative explanation for the effects of CoQ10, mitoquinol, and AP39 on the 

anti-contractile effect of antimycin A, as seen in the previous chapter, is that these 

compounds have antioxidant effects, which prevents the anti-contractile response, but 

does not prevent the effects of antimycin A on the mitochondrial membrane potential. In 

other words, inhibition of complex III by antimycin A leads to the production of ROS, which 

are then “mopped up” by these antioxidants. Alternatively, other measurements of 

mitochondrial function, such as respiration rate, may be a better indication of mitochondrial 

function under these conditions, compared to changes in mitochondrial membrane 

potential.  
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In summary, the data presented in this chapter demonstrated that simvastatin had no 

direct effect on the isolated mitochondria, in contrast to previous studies in intact cells or 

tissues. Antimycin A and myxothiazol (complex III inhibitors) both changed the Rh123 

fluorescence, indicating that they decreased the mitochondrial membrane potential, and 

confirming their effect on the mitochondria. Adding mitoquinol alone also reduced the 

mitochondrial membrane potential, as did a high concentration of AP39 (H2S donor).  Figure 

5.39 shows a schematic diagram summarising the results from this chapter. 

 

 

 

 

Figure 5.39: Hypothesized schematic diagram of effect of simvastatin, antimycin A, 

myxothiazol, AP39 and mitoquinol on isolated mitochondria. The present study 

demonstrated that simvastatin had no direct effect while antimycin A, myxothiazol, AP39 

and mitoquinol reduced mitochondrial membrane potential. 
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6.1. General discussion: 

The main findings of this study were as follows; in the second chapter, the study showed 

that simvastatin inhibits the U46619-induced contraction in PCA only in the presence of 

calcium possibly via mitochondrial inhibition. The combination of inhibitors of mitochondrial 

complexes I and III (rotenone-myxothiazol) reduced this inhibitory effect. This was 

consistent with the finding of others who suggested that statins may regulate vascular tone 

through inhibition of mitochondrial function (Bełtowski and Jamroz-Wiśniewska 2012; 

Broniarek and Jarmuszkiewicz 2016; Almukhtar et al. 2016). The data presented in chapter 

two also indicated that simvastatin inhibited calcium influx. One aim of this study was to 

determine if the inhibition of calcium influx is related to the effect of simvastatin on the 

mitochondria. The combination of rotenone-myxothiazol prevented the inhibitory effect of 

simvastatin on the Bay K 8644-induced contraction suggesting that the effects of 

simvastatin on calcium-induced contractions may be due to mitochondrial effects. This 

possibly means that calcium channel activation is downstream of the mitochondria and this 

is how simvastatin reduces calcium channels activity. Alternatively, the combination of 

rotenone and myxothiazol could oppose the effect of simvastatin directly at the calcium 

channels, rather than within the mitochondria. This suggests that there is a link between 

inhibition of mitochondrial function, calcium influx and inhibition of smooth muscle 

contraction by simvastatin in PCA. In order to clarify the role that mitochondria might play 

in the simvastatin responses in the PCA, we tested the effect of complex III inhibitors 

(antimycin A and myxothiazol) on the U46619-induced contraction in PCA then compared 

with simvastatin effect in the second and third chapters. 

With antimycin A, we found that it inhibits the contractile responses in PCA and the anti-

contractile effects are mediated through inhibition of calcium influx through L-type calcium 

channels as well as inhibition of calcium-independent contractions. Unlike simvastatin, the 

rotenone-myxothiazol combination had no effect on the antimycin A inhibitory effect, 

suggesting differences between the mechanism of action of simvastatin and antimycin A. 

On the other hand, the inhibitory effect of myxothiazol on the U46619-induced contraction 

showed similarities with simvastatin. Both simvastatin and myxothiazol inhibited the 

contractile responses in PCA only in the presence of calcium and the data suggest that the 

anti-contractile effects of both are mediated through inhibition of calcium influx through L-

type VGCC, which was similar to previous finding (Makowska, Zablocki, and Duszynski 

2000).  

Further experiments demonstrated differences between simvastatin and antimycin A, but 

similarities between simvastatin and myxothiazol. Addition of co-enzyme Q10 or mitoquinol 

attenuated the inhibitory effect of antimycin A but had no effect on either the myxothiazol 

and simvastatin response. In addition, the AMPK inhibitor dorsomorphin inhibited the anti-
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contractile effect of antimycin A, but had not effect on simvastatin or myxothiazol. 

Furthermore, adding the mitochondrial H2S donor AP39 had no effect on the simvastatin 

or myxothiazol response while with antimycin A there was partial prevention. These data 

from the functional studies indicate a similarity in action between simvastatin and 

myxothiazol, which suggests that simvastatin might be acting through inhibition of the 

complex III Qo site in the mitochondria. This finding is consistent with the previous findings 

of others (Brandt, Schagger, and von Jagow 1988) and (Schirris et al. 2015) who revealed 

that statin lactones, in which simvastatin is one of the best examples for widely used statin 

lactones medication, exert their mitochondrial inhibitory effect mainly via inhibition at the 

Qo site of complex III rather than Qi . 

The present study also identified the role of calcium inhibition in the simvastatin inhibitory 

effect and brought more evidence to confirm the similarity between simvastatin and 

myxothiazol. The study showed that simvastatin, myxothiazol, and antimycin A inhibited 

CaCl2-induced contraction and Bay K 4668-induced contraction. The combination of 

antimycin A and rotenone enhanced the simvastatin inhibitory effect on the calcium-

induced contraction, whereas the myxothiazol-rotenone combination had no further effect 

above that of simvastatin. In addition, the nifedipine-induced relaxation was partially 

inhibited at the higher concentrations by simvastatin and myxothiazol but not antimycin 

A. These data suggest that inhibition of complex III at the Qo site leads to inhibition of 

calcium influx through L-type calcium channels.     

In order to confirm the inhibitory effects of the compounds on mitochondrial function, 

experiments performed on mitochondria isolated from rat liver. However, we found that 

simvastatin had no direct effect on the isolated mitochondria, in contrast to previous 

studies in intact tissues or cells (Almukhtar et al. 2016). Antimycin A and myxothiazol 

(complex III inhibitors) both changed Rh123 fluorescence, indicating that they decreased 

the mitochondrial membrane potential. The fact that myxothiazol and antimycin A caused 

a change in Rh123 fluorescence, whereas simvastatin did not, suggesting that simvastatin 

does not act through complex III. Adding mitoquinol reduced the mitochondrial membrane 

potential and enhanced the effect of antimycin A. In contrast, the rotenone effect on 

mitochondrial membrane potential was prevented by adding mitoquinol, which possibly 

indicates that mitoquinol acts as mitochondrial protector at complex I rather than complex 

III. Similarly, the mitochondria-targeted H2S donor AP39 had no effect on the change in 

mitochondrial membrane potential induced by the complex inhibitors. The lack of effect of 

AP39 could be due to the fact that at a high concentration produced an effect on the isolated 

mitochondria on its own, whereas the low concentration was insufficient to prevent the 

effects of the complex inhibitors. 
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As a conclusion, the data from the functional studies support the hypothesis that 

simvastatin produces anti-contractile effects through inhibition of the Qo site at 

mitochondrial complex III. The data also support the hypothesis that inhibition of complex 

III at the Qo site leads to inhibition of calcium influx through L-type calcium channels, 

although how this occurs is yet unknown. These data are supported by comparisons with 

mitochondrial complex inhibitors and do not necessarily indicate a direct inhibition of 

complex III, but could indicate an indirect mechanism. Indeed, the experiments on isolated 

mitochondria do not support a direct effect on the mitochondria, although we cannot rule 

out that any inhibition of mitochondrial function is due to a metabolite. The finding of this 

study come to support previous studies, which identified the effect of simvastatin on 

calcium influx and on mitochondria. In addition, this study brought more clarification and 

evidence about the anti-contractile effect of simvastatin that could underlie the pleiotropic 

effects of statins. The data also support the role of mitochondria in the regulation of 

vascular tone and indicate the targeting the mitochondria at different complexes of the 

ETC produce different signalling effects. 
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6.2. Limitations: 

One of the limitations in this present study was the use of rat liver mitochondria rather 

than mitochondria obtained from pigs, as a comparison with the functional studies. We 

found it was difficult to get stable and active isolated mitochondria from pigs heart. Another 

major limitation is the attempt to link effects on the mitochondria using functional studies. 

A limitation with tools for disrupting or preserving mitochondrial function meant that 

comparisons had to be made with known mitochondrial complex inhibitors. Although 

similarities were observed between the effects of simvastatin and myxothiazol, these could 

be incidental. 

Another major limitation is that the present study demonstrated the acute effect of 

simvastatin on mitochondria and calcium influx but does the chronic or long term 

incubation have a similar effect? Because long-term use could lead to accumulation in 

mitochondria, this possibly means that we could obtain an effect on mitochondria and 

calcium channel activity at lower concentrations than used acutely. A study performed on 

groups of people treated with 40 mg simvastatin /day and other statins as well showed 

that the mean concentration of statins in human serum is between 1-15 nM and for 

simvastatin is between 2.2–4.3 nM (Keskitalo et al. 2009), while the lowest effective 

concentration in experimental cells studies to produce significant pleiotropic effect is 1-10 

µM with minimum incubation for 30 min (Bu et al. 2010). Thus, the concentration used in 

the present study (10 µM) is higher than that in human serum. However if statins 

accumulate in the mitochondria, the acute effects seen with a high concentration of 

simvastatin in this study may be replicated with chronic exposure to low concentrations. 

Another limitation of the project is that only simvastatin was tested. However, previous 

studies in the laboratory have demonstrated that the anti-contractile effects of statins are 

related to lipophilicity in that simvastatin had greater effect than lovastatin, whereas 

pravastatin had no effect (Almukhtar et al. 2015). 
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6.3. Suggestions: 

Regarding the effect of simvastatin on isolated mitochondria, more experiments are needed 

using different concentrations of simvastatin (Abdoli, Azarmi, and Eghbal 2015) with longer 

incubation times, as these factors could play a role (Gerencser et al. 2012). In addition, 

by using cultured cell lines, such as smooth muscle cells, we could explore the effect of 

longer-term incubation with statins on mitochondrial function. Other indications of 

mitochondrial function such as ATP synthesis (Brookes et al. 2004), generation of ROS 

(Zorov, Juhaszova, and Sollott 2014), mitochondrial calcium sequestration (McCarron, 

Olson, and Chalmers 2012), and respiration rate (Dohlmann et al. 2019) would give further 

information about the effect of statins. Further experiments could look at measuring uptake 

of statins into mitochondria to determine if they do accumulate over time. 

Regarding the inhibitory effect on calcium influx, measurement or detection of the amount 

of intracellular Ca2+ using for example Flow Cytometry, fluorescence microscopy, using 

Ca2+ sensitive dye such as Fura-2 in cells might be required (Chalmers et al. 2007; Ali et 

al. 2016). This will allow us to link the effects of mitochondrial inhibition to calcium influx 

more easily. In the present study, attempts to measure changes in intracellular calcium 

with fura-2AM in intact blood vessels were unsuccessful. However, a limitation in the use 

of cultured cells, though, is the fact that they dedifferentiate into a proliferative phenotype 

and lose VGCC expression. 

The data presented in this thesis indicate that inhibition of complex III leads to inhibition 

of calcium influx. It is important to determine the mechanism by which this occurs as this 

is a potential mechanism by which statins and other drugs could alter vascular tone (Curry 

et al. 2019). There are many potential mechanisms. For example, ROS could prevent 

calcium influx via inhibition of calcium channels (Green and Peers 2002; Görlach et al. 

2015). In addition, the mitochondrial uptake of calcium could have a direct or indirect 

effect on the calcium channel activity and this could shape the calcium signalling 

(Hajnoczky et al. 2006). Preventing mitochondrial calcium uptake will enhance the negative 

feedback mechanism of IP3R and inhibit calcium release due to increase local calcium in 

cytoplasm (Williams et al. 2013; McCarron, Olson, and Chalmers 2012). By permeabilizing 

the cells and adding exogenous calcium, mitochondrial Ca2+ could be measured using the 

fluorescent Ca2+ indicator Fluo-4, AM and confocal microscopy (McKenzie, Lim, and Duchen 

2017). 

Simvastatin might accumulate in mitochondria with time but unfortunately, there are not 

enough studies about that; the low concentration might have the same effect as the acute 

exposure to the higher concentration on mitochondria, calcium influx and consequently 

smooth muscle contraction. In order to determine whether longer incubation with lower 
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concentrations of statins could produce the same effect as acute exposure, the effect of 

lower simvastatin concentrations with longer time incubation such as overnight or longer 

would be required. 

As mitochondrial function decreases with age, the effects of mitochondrial inhibitors may 

be enhanced in older animals i.e. they may be more sensitive (Conley, Jubrias, and 

Esselman 2000; Short et al. 2005). As statins are more likely to be prescribed to older 

patients, the effects of statins on mitochondria, and hence vascular tone, may be enhanced 

in these patients (Mendes, Robles, and Mathur 2014). Therefore, it would be beneficial to 

determine the effect of simvastatin in blood vessels from different age groups of animals. 

Similarly, the effects of statins on mitochondrial function and vascular tone may be 

different in patients with hypercholesterolaemia (Hernandez-Mijares et al. 2016). Little is 

known about the effects of hypercholesterolaemia on mitochondrial function. The effect of 

hypercholesterolemia on myocardium is thought to be due to inducing a deterioration in 

mitochondrial function, leading to an enhancement in ROS production and mitochondrial 

matrix overload with Ca2+ (Baines 2010; Halestrap 2009). If mitochondrial function is 

impaired, the effect of statins on the mitochondrial pathway and vascular tone may be 

enhanced. Addition of age may impair mitochondrial function further, thereby further 

enhancing the effect of the statins. 
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