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Abstract
Clinical trials have established the efficacy and safety of the 3-hydroxy-3methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors (statins) in
lowering cardiovascular morbidity and mortality in patients with and
without coronary artery diseases. Traditionally, the beneficial effects of
statins have been ascribed entirely to their ability to lower serum
cholesterol.

However,

evidence

indicates

that

statins

may

exert

cholesterol-independent or pleiotropic effects. As well as reducing plasma
cholesterol
contribute

levels,
to

the

statins

induce

overall

benefits

acute
of

vasorelaxation

statins

in

the

which

may

treatment

of

cardiovascular disease. The mechanism underlying this relaxation is
unknown. Statins have been shown to alter mitochondrial function.
Therefore, the aim of this study was to determine the role of the
mitochondria in the relaxation to statins. Changes in rhodamine 123
fluorescence showed that simvastatin, but not pravastatin, depolarized the
membrane potential of mitochondria in both isolated smooth muscle cells
and intact blood vessels. As simvastatin, but not pravastatin, causes
relaxation of the porcine coronary artery, this could be due to this effect on
mitochondria. Mitochondria are known as the energy generating centre of
the cells. However, there is growing consensus that mitochondria actively
participate in intracellular signalling, such as production of reactive oxygen
species (ROS) and regulation of the intracellular Ca 2+ concentration.
Moreover, ROS could play an important supportive role in a variety of
vascular cell signalling processes, including activation of nitric oxide
synthase (NOS), modulation

of intracellular Ca2+, and

AMP kinase

activation. Therefore, this study investigated whether the relaxation to the
lipophilic statin simvastatin is due to an effect on the mitochondria.
Relaxation of porcine coronary artery segments by statins was measured
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using isolated tissue baths. Simvastatin, but not pravastatin, produced a
slow relaxation of the coronary artery, which was independent of K+
channel activation, nitric oxide, cyclo-oxygenase, or the endothelium. The
relaxation was attenuated by the mitochondrial complex I inhibitor
rotenone and the complex III inhibitor myxothiazol, or a combination of the
two. Simvastatin inhibited calcium-induced contractile responses, and this
inhibition was partially reversed by incubation with the complex I inhibitor
rotenone suggesting that mitochondrial function is required for the effect of
simvastatin on calcium influx. The effect of mitochondrial complex III
inhibitor, antimycin A, was examined as a comparison with simvastatin.
Antimycin A induced porcine coronary relaxation and inhibited Ca2+ influx in
isolated porcine coronary smooth muscle cells.
Evidence from a number of clinical trials highlights a potential association
between treatment with lipophilic statins and increased risk of development
of diabetes. The close connection between energy metabolism and insulin
secretion in pancreatic β-cells suggests that the glycaemic effects of
simvastatin may also result from a direct mitochondrial action with
reduction in insulin secretion and, hence, result in a reduced control of
plasma glucose levels. Although simvastatin depolarized mitochondria in
pancreatic β-cells, it also directly inhibited KATP channels. Pravastatin, on
the other hand, had no effect on either measurement, suggesting that
these phenomena relate to the lipophilicity of the compounds. The
inhibition of KATP channels by simvastatin is likely to underlie the increase
in insulin secretion observed within days of simvastatin treatment. On the
other hand, the effects on mitochondrial membrane potential may be
detrimental, particularly with chronic treatment, although further studies
are required in order to determine whether this plays a role in the
increased risk of diabetes observed with lipophilic statins.
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Overall, our results demonstrated that simvastatin alters mitochondrial
membrane potential in vascular smooth muscle cells and pancreatic β-cells.
The relaxation to simvastatin in the porcine coronary artery is dependent,
in part, upon mitochondrial activity. Alteration of mitochondrial membrane
potential by simvastatin may lead to inhibition of calcium influx, hence
stimulation of relaxation. On the other hand, the effects on mitochondrial
membrane potential in pancreatic β-cell may be detrimental, particularly
with chronic treatment due to the increased risk of diabetes observed with
lipophilic statins.
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1.1.

Ca2+-dependent contraction of smooth muscle

Vascular tone is regulated by contraction of the smooth muscle cells.
Smooth muscle cells are the major constituent of the blood vessel wall.
Vascular smooth muscle contractility is determined by the free intracellular
Ca2+ and Ca2+ sensitivity of contractile proteins. The entry of Ca2+ from the
extracellular space, through Ca2+ channels, as well as Ca2+ release from
intracellular stores results in Ca2+ binding to the acidic protein, calmodulin,
forming a Ca2+/calmodulin complex. The complex in turn activates myosin
light chain kinase (MLC kinase) with subsequent phosphorylation of the
myosin light chains (Gao et al., 2013), which enables cross-bridge
formation with actin. The latter is a key event in smooth muscle
contraction (Webb, 2003) (Figure 1.1).
Agonists such as endothelin-1 act on receptors coupled to Gq proteins
which activate phospholipase C enzyme (a membrane-bound enzyme). The
membrane enzyme then catalyses the phosphatidylinositol cascade with
the formation of two second messengers: inositol 1,4,5-trisphosphate (IP3)
and diacylglycerol (DAG). IP3 diffuses through the cytoplasm and binds to
receptors on the sarcoplasmic reticulum (SR), causing release of Ca2+ into
the cytosol (Berridge and Irvine, 1989, Northcott et al., 2002, Sata and
Nagai, 2002). Mitochondrial uptake of Ca2+ may regulate the local Ca2+
near the IP3 receptor, so maintaining the sensitivity of the IP3 receptor to
release Ca2+ from the SR (McCarron and Muir, 1999, Taylor et al., 1989).
Indeed,

IP3-induced

Ca2+

release

is

inhibited

by

mitochondrial

depolarization (Collins et al., 2000). DAG, along with Ca2+, activates
protein kinase C (PKC), which has contraction-promoting effects such as
phosphorylation of L-type Ca2+ channels (Schuhmann and Groschner,
1994).
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Smooth muscle relaxation occurs by decreasing the intracellular Ca2+
concentration

(Morgan

and

Morgan,

1984)

and

increasing

MLC

phosphatase activity. Two mechanisms participate in removing Ca2+ from
the cell to the external environment. Firstly, the membrane Ca2+ ATPase
pumps Ca2+ from the intracellular into the extracellular space. Secondly,
the sarcoplasmic reticulum Ca2+ ATPase pumps Ca2+ into the SR. Ca2+
uptake into the sarcoplasmic reticulum is dependent on ATP hydrolysis; in
fact, mitochondria ensure efficient sarcoplasmic reticulum refilling (Poburko
et al., 2009). The plasma membrane also contains a Na+/Ca2+ exchanger
which provides an additional mechanism for reducing intracellular Ca2+
(Campbell and Paul, 1992, Barron et al., 2000, Marin et al., 1999). In
addition to the Ca2+-dependent activation of MLCK, the state of MLC
phosphorylation is further regulated by MLC phosphatase (Koga and Ikebe,
2008), which removes the high-energy phosphate from the MLC, thus
promote smooth muscle relaxation (Webb, 2003). There are several
reports of relaxation of smooth muscle that occur independent of changes
in myosin light chain phosphorylation, small heat shock proteins (HSP) e.g.
HSP20, HSP22 and HSP27, often termed as stress proteins, are likely
candidates (Brophy et al., 1997, Knoepp et al., 2000, Salinthone et al.,
2008). Phosphorylated HSP20 is thought to inhibit smooth muscle
contraction as part of the mechanism of action of nitrovasodilators and βadrenergic agonists (Rembold et al., 2000). On the other hand cellular
stress which leads to increases in the phosphorylation of HSP27 inhibits
phosphorylation of HSP20 (Fuchs et al., 2000). Several vasoactive
hormones enhance expression of HSP27 in vascular smooth muscle, e.g.
vasopressin,

thrombin

and

sphingosine

1-phosphate,

by

a

MAPK-

dependent mechanism (Salinthone et al., 2008).
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Figure 1.1. Regulation of smooth muscle contraction. Agonists like
endothelin bind to a specific receptor and increased phospholipase C
activity through G protein. Phospholipase C produces two potent second
messengers: diacylglycerol (DG) and inositol 1,4,5-trisphosphate (IP3). IP3
binds to specific receptors on the sarcoplasmic reticulum, causing release
of calcium (Ca2+). DG along with Ca2+ activates PKC, which has
contraction-promoting effects such as phosphorylation of Ca2+ channels.
Ca2+ binding to calmodulin leads to activation of myosin light chain kinase
(MLC kinase). The latter phosphorylates the light chain of myosin, and, in
conjunction with actin, cross-bridge cycling occurs, initiating shortening of
the smooth muscle cell, the contractile response is maintained by a Ca2+sensitizing mechanism brought about by the inhibition of myosin
phosphatase activity by Rho kinase.
1.2. Ca2+ - sensitization mechanism

The state of MLC phosphorylation and smooth muscle contraction is
maintained independently of Ca2+ concentration by a Ca2+ sensitizing
mechanism; this is brought about by Rho kinase, also known as ROCK.
MLC phosphatase (MLCP), also known as myosin phosphatase, removes
the high-energy phosphate from the MLC to promote smooth muscle
relaxation. MLCP is a heterotrimeric protein consisting of a catalytic subunit
and a regulatory subunit, MYPT1. Inhibition of MLCP is ascribed to
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phosphorylation of MYPT1. Rho kinase plays an important role in the
regulation of MYPT1 phosphorylation. Rho kinase, by inactivating MLC
phosphatase, increases the level of phosphorylated MLC and thereby
prolongs smooth muscle contraction (Uehata et al., 1997, Nobe and Paul,
2001, Sakurada et al., 2003, Pearson et al., 2013). Pharmacological
inhibitors of Rho kinase, such as fasudil and Y-27632, block its activity and
induce relaxation of isolated smooth muscle segments (Budzyn et al.,
2006,

Suzuki

et

al.,

2012).

The

degree

of

myosin

light

chain

phosphorylation and, hence, smooth muscle tone is determined by the
relative activities of these two opposing enzymes, MLCK and MLCP (Webb,
2003).

1.3. Ca2+ -transport mechanisms across the plasma membrane
Ca2+

entry

from

the

extracellular

medium

occurs

through

plasma

membrane ion channels in response to a wide variety of stimuli, including
membrane depolarization (Pesic et al., 2004), stretch, extracellular
agonists (Ruegg et al., 1989), and the depletion of intracellular stores
(Berridge et al., 2003, Weirich et al., 2005). Based on the mechanism of
activation, there are three main routes by which Ca2+ enters cells across
the

plasma

membrane:

receptor-operated
channels

(SOCCs)

Ca2+

voltage-dependent
channels

(Gibson

et

(ROCCs),
al.,

1998,

Ca2+
and

channels

(VDCCs),

store-operated

Bootman

et

al.,

Ca2+
2001,

Brueggemann et al., 2006). On the other hand the removal of Ca2+ from
the cytosol into the extracellular space occurs via plasma membrane Ca2+adenosine 5’ triphosphatase (ATPase) (PMCA) and sodium Na+/Ca2+
exchanger (NCX) or intracellular pumps, which recycle Ca 2+ back into
organelles (Berridge et al., 2003). Interplay between these opposing
processes is responsible for the maintenance of cytosolic Ca 2+ at ~100 nM
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whereas the extracellular medium is more than 1 mM (Rizzuto and Pozzan,
2006).

1.3.1. Voltage-gated Ca2+ channels
Voltage-gated Ca2+ channels (VDCCs) play a central role in the regulation
of vascular tone and blood pressure regulation (van Meel et al., 1983,
Moosmang et al., 2003). Activation of Ca2+ channels by membrane
depolarization, leads to Ca2+ influx, Ca2+ elevation, and vasoconstriction
(Berridge et al., 2000), whereas membrane potential hyperpolarization
closes

voltage-gated

Ca2+

channels

and

leads

to

vasodilatation

(Yanagisawa et al., 1993). Findings revealed that Ca2+ influx could also
stimulate Ca2+ release from intracellular stores (Fernandez-Tenorio et al.,
2011). L-type Ca2+ channel blockers are widely used to treat hypertension
because of their ability to reduce arterial smooth muscle cell contractility
(Saida and van Breemen, 1983, Kalsner, 1997). There are five distinct
subtypes of voltage-gated calcium channels: L, T, N, P and R. Voltagegated calcium channels are protein complex of 5 subunits: the central
pore-forming subunit (termed α1) is associated with other accessory
subunits that regulate channel gating and trafficking like the intracellular
(β) subunit and the disulfide-linked glycoprotein subunits (α2 and γ). The
fifth subunit is the transmembrane (δ) subunit (Catterall, 2011). In general
L-type Ca2+ channels are particularly important in regulating contraction of
cardiac and vascular smooth muscles. T and N channels mediate Ca2+
entry into neurons and involved in neurotransmitter release (Kuga et al.,
1990,

Todorovic

and

Jevtovic-Todorovic,

2011).

Results

have

demonstrated the existence of two different types of Ca2+ channels, L-type
and T-type, in smooth muscle cells from coronary arteries of guinea-pigs
(Ganitkevich and Isenberg, 1990). However, the contribution of T-channels
to the peripheral resistance still has not been ruled out (Cribbs, 2001,
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Cribbs, 2006). The α1 subunits of the L-type channels contain binding sites
for dihydropyridine Ca2+ channel blockers (Campbell et al., 1988).
Clinically, Ca2+ channel antagonists like nifedipine, verapamil and diltiazem
are commonly used for their cardiovascular effects e.g. blood pressure
control (Klein, 1987, Kalsner, 1997). On the other hand, vasodilators like
nitroprusside, by acting through cGMP and protein kinase G, could regulate
the open-probability of Ca2+ channels thereby inhibiting Ca2+ influx. By
contrast, vasoconstrictors act through the protein kinase C pathway, with
subsequent activation of Ca2+ channels (Ishikawa et al., 1993, Taguchi et
al., 1997, Chaplin and Amberg, 2012)
Data have shown that mitochondrial reactive oxygen species generation at
complex III result in cardiac L-type Ca2+ channel inhibition (Scragg et al.,
2008). Similarly, superoxide anion impairs Ca2+ channel function in arterial
smooth muscle cells (Fusi et al., 2001). Conversely, hydrogen peroxide
(H2O2) has been shown to stimulate arterial smooth muscle L-type Ca2+
channels by a mechanism involving oxidative activation of PKC (Tabet et
al., 2004, Chaplin and Amberg, 2012).

1.3.2. Store-operated Ca2+ channels
Store-operated Ca2+ channels (SOCCs) are plasma membrane, nonselective, cation channels. They are activated to allow Ca2+ entry when the
endoplasmic reticulum (ER) stores are depleted (Parekh, 2003). SOCCs are
distinct from other membrane calcium channels. Many of them are
speculated to belong to the family of transient receptor potential (TRP)
channels (Golovina et al., 2001, Xu and Beech, 2001). It is unclear what
kind of linkage couples them to the ER. However, two major theories have
been proposed. First, SR Ca2+ depletion stimulates a second messenger,
which activates plasma membrane Ca2+ channels (Bootman et al., 2001).
Second, SOCCs are activated by either a conformational coupling between
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Ca2+ channels on the SR and those on the plasma membrane; The protein
STIM1 is the Ca2+ store sensor located in the membrane of the ER (Liou et
al., 2005),

and the PM protein Orai1 is the SOC channel (Yang et al.,

2012). Cultured proliferative VSMCs display increased SOCE and high
levels of STIM1 and Orai1 compared with their quiescent contractile freshly
isolated counterparts (Potier et al., 2009). Store-operated Calcium entry
does not appear to play a significant role in smooth muscle or cardiac
contractility. In contrast, skeletal muscle contractility appears to depend on
SOCE (Trebak, 2012). However, others have suggested that SOCCs play a
role in Ca2+ entry and the control of vascular contractility (Zhang et al.,
2002, Brueggemann et al., 2006). Like the SR channels, the SOCCs serve
to amplify the rise in intracellular Ca2+ (Park et al., 2008). So far, only
experimental compounds are known to block these channels. However,
efforts are being made to develop specific blocking agents for therapeutic
use as smooth muscle relaxants (Tosun et al., 1998a, Leung et al., 2008).

1.3.3. Receptor-operated Ca2+ channels
Receptor-operated Ca2+ channels (ROCCs) refers to Ca2+ permeable
nonselective cation channels. These channels are opened independently of
membrane potential or intracellular Ca2+ stores (Leung et al., 2008).
Furthermore, ROCCs are not inhibited by organic Ca 2+ channel antagonists.
In fact, ROCCs are activated by a wide variety of agonists such as
acetylcholine, angiotensin

II,

endothelin-1, noradrenaline, 5-HT

and

vasopressin that stimulate Ca2+ entry into the SMCs (Leung et al., 2008).
The Ca2+ entry through ROCCs could be blocked by the multivalent cations
La2+, Cd2+, Mn2+, Ni2+ and Mg2+ (Ruegg et al., 1989). ROCCs are thought
to be involved in guinea pig aorta contraction induced by noradrenaline,
since the contraction was only partially blocked by Ca2+ channel blockers
(Gouw et al., 1990). Similarly, in rat cultured aortic smooth muscle cells,
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ATP, angiotensin II, and vasopressin caused Ca2+ influx that was
independent of membrane depolarization and unaffected by Ca2+ channel
antagonists, while significantly reduced by phospholipase C inhibitors
(Ruegg et al., 1989).

1.4. K+ channels mediated vasodilatation
Potassium

channels

are

the

dominant

ion

conductive

pathways

in

electrically excitable cells, including those found in vascular muscle cells.
As such, they contribute to the regulation of the membrane potential and
vascular tone (Nelson et al., 1990). Opening of K+ channels in the cell
membrane increases K+ efflux with membrane potential hyperpolarization.
This effect is followed by the closure of voltage-dependent Ca2+ channels,
with subsequent reduction in Ca2+ entry and vasodilation (Yanagisawa et
al., 1993). Closure of K+ channels has the opposite effect i.e. K+ channels
inhibition contributes to membrane depolarization and vasoconstriction
(Post et al., 1992, Kirschstein et al., 2009). Thus, the presence of a
physiological or pharmacological agent that alters membrane potential, for
example, the KATP channel opener cromakalim, should cause a significant
change in blood vessel diameter and eventually result in reduction in blood
pressure (Yanagisawa et al., 1993). In the microcirculation, as in other
vascular muscles, four distinct types of K+ channel in arterial smooth
muscle have been identified: voltage-dependent K+ (KV) channels, Ca2+activated K+ (BKCa) channels, ATP-sensitive K+ (KATP) channels, and inward
rectifier K+ (Kir) channels (Standen and Quayle, 1998).

1.4.1. Voltage-activated K+ channels
Voltage-activated K+ channels (Kv) are a class of K+ channels expressed by
the vascular smooth muscle cells. These channels are activated by
membrane depolarization with threshold potentials of ~-30 mV to allow an
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efflux of K+ resulting in repolarization and return to the resting membrane
potential (Jackson, 1998). Therefore, they are thought to serve an
important buffering function against depolarization and vasoconstriction. 4aminopyridine is widely used as a pharmacological blocker of K v channels
(Heaps and Bowles, 2002). The concentration for half-maximal inhibition of
Kv channel function has been shown to be ~ 1 mM (Okabe et al., 1987,
Smirnov and Aaronson, 1992, Gelband and Hume, 1992). Studies from
hypertensive animal models indicated decreased expression of functional
Kv channels in vascular muscle cells (Jepps et al., 2011). Kv channel
activity was also reduced in animal models of diabetes, in vivo, and
similarly when vessels were incubated in high glucose solutions, in vitro
(Bubolz et al., 2005, Liu et al., 2001, Li et al., 2004). Furthermore, 4aminopyridine incubation causes arterial depolarization and constriction,
suggesting that Kv channel activity exists in some blood vessels under
basal conditions in health and disease (Jackson, 1998, Heaps and Bowles,
2002). Prostacyclin, through Kv activation, may contribute to endotheliumdependent relaxation in rabbit cerebral arteries (Dong et al., 1998).
Vasodilators that act via nitric oxide, may also directly activate Kv channels
(Irvine et al., 2003). Similarly, reactive oxygen species are also considered
as modulators of Kv activity (Fike et al., 2013). On the other hand,
vasoconstrictors may inhibit Kv by mechanisms that involve protein kinase
C activation (Clement-Chomienne et al., 1996).

1.4.2. Calcium-Activated K+ Channels
Calcium-activated K+ channels (Kca) are particularly abundant in vascular
smooth muscle cells and appear to play a fundamental role in regulating
resting membrane potential and vascular tone (O'Rourke, 1996, Ledoux et
al., 2006, Dalsgaard et al., 2009). Kca channel activity in vascular smooth
muscle cells (VSMCs) is correlated with the occurrence of spontaneous
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transient outward K+ currents (STOCs). Localized calcium release events
from ryanodine receptors, termed calcium sparks, activate nearby calciumactivated potassium channels, causing a hyperpolarizing current i.e. STOCs
to oppose vasoconstriction (Zhuge et al., 2004). Therefore arterial tone
results from the interplay of opposing calcium-dependent processes:
constriction, which is driven by global increases in calcium induce
vasoconstriction

while

localized

calcium

concentrations

induce

vasorelaxation. The KCa channel family consists of small conductance
(SKCa), intermediate conductance (IKCa,) and large conductance Ca2+activated K+ channel (BKCa) subtypes. In the microcirculation, physiological
activation of vascular BKCa channels may be an important negative
feedback mechanism to counteract vessel depolarization and active
vasoconstriction in response to some vasoconstrictors, for example, the
thromboxane A2 (TXA2) mimetic (U46619) (Knot et al., 1998), ET-1 and
angiotensin II (Scornik and Toro, 1992, Minami et al., 1995). Kca thus
represent an important pharmacological target. Pharmacological agents
commonly used to inhibit BKCa channels include tetraethylammonium ion
(1 mmol/L), charybdotoxin, and iberiotoxin, whereas NS-1619 has been
shown to activate BKca channels (O'Rourke, 1996, Heaps and Bowles,
2002). Vasodilators that act through the cGMP and cAMP cascades may
result in Kca channel activation (Minami et al., 1993b). Results have also
suggested that both PKG and PKA activate BKca channels (Song and
Simard, 1995). Reactive oxygen species have been reported as modulators
of BKca activity in porcine coronary artery smooth muscle cells (Barlow and
White, 1998, Tang et al., 2004). In fact, the effects range from channel
activation to inhibition depending on the type of ROS involved and local
ROS concentration (Barlow and White, 1998, Soto et al., 2002, Gutterman
et al., 2005).
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1.4.3. ATP-sensitive K+ channels
ATP-sensitive K+ channels (KATP) were first identified in guinea pig cardiac
myocytes (Suzuki et al., 2001, Noma, 1983). From then on, similar
channel currents have been identified in pancreatic β-cells (Tarasov et al.,
2004), smooth and skeletal muscles (Davies, 1990, Yokoshiki et al., 1998),
central nervous system neurones (Ashcroft, 1988, Bernardi et al., 1988),
and renal tubular cells (Mauerer et al., 1998, Loutzenhiser and Parker,
1994). The activity of KATP channels is controlled by intracellular ATP (see
below); an increase in the ATP/ADP ratio closes the KATP channels (Cook
and Hales, 1984). Cardiac KATP channels have a physiological role in
modulating cardiac function under conditions of metabolic stress when ATP
is reduced. During ischaemia, opening of cardiac KATP channels is thought
to protect against myocardial damage. Increasing K+ efflux and shortening
of the action potential duration will decrease Ca2+ influx and the
subsequent contraction, the latter eventually result in reducing cardiac
work and conserving ATP (Gross and Peart, 2003, Yang et al., 2007, Yao
and Gross, 1994). In fact, the reduction in infarct size by preconditioning
was

blocked

completely

by

intracoronary

5-hydroxydecanoate

(a

mitochondria KATP channel blocker) or glibenclamide (a plasma membrane
KATP channel blocker) (Auchampach et al., 1992, Foster et al., 2012).
Moreover, ischaemia, hypoxia and metabolic inhibition-induced vasodilation
in the coronary and cerebral circulation can be prevented by glibenclamide.
Studies in dogs (Samaha et al., 1992) and humans (Farouque et al., 2002)
have shown that in vivo application of glibenclamide increases coronary
tone. Such evidence points to a functional role for KATP channels under
physiological conditions (Daut et al., 1994). However, in porcine isolated
coronary arteries KATP channels inhibition caused no change in basal
contractility (O'Rourke, 1996).
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In

pancreatic

β-cells,

when

the

plasma

glucose

level

rises,

the

concentration of ATP increases, the latter results in closure of KATP channels
(Cook and Hales, 1984, Kakei et al., 1986). Closure of KATP channels in the
plasma membrane allows the cells to depolarize, subsequently triggering
calcium entry and insulin release (Miki et al., 1999, Henquin, 2000). KATP
channels are targets for several clinically important groups of drugs,
including the sulphonylureas, commonly used to treat type II diabetes
(Nagashima et al., 2004), and the KATP channel openers, used to treat
angina and hypertension (Arena and Kass, 1989, Gollasch et al., 1995).

1.4.3.1. Cellular mechanisms that regulate KATP channels
KATP channels are sensitive to the intracellular ATP/ADP ratio. In pancreatic
β-cells, KATP channels are rapidly inhibited by ATP (Cook and Hales, 1984)
and activated by ADP e.g., MgADP (Gribble et al., 1998). By sensing the
ATP and ADP levels, these KATP channels are able to couple the cellular
metabolism to membrane excitability (Tarasov et al., 2004). Beech et al.
suggested that KATP channels in vascular smooth muscle may not respond
primarily to changes in ATP nucleotide, instead diphosphates may play a
primary role in the regulation of these channels under physiological
conditions (Beech et al., 1993). Vasodilators like, isosorbide dinitrate,
increase cGMP in the vascular smooth muscle cells. The increased levels of
cellular cGMP result in protein kinase G (PKG) activation. In turn vascular
KATP channels are opened by vasodilators that activate PKA and PKG.
Vasodilators coupled to PKA could also activate Kca (Song and Simard,
1995) and Kv (Aiello et al., 1995) to inhibit VDCC (Orlov et al., 1996). On
the other hand, KATP are closed by vasoconstrictors that activate PKC
(Chrissobolis and Sobey, 2002). In fact, vasoconstrictors coupled to PKC
also inhibit Ca2+-activated K+ channels (Minami et al., 1993a) and voltagedependent K+ channels (Clement-Chomienne et al., 1996).
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Inhibition of cellular metabolism with oxidative phosphorylation inhibitors
e.g. cyanide or dinitrophenol, or with glycolysis inhibitors e.g. 2deoxglucose or iodoacetic acid caused activation of KATP currents in smooth
muscle cells (Silberberg and van Breemen, 1992, Teramoto and Brading,
1996). Several vasoconstrictors, for example, noradrenaline, histamine, 5HT (Bonev and Nelson, 1996), endothelin-1 (Miyoshi et al., 1992),
vasopressin (Wakatsuki et al., 1992) and angiotensin II (Miyoshi and
Nakaya, 1991, Sampson et al., 2007) have been shown to inhibit vascular
KATP channels in pig coronary artery. Using patch clamp, results have
shown that H2O2 activates KATP current in smooth muscle cells isolated from
mice aortas (Sharifi-Sanjani et al., 2013). Similarly, in guinea-pig
ventricular myocytes, exposure of the patch membrane to ROS, O2•– and
H2O2, increased the opening of KATP channels. Such effect of ROS was
prevented by perfusion with glibenclamide (Tokube et al., 1998). On the
other hand, H2O2 suppressed pinacidil-induced KATP channel activation in
cultured aortic VSMCs (Yasui et al., 2012). Moreover, exposure of isolated
mesenteric rings to H2O2 impaired the KATP channel-mediated vascular
dilation (Yang et al., 2010).

1.4.3.2. Structure

The KATP channel is a hetero-octamer composed of two subunits, K+
channel (Kir6.x) pore forming subunits and regulatory SUR subunits
arranged in stoichiometry of 4:4. Two types are currently known: Kir6.1
which acts as the pore-forming subunit in vascular smooth muscle and
Kir6.2 which forms the KATP channel pore in pancreatic β-cells, cardiac and
skeletal muscles, and neurones. On the other hand, the sulphonylurea
receptors (SUR): SUR1 and SUR2 (SUR2A, SUR2B) function as regulatory
subunit, conferring sensitivities of the channel to several K ATP channel
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activators and inhibitors like sulfonylureas, MgADP and some channel
openers. Different combinations of Kir and SUR subunits generate tissuespecific KATP channel subtypes, table 1.1 (Miki et al., 1999).

Table 1.1 KATP channel subunits distributions in different tissues
Tissue type

Major Subunit composition

Pancreatic β-cell type

Kir6.2

SUR1

Neuron

Kir6.2

SUR1

Cardiac and skeletal muscle type

Kir6.2

SUR2A

Vascular smooth muscle type

Kir6.1

SUR2B

In 1991, Inoue et al. identified the KATP channel in rat liver mitochondrial
inner membrane (mitoKATP) (Inoue et al., 1991). It has been proposed that
mitoKATP may also consist of Kir and SUR subunits. Subsequent work
revealed a possibly unique pharmacology in that mitoKATP was inhibited by
5-hydroxydecanoate and activated by diazoxide. Work on the mitoKATP
channel has mainly been focused on ischemic preconditioning (Pain et al.,
2000).

1.5. The vascular endothelium
The vascular endothelium is the inner lining of blood vessels. In the past,
the endothelium was considered to be a passive, semipermeable barrier. In
1980, studies confirmed the necessity of an intact vascular endothelium in
order to obtain a vasodilatation induced by acetylcholine (Furchgott, 1999,
Furchgott and Zawadzki, 1980). It is now becoming clear that the
endothelium actively participates in vascular homeostasis regulation
through the release of potent vasoactive agents

that elicit either

contraction or relaxation of vascular smooth muscle (Pearson

and

Vanhoutte, 1993). The most important endothelial-derived substances are:
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nitric oxide (NO) and prostacyclin (PGI2) that act as vasodilators (Ignarro
et al., 1987, Luckhoff et al., 1988, Mitchell et al., 2008), while
thromboxane (TXA2) and endothelin (ET-1) act as vasoconstrictors (Hill et
al., 2000, Wilson et al., 2005, Loomis et al., 2005).

1.5.1. Nitric oxide:
In vascular endothelial cells, nitric oxide (NO) is formed from the cationic
amino acid L-arginine during the conversion to L-citrulline. The reaction is
catalysed by the endothelial isoform of NO synthase (eNOS) (Guterbaum et
al., 2013) which is constitutively expressed. NOS is activated via changes
in intracellular calcium and calmodulin in response to changes in shear
forces or via a receptor-mediated process (White and Martin, 1989).
Released NO is able to diffuse to adjacent smooth muscle cells where it
activates soluble guanylyl cyclase (sGC) (Arnold et al., 1977, Rapoport and
Murad,

1983).

The

latter

converts

GTP

to

cyclic-3,5-guanosine

monophosphate. Accumulation of cGMP activates protein kinase G (PKG),
which mediates the effects of NO/cGMP in the smooth muscle (Archer et
al., 1994, Pfeifer et al., 1998). cGMP inhibits IP3 levels which explains the
findings that cGMP inhibits cytosolic calcium, through both inhibition of
calcium influx and reduction of intracellular calcium release (Collins et al.,
1986, Luckhoff et al., 1988). This in turn decreases the phosphorylation of
myosin light chains, causing smooth muscle vasodilatation. NO could also
directly activate Kca channels of the vascular smooth muscle (Bolotina et
al., 1994). Thus, nitric oxide plays a pivotal role in regulating vessel wall
homeostasis.
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1.5.2. Arachidonic acid (AA) metabolites:
Arachidonic acid metabolites play a key role in the regulation of diverse
processes in both physiological and pathological states. Their vasoactive
properties are evident from the finding that AA itself, when applied to
blood vessels, produces relaxation (Rosolowsky and Campbell, 1993).

1.5.3. Cyclooxygenase (COX)-derived metabolites of AA:
Prostacyclin (PGI2) has long been recognised as the chief AA metabolite in
blood vessels, where it acts to mediate vasodilatation (Pratt et al., 1996).
Prostacyclin

is

normally

produced

by

cyclooxygenase,

COX,

from

arachidonic acid (Caughey et al., 2001). COX-1 is present constitutively in
most tissues. COX-2 is also present constitutively in the vascular
endothelium and kidney (Dogne et al., 2005). PGI2 diffuses to vascular
muscle where it activates adenylyl cyclase, the latter in turn increases the
production of adenosine 3,5-cyclic monophosphate (cAMP) which results in
vascular relaxation. (Kukovetz et al., 1979).

1.5.4. Cytochrome P450-derived metabolites of AA.
The products of AA metabolism by the cytochrome P450 system are
epoxyeicosatrienoic

acids

(EETs),

monohydroxyeicosatetraenoic

acids

(HETEs) and dihydroxyeicosatrienoic acids (DHETs) (Zeldin, 2001). Of
these, EETs are most relevant in blood vessels. They have been shown to
mediate relaxation of vascular muscle by activating large-conductance,
Ca2+-activated K+ (BKCa) channels (Dong et al., 1997, Hayabuchi et al.,
1998, Fisslthaler et al., 1999, Campbell et al., 2001, Gauthier et al., 2005,
Huang et al., 2005).
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1.5.5. Endothelium-derived hyperpolarising factor:
Considerable evidence shows that several receptor-dependent agonists,
such as acetylcholine, bradykinin, histamine and substance P, release
endothelium-derived hyperpolarizing factor (EDHF) that causes vascular
smooth muscle hyperpolarization (Dong et al., 1997). In general, EDHF
may be of greater importance in resistance than in large conduit arteries
(Garland et al., 1995). The contribution of EDHF to endothelium dependent
relaxation appears to be dependent on tissue and the type of the agonist
(Waldron et al., 1996, Graier et al., 1996). EDHF diffuses to vascular
smooth muscle where it activates potassium (K +) channels activity with
subsequent hyperpolarization and relaxation of the vascular muscle
(Hayabuchi et al., 1998). In fact, the identity of EDHF remains to be
established. The classical EDHF involves K+ that effluxes via K+ channels
on endothelial cells. Spread of hyperpolarizing current from the endothelial
cells, via myoendothelial gap junctions, to the smooth muscle cells
hyperpolarizes and relaxes adjacent smooth-muscle cells by activating K+
channels and Na+/K+ ATPase (Edwards et al., 1998). It could be a product
of AA metabolism, EETs. The latter hyperpolarize and relax vascular
smooth muscle cells (SMCs) by activating calcium-sensitive potassium
(KCa) channels. Another possible mediator of EDHF- induced smoothmuscle relaxation is by activating of Na+/K+ ATPase (Edwards et al., 1998).
H2O2 also considered as an endogenous EDHF and plays an important role
in coronary autoregulation in co-operation with NO (Yada et al., 2003,
Matoba et al., 2003, Liu et al., 2011).

1.6. HMG-CoA reductase inhibitors
Atherosclerosis, a pathologic and progressive process affecting the arterial
walls, is characterized by the accumulation of lipid particles and immune
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cells in subendothelial regions, and by the proliferation of vascular smooth
muscle (VSM) cells, leading to a narrowing of the arterial lumen, following
plaque rupture and thrombosis. An endothelial dysfunction, which is the
first step in the disease, can be induced by a variety of risk factors such as
elevated levels of LDL-cholesterol (Badimon and Vilahur, 2012). 3hydroxy-3-methylglutaryl coenzyme A reductase inhibitors, known as
statins, are some of the most effective and best tolerated lipid modifying
agents for the treatment of hyperlipidemia (Schaefer et al., 2004, Cheung
et al., 2004, Jorge et al., 2005). Many are presently approved for clinical
use. Some are fungal –derived metabolites, like simvastatin, lovastatin and
pravastatin. Others are totally synthetic like atorvastatin, cerivastatin
fluvastatin and pitavastatin, but all share the HMG-CoA like moiety on their
polycyclic backbone (Figure 1.2) (Schachter, 2005a).

Figure 1.2. Chemical structure of simvastatin: simvastatin (left) have
a lactone ring similar to HMG-CoA biologically active moiety (right).
Adapted from (Wang and Asgharnejad, 2000).

1.6.1. Pharmacokinetics:
Simvastatin and lovastatin are administered orally as a lactone prodrug
while pravastatin is administered as the active open ring form. Liver
enzymes hydrolyse the prodrugs, simvastatin and lovastatin, to the active
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hydroxyl acid derivatives. Gastrointestinal absorption of statins varies from
30% to 80%, with almost complete absorption for fluvastatin (Scripture
and Pieper, 2001). The oral bioavailability of simvastatin and lovastatin is
low, largely owing to their cytochrome P450 (CYP3A)-mediated first-pass
metabolism (Neuvonen et al., 1998), whereas the bioavailability of
fluvastatin and pravastatin is higher than simvastatin. All undergo first
pass metabolism, either oxidized by CYP3A4 in the liver, or hydrolysed to
several metabolites. Most of the absorbed dose is excreted in the bile. The
lipophilic statins, simvastatin and lovastatin, enter the liver passively
(Komai et al., 1992, Schachter, 2005a), whereas the water soluble agents,
e.g. pravastatin, are taken up by an active transport (Komai et al., 1992).
Thus in terms of tissue selectivity, pravastatin exhibits liver selectivity in
comparison with other lipophilic statins (Koga et al., 1992). Plasma half-life
of the parent compound ranges from 1 to 3 hours except for atorvastatin
may reach up to 14 hours and rosuvastatin about 20 hours (Garcia et al.,
2003).

1.6.2. Adverse effects
Statins are well tolerated. However, mild unwanted effects have been
reported like myalgia, gastrointestinal disturbance, raised plasma level of
liver enzymes, insomnia and rashes (Bitzur et al., 2013). Recently,
increased risk of glucose intolerance has been reported especially with
lipophilic statins (Byrne and Wild, 2011, Bellia et al., 2012, Wang et al.,
2012, Carter et al., 2013, Dormuth et al., 2014, Turan et al., 2014,
Macedo et al., 2014). More serious adverse effects are rare, but include
severe myositis (Simsek Ozek et al., 2014). Myositis, rhabdomyolysis, is a
class effect of statins, occurs also with other lipid-lowering drugs
(especially fibrates) and it is dose-related.
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1.6.3. Lipophilicity
Simvastatin and lovastatin are both examples of lipophilic statins that can
cross the plasma membrane. On the other hand, the hydrophilic statins
like pravastatin remain associated with the polar surface of the membrane
(Koga et al., 1992). The lipophilic statins can enter the cell membrane
passively with a large volume of distribution among tissues (Ohtawa et al.,
1999), while the water soluble agents are liver specific and an essential
carrier mechanism is required for their uptake (Lennernas and Fager,
1997). Under physiological pH conditions the relative lipophilicity of various
statins was: simvastatin = cerivastatin > lovastatin = fluvastatin =
atorvastatin >> pravastatin (Joshi et al., 1999).

1.6.4. Mechanism of action as hypolipidaemic agents:
Statins

act

by

reversible

inhibition

of

3-hydroxy-3-methylglutaryl-

coenzyme-A reductase (HMG- CoA reductase), the enzyme responsible for
HMG-CoA conversion to mevalonate (Stancu and Sima, 2001) . The
structural similarity between the statins side chain and the enzyme
substrate, HMG-CoA, renders them effective competitive blockers of the
rate determining step in mevalonate biosynthesis (Schachter, 2005a)
(Fig.2). Reducing intracellular cholesterol leads to upregulation of low
density lipoprotein (LDL) receptor expression on the hepatocyte surface,
resulting in an increase in the catabolism of LDL by increasing LDL
extraction from the blood. Statins also have been shown to reduce, to a
lesser extent, the level of triglyceride (Branchi et al., 1999) and increase
high density lipoprotein (Asztalos et al., 2002). However, simvastatin
might also exert cholesterol independent effects. Several landmark clinical
trials have shown that simvastatin reduces mortality and morbidity in
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patients both with and without hypercholesterolaemia (Fichtlscherer et al.,
2006).

1.6.5. The pleiotropic effects of statins.
Several clinical and experimental studies have demonstrated that statins
exert a variety of clinically useful outcomes in patients with a wide range of
cholesterol levels, which cannot be attributed to their cholesterol lowering
effects alone. Such outcomes are collectively known as pleiotropic effects
of statins (Sadowitz et al., 2010a, Sadowitz et al., 2010b). These are
unrelated, or indirectly related, to their effect on plasma cholesterol and
are usually unanticipated. Understanding such effects is important to
optimize statin use in the treatment and prevention of cardiovascular
disease

(Bonetti

et

al.,

2003).

The

pleiotropic

effects

have

been

appreciated in cardiovascular disease (CVD). Some of the added benefits in
CVD include: blood pressure-lowering effect with normalized vasomotion
(Correa et al., 2014), improved endothelial cell function (Wolfrum et al.,
2003),

attenuation

angiotensin

receptor

of

endothelin-1
synthesis

synthesis,

(Ichiki

et

down

al.,

regulation

2001),

of

improved

bioavailability of NO (Hernandez-Perera et al., 1998), attenuation of
vascular inflammation (Wassmann et al., 2002), decreased vascular
smooth muscle cell (VSMC) proliferation and migration (Corpataux et al.,
2005b), stabilization of atherosclerotic plaque, and inhibition of platelet
aggregation (Libby, 2001).

1.6.6. Mechanism of action as a pleiotropic agent:
Statins are potent inhibitors of the rate-limiting step of the mevalonate
pathway. They have a high affinity for HMG-CoA reductase and are able to
significantly block the production of mevalonate, a necessary precursor for
cholesterol synthesis. Furthermore, mevalonate is the building block for a
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variety of other important isoprenoid intermediates, such as farnesyl
pyrophosphate and geranylgeranyl pyrophosphate (Corpataux et al.,
2005b, McTaggart, 2006). These lipophilic isoprenyl groups permit small Gproteins

to

anchor

to

cell

membranes,

thus

enabling

sub-cellular

localisation, and intracellular trafficking of membrane-associated proteins
(Lane and Beese, 2006). Ras translocation is dependent on farnesylation,
whereas Rho translocation is dependent on geranylgeranylation (Noguchi
et al., 1998), both of which exert important effects on vascular smooth
muscle cells (Brown et al., 2006). Statins, by inhibiting isoprenylation,
effectively lower membrane levels and activity of Ras/Rho proteins as a
likely mechanism mediating some of the pleiotropic effects of statins and
thus improve vascular function (Figure 1.3) (Nohria et al., 2009).
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Figure 1.3. Cholesterol biosynthesis pathway and site of statins
action, Statins inhibits HMG-CoA reductase. Thus, statins decrease
isoprenoid intermediates such as farnesylpyrophosphate (F-PP) and
geranylgeranyl-pryophosphate (geranylgeranyl-PP), with subsequent
inhibition of isoprenylation of the small GTPases such as Ras, Rho, Rac1.

1.6.6.1. Effects of statins on vascular tone.
The role of HMG-CoA reductase inhibitors has been demonstrated to go
beyond cholesterol biosynthesis, such as regulation of smooth muscle tone.
Lipophilic statins such as cerivastatin, simvastatin, atorvastatin and
lovastatin,

but

not

the

hydrophilic

pravastatin

induced

coronary
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vasodilation in the isolated bovine coronary arteries (Lorkowska and
Chlopicki, 2005). Simvastatin also produced relaxation of both aorta and
small mesenteric artery, with and without functional endothelium (Alvarez
De Sotomayor et al., 2000). The relaxation of rat aorta was observed in
rings precontracted with noradrenaline, endothelin-1 and KCl (60mM)
(Mraiche et al., 2005). Similarly, lipophilicity is an important factor behind
the effects of statins on vascular tone in the cerebral circulation (Beretta et
al., 2011). On the other hand, pravastatin might induce vascular relaxation
which appears to be endothelium-dependent. This could be due to
differential expression in endothelial cells and smooth muscle cells of
organic anion transporters required for cellular uptake of hydrophilic
statins (Hasegawa et al., 2002). Clinically, in patients with type II
diabetes, simvastatin improved the lipoprotein profile and significantly
improved flow-mediated dilator response (Koh et al., 2005). Furthermore,
simvastatin lowers blood pressure in patients with hypertension (Juncos et
al., 2012), particularly in the presence of high levels of cholesterol. Thus,
statins

might

work

synergistically

with

antihypertensive

drugs

to

significantly improve inadequately controlled hypertension (Mangat et al.,
2007, Juncos et al., 2012, Xing et al., 2007, Correa et al., 2014). Similarly,
lovastatin

reduced

vascular

reactivity

in

kidneys

of

spontaneously

hypertensive rats and attenuated the development of hypertension (Jiang
and Roman, 1997). Lastly, statin therapy is associated with improved
survival in patients suffering from peripheral vascular disease (Schillinger
et al., 2004).

1.6.6.2. Statin and NO bioavailability:
A considerable number of studies have demonstrated a key role of
endothelial nitric oxide synthase (eNOS) in statin-associated cardiovascular
protection (Chen et al., 2000, Kalinowski et al., 2002, Kuhlmann et al.,
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2004, Brandes, 2005, de Sotomayor et al., 2005, Rikitake and Liao, 2005).
Results revealed that simvastatin acutely enhances NOS phosphorylation
via the phosphatidylinositol -3 kinase protein kinase/Akt pathway. (Nakata
et al., 2007, Ghaffari et al., 2011). Inhibition of Rho isoprenylation is one
of the best examined pleiotropic effects of statins (Rashid et al., 2009,
Rattan, 2010). It is well known that Rho/Rho kinase pathway negatively
regulates eNOS phosphorylation through inhibition of protein kinase B (Akt)
(Ming et al., 2002). Thus, long-term use of statins results in enhanced NO
bioavailability in part due to blocking isoprenoid synthesis.
Caveolin, which acts as an inhibitor of eNOS activation, impairs NO release
in the endothelial cells. It is interesting to consider that long-term statin
therapy could improve endothelial function via down-regulation of caveolin,
with subsequent activation of eNOS. On the other hand, Rossoni et al.,
demonstrated that short-term incubation with simvastatin result in
phosphorylation of AMP kinase (Rossoni et al., 2011). AMPK plays a role in
the regulation of energy homoeostasis. However, it is now evident that
AMPK is engaged in eNOS phosphorylation and NO production (Sun et al.,
2006). Thus, short term simvastatin therapy could directly modulate small
vessel contractility via a NO-dependent mechanism that is associated with
AMPK phosphorylation (Rossoni et al., 2011).

1.6.6.3. Statin and Prostaglandin bioavailability:
Cyclooxygenase (COX) enzymes are involved in the metabolism of
arachidonic acid. Two major products, thromboxane A2 (TXA2) and
prostacyclin (PGI2), are produced from arachidonic acid via COX. TXA2
participates in vascular contraction, whereas PGI2 acts as a vasodilator
(Dogne et al., 2005). Results reveal the involvement of vasodilatory
products from COX in the endothelium-dependent relaxation to statins in
the aorta and small mesenteric artery (Alvarez De Sotomayor et al., 2000).
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In fact, statins have been reported to stimulate the production of
prostacyclin (Degraeve et al., 2001, Lorkowska B, 2005, Birnbaum et al.,
2005). Degraeve et al. suggested that geranylgeranylated proteins
negatively regulate COX-2 expression (Degraeve et al., 2001). Thus, statin
therapy might enhance PGI2 formation in a COX-2-dependent manner
through inhibition of Rho (Degraeve et al., 2001). Conversely, data have
shown that lovastatin inhibited prostacyclin release in cultured vein
endothelial cells by reducing activity of COX-1 independent of mevalonate
(Zhou et al., 2009). On the other hand, Alvarez De Sotomayor et al.
demonstrated that simvastatin had no effect on prostacyclin release.
Instead it might inhibit thromboxane TXA2 formation from cyclooxygenase
(de Sotomayor et al., 2005).

1.6.6.4. Statin and Ca2+ distribution:
Experimental observation revealed that simvastatin incubation suppressed
the contraction induced by Bay K8644, an activator of voltage- dependent
Ca2+ channel (VDCC) in rat aortic rings (Kang et al., 2014). Similarly,
simvastatin suppressed the contraction mediated by high potassiuminduced membrane depolarization, with subsequent opening of VDCC
(Kang et al., 2014). Both results suggested that voltage-dependent Ca2+
entry might be altered in response to simvastatin. Alvarez de Sotomayor et
al. demonstrated that simvastatin effects in the vascular smooth muscle
might involve both Ca2+ release from intracellular pools with concurrent
blockade of extracellular Ca2+ entry (Alvarez de Sotomayor et al., 2001).
However, the data also show that the relaxant effect induced by
simvastatin

was

not

counteracted

by

the

addition

of

CaCl 2,

thus

simvastatin might indirectly inhibit Ca2+ influx. Such a mechanism could be
related to the inhibition of isoprenoid synthesis, the latter affects Gproteins function which is involved in communication among intracellular
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Ca2+ pools and capacitative Ca2+ entry (Alvarez de Sotomayor et al.,
2001). Similarly L-type Ca2+ channel blockade with a concomitant
reduction in intracellular free Ca 2+ has been proposed as a mechanism for
lovastatin-induced relaxation in the cerebral circulation, independently of
cholesterol and isoprenoid synthesis (Bergdahl et al., 2003). In the same
study of Bergdahl et al., the hydrophilic pravastatin had no effect on
contraction; The authors explained that cellular penetration by the
lipophilic statin, lovastatin, was prerequisite for induction of vascular
relaxation (Bergdahl et al., 2003). Similarly, in rat pancreatic β-cells the
lipophilic simvastatin, but not by the hydrophilic pravastatin, inhibited Ca 2+
influx through voltage gated Ca2+ channel (Yada et al., 1999).
On the other hand, simvastatin induced an increase in cytosolic calcium in
endothelial cells, by releasing Ca2+ from intracellular stores and by
increasing Ca2+ entry through mevalonate-dependent pathway (Alvarez de
Sotomayor and Andriantsitohaina, 2001). In skeletal muscle, acute
application of simvastatin resulted in alteration of Ca2+ homeostasis with
increase in cytoplasmic Ca2+. The latter was a downstream result of an
early alteration of mitochondrial membrane potential (Sirvent et al.,
2005b).

1.6.6.5. Statin and K+ channels
Another possible explanation for the simvastatin vasorelaxant effects is a
direct modulation of K+ channel activity. Lopez et al. suggested the Kca
subfamily as a potential target for rosuvastatin relaxation in rat aortic rings
(Lopez et al., 2008). Furthermore, Lopez-Canales et al. reported that the
methyl ester derivative of rosuvastatin mediated relaxation by activation of
K+ channels as a complementary mechanism for the relaxation induced by
the NO pathway (Lopez-Canales et al., 2011). Similarly, Kuhlmann et al.
demonstrated that cerivastatin activates calcium-activated K+ channels in
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endothelial cells isolated from human umbilical cord veins. The latter
mechanism was suggested as a class effect of statins since the channel
activation was completely reversed by the addition of mevalonate
(Kuhlmann et al., 2004). Cerivastatin and fluvastatin, but not pravastatin,
relaxed rat aorta and mesenteric arteries via multiple mechanisms that
involve

endothelium-dependent

endothelium-independent

relaxations

relaxations

through

via

K+

nitric

oxide

and

channel–mediated

hyperpolarizations. The latter were abolished by 118 mM KCl and the K+
channel inhibitors, 4-AP (Kv channel blocker) and TEA (nonselective
inhibitor of K+ channels) (Mukai et al., 2003). Another study by Miller et al.
in insulin-resistant rats showed that statins lower cardiovascular morbidity
and improve coronary and cerebral relaxation by restoring K ca channel
function to the normal level (Miller et al., 2004). Inadequate myocardial
re-perfusion

therapy,

myocardial

‘no-reflow’,

after

ischaemia

and

reperfusion of the acute myocardial infarction has been suggested to be
due to suppression of KATP channel opening. It is possible that simvastatin
has beneficial effects in reducing myocardial no-reflow via activation of KATP
channels (Zhao et al., 2006, Yang et al., 2007). In another study,
glibenclamide (KATP channel blocker) significantly inhibited cerivastatin
relaxation in rat aortic rings, suggesting involvement of KATP channel
activation in cerivastatin relaxation (Sonmez Uydes-Dogan et al., 2005).
Conversely, in porcine vascular coronary myocytes, simvastatin inhibited
cromakalim- and pinacidil-evoked KATP channel openings (Seto et al.,
2013). The same authors also reported that the lipophilic simvastatin
causes inhibition of Kca in coronary myocytes while the hydrophilic salt
form of simvastatin has no effect on channel amplitude (Seto et al., 2007).
Furthermore, simvastatin and lovastatin, but not pravastatin, inhibited pig
coronary artery relaxations to KATP channel opener pinacidil, (Uhiara et al.,
2012). Findings of Seto et al., and Uhiara et al., suggested that
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simvastatin

induced

porcine

coronary

relaxation

by

K+-channel

independent mechanism.

1.6.6.6. Statin and Reactive Oxygen Species generation
Alvarez De Sotomayor et al. demonstrated that endothelium-dependent
relaxation

induced

by

simvastatin

was

significantly

inhibited

with

superoxide dismutase (SOD) incubation in rat aorta. Such an observation
highlighted the participation of free radicals in

simvastatin-induced

relaxation. On the other hand, acetylcholine-induced aortic relaxation was
inhibited in simvastatin or atorvastatin-dosed rats (Parker et al., 2003).
The

latter

study

suggested

an

increased

reactive

oxygen

species

generation with the lipophilic simvastatin or atorvastatin, but not the
hydrophilic pravastatin. Other reports have also demonstrated impaired
endothelial relaxation to acetylcholine following lovastatin treatment
(Roullet et al., 1993, Roullet et al., 1995). Furthermore simvastatin
treatment resulted in AMPK activation through reactive nitrogen species
(Choi et al., 2008). As simvastatin has been shown to inhibit different
mitochondrial complexes in the respiratory chain (Nadanaciva et al.,
2007b), it is possible that simvastatin could stimulate mitochondrial
reactive oxygen species (ROS) generation which in turn might regulate
vascular

tone.

Interestingly,

endothelium-dependent

coronary

vasodilatation operates through NADPH oxidase-derived ROS to activate
Akt-eNOS axis (Feng et al., 2010). NADPH oxidase–mediated ROS release
is associated with increased Rac1 activity (Sohn et al., 2000, Wassmann et
al., 2002, Maack et al., 2003). The critical process in the activation of
NADPH oxidase is the isoprenylation of Rac1 via geranylgeranylation, with
subsequent translocation to the cell membrane (Seshiah et al., 2002).
Thus, simvastatin treatment may contribute to inhibition of NADPH
oxidase-mediated superoxide generation via targeting of Rac1 activation
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(Erdos et al., 2006). Taking these published data into account, it is
plausible that simvastatin could modulate coronary vascular tone via ROS.
Such properties of statins might partly account for their early benefits in
cardiovascular events.

1.7. Mitochondria
The main function of mitochondria is thought to be the synthesis of ATP
which is used as an energy source by many cellular processes (Buttgereit
and Brand, 1995). Mitochondrial oxidative phosphorylation employs the
energy released by the oxidative transfer of electrons, from chemicallyreduced substrates, to oxygen in order to generate transmembrane
electrochemical gradient, the mitochondrial proton motive force (ΔP), The
latter is subsequently used to power the phosphorylation of ADP via ATP
synthase (Hatefi, 1985).

1.7.1. Mitochondrial oxidative phosphorylation
Mitochondria

are

intracellular

organelles

found

in

all

human

cells

responsible for aerobic metabolism by oxidative phosphorylation. They are
composed mainly of two lipid bi-layer membranes. The two membranes
differ considerably in their permeability. The outer membrane is rich with
cholesterol and permeable to ions, a property attributed to voltage
dependent anion-selective channels (VADC) (Liu and Colombini, 1992). By
contrast, the inner membrane is devoid of cholesterol and impermeable to
ions. The latter is folded to form a shelf-like structure called “cristae” which
are filled with enzymes that extract energy from nutrients. Embedded in
the inner membrane are the proteins that are involved in the process of
electron transport (Murphy and Smith, 2000). The space between the two
membranes is called the intermembrane space. The electron carrier
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proteins are arranged side by side like a chain. Three of these proteins are
ion pumps. Most of the energy harvested is held in energy carriers such as
NADH and FADH2 (Figure 1.4). The first step in NADH oxidation by
complex I, or NADH-ubiquinone oxidoreductase, is the transfer of two
electrons from NADH to the flavin mononucleotide (FMN) within the
complex. Subsequently, these two electrons are passed from FMN to
ubiquinone (Q), these electrons reduce ubiquinone (UQ) to ubiquinol (QH 2)
which diffuses through the membrane to complex III. Energy from the
electrons are also used to pump H + ions from the matrix into the
intermembrane space (Hirst, 2010), The transfer of electrons can be
blocked by the inhibitor rotenone (Friedrich et al., 1994). Complex II,
succinate ubiquinone oxidoreductase is a second entry to the electron
transport chain starting from FADH2, produced through the citric acid
cycle, UQ is reduced to QH2 through the oxidation of FADH2 to FAD. This
step can be competitively inhibited by malonate (Thorn, 1953). Electron
transfer from succinate to ubiquinol does not release sufficient free energy
for proton translocation, and so, unlike complex I, complex II does not
pump protons to the intermembrane space. Therefore, complex II does not
contribute the generation of ΔP. Electrons continue to travel down their
electrochemical

gradient

to

complex

III,

ubiquinol

cytochrome-c

oxidoreductase. Cytochrome-bc1 in complex III transfers electrons from
QH2 to cytochrome-c. QH2 is oxidized back to UQ which is now able to
return to transport another pair of electrons, with the protons also being
transferred across the membrane (Fernie et al., 2004). The electron
transfer at complex III can be inhibited by antimycin A (Gao et al. 2003),
and this ultimately prevents the oxidation of ubisemiquinone molecules
bound at the Qo site by complex III. The electrons shift down to the last
protein of the chain, complex IV or cytochrome-c oxidase complex, with
more H+ ions being pumped into the intermembrane space (Verkhovsky et
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al., 1999). Complex IV then transfers electrons from cytochrome-c to
oxygen, the terminal electron acceptor, and water is formed as the final
product. The inner mitochondrial membrane is impermeable to H+ ions,
thus the intermembrane space generates a proton motive force across the
inner membrane of the mitochondria due to H+ gradient. Subsequently, the
H+ ions diffuse back to the matrix through special channel protein called
ATP synthase, complex V. The energy derived from the movement of these
protons is used to synthesize ATP from ADP and phosphate. Formation of
ATP by this mechanism is referred to as oxidative phosphorylation.
Mitochondria are characterized by an alkaline and negatively charged
matrix. Lipophilic cations can easily pass through the lipophilic barrier. As a
consequence mitochondria can trap lipophilic compounds, like simvastatin,
efficiently (Horobin et al., 2007).

1.7.2. Mitochondria and ROS generation in the vascular smooth muscle cells
The main enzymatic sources of superoxide production within the vascular
wall are mitochondrial electron transport chain (Freed et al., 2014),
NAD(P)H oxidase (Feng et al., 2010), cytochrome P450 Xanthine oxidoreductase (Fleming et al., 2001), nitric oxide synthases (Wang et al.,
2000) and cyclooxygenases and lipoxygenases (Gunasekar et al., 1998).
In addition to the generation of cellular energy, mitochondria also play an
important role in a wide range of cellular activities like cellular signalling
(Zhang and Gutterman, 2007). Mitochondria seem to be an important
redox signalling node because of the ROS generated by the respiratory
chain within the mitochondria. The site of the O2•– production is mainly
thought to be complex III (Chandel et al., 2000, Guzy et al., 2005). In the
matrix, the O2•– is converted to H2O2 by manganese superoxide dismutase
(Mn-SOD). The latter is present in high concentrations within the matrix
and it reacts very rapidly with O2•– (figure 1.4). The formed H2O2 can pass
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easily through mitochondrial membranes and acts as a redox signal from
the mitochondria to the rest of the cell. Complex III can also release O2•–
into the intermembrane space (St-Pierre et al., 2002, Muller et al., 2004,
Han et al., 2001). O2•–, within the intermembrane space, can either be
converted to H2O2 by an intermembrane space Cu,Zn-SOD or diffuse the
outer membrane to the cytosol through the voltage-dependent anion
channel. Although O2•– is shorter lived and less diffusible than H2O2. It can
act as a redox signal (Zhou et al., 2010).

Figure 1.4. The mitochondrial electron transport chain complexes I
and II reduce coenzyme Q via NADH and FADH2 electrons. Coenzyme Q in
turn shuttles the electrons to complex III, with subsequent transfer to
cytochrome c. Complex IV reduce molecular oxygen to water via electrons
from cytochrome c. The action of complexes I, III, and IV generates a
proton motive force across the inner membrane of the mitochondria, which
is used to phosphorylate ADP at ATP synthase. Complexes I and II
generate superoxide into the mitochondrial matrix through the incomplete
reduction of oxygen to superoxide, whereas complex III produces
superoxide into both the matrix and the intermembrane space. The
mitochondrial membrane potential (ΔΨm) is the electrochemical gradient
that is present across the inner mitochondrial membrane and is generated
by pumping H+ by complexes I,III,IV of the respiratory chain. This
potential is used to drive ATP synthesis via complex V.
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1.7.3. Mitochondria and ROS in the regulation of vascular tone:
ROS generation is traditionally considered as a pathological response since
free radicals in blood vessels quench NO produced by the endothelium with
resultant impairment in vasomotor function. However, experimental data
have shown that NADPH-mediated ROS, within the physiological levels, are
necessary to activate the phosphatidylinositol 3-kinase–Akt–endothelial NO
synthase axis. Subsequent endothelial NO synthesis mediates endothelialdependent coronary relaxation (Feng et al., 2010). H2O2 also mediates
coronary vessels relaxation via BKca channel activation (Barlow et al.,
2000, Thengchaisri and Kuo, 2003). Alternatively, H2O2 increased coronary
blood flow by acting directly on vascular smooth muscle via Kv channel
(Rogers et al., 2006). H2O2 might also act as EDHF in human mesenteric
arteries (Matoba et al., 2002).
In the large vessels, superoxide and hydrogen peroxide-activate calcium
sparks in the endothelial cells. The Ca2+ spark could raise local Ca2+
concentrations sufficiently to participate in eNOS activation, thereby
inducing endothelium-dependent relaxation (Gutterman, 2005) In fact,
H2O2 exposure could increase eNOS mRNA expression (Drummond et al.,
2000). On the other hand, in the small coronary arterioles, mitochondrial
respiratory chain-derived H2O2 was found to be responsible for flowmediated vasodilatation that was independent of NO (Cai, 2005). The
majority of ROS produced by the cells originates from mitochondrial
metabolism. Thus mitochondria could play a key role in cell signalling (Xi et
al., 2005, Zhang and Gutterman, 2007). In general, mild mitochondrial
depolarization or electron transport blockade induced ROS elevation with
increased calcium spark frequency, the latter stimulating KCa channels with
resultant cerebral artery vasodilation (Xi et al., 2005). By contrast, marked
depolarizations of the mitochondria using FCCP or rotenone reduced
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calcium spark activity, thereby reducing opening of BKCa channels. In
human coronary arterioles, complex I and III-derived H2O2 was responsible
for flow-mediated vasodilation (Liu et al., 2003). Moreover, mitochondrial
depolarization with subsequent activation of eNOS by ROS –independent
mechanisms had been suggested as a mechanism for cerebral artery
vasodilation (Katakam et al., 2013). On the other hand, ROS generation by
smooth muscle mitochondria could act as the initial stimulus for coldinduced cutaneous artery vasoconstriction through RhoA activation (Bailey
et al., 2005). Similarly, experiments under hypoxic conditions revealed
that increased mitochondrial peroxide generation might attenuate bovine
coronary arterial relaxation (Gao et al., 2009).

1.7.4. Interplay between mitochondria and cytosolic Ca2+ signals
Mitochondria are now have an acknowledged importance in the control of
physiological Ca2+ signals in various cell types, including smooth muscle.
The mitochondrial proton gradient and ∆ΨM drives Ca2+ uptake into the
organelle. Therefore, mitochondria may take up and sequester a large
amount of Ca2+ from the cytoplasm over a wide range of concentrations,
~200 nM to >10 µM, and modulate the time course and amplitude of Ca2+
signals (McCarron et al., 2012). Mitochondria also supply ATP for ion
pumps within the smooth muscle cell, thereby regulating Ca2+ efflux
(Drummond and Fay, 1996). The mitochondria appeared to be located
close to influx and release sites to modulate Ca 2+ signals (McCarron et al.,
2012) and the results suggest a new role for mitochondrial Ca 2+ influx in
regulating calcium release activated channel (CRAC) activity in intact cells
(Glitsch et al., 2002, Malli et al., 2003). Results also suggest mitochondrial
ROS can modulate voltage-gated Ca2+ channel (Fearon, 2006, Scragg et
al., 2008).
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1.7.5. Mitochondria as a target for statin therapy:
Considering the complexity of mitochondria, it is not surprising that they
could be a target for the statin-induced pleiotropic effects. Results have
shown that fluvastatin produces mitochondrial membrane depolarization in
human hepatocellular carcinoma cells (Zhang et al., 2010). Similarly,
simvastatin,

atorvastatin

and

lovastatin,

caused

a

dose-dependent

cytotoxicity of rat hepatocytes with subsequent ROS formation and
mitochondrial depolarization (Abdoli et al., 2013). It is well established
that the mevalonate pathway is involved not only in the biosynthesis of
cholesterol but also in the biosynthesis of ubiquinone, coenzyme Q10. The
latter is an obligatory coenzyme for mitochondrial enzyme complexes in
oxidative phosphorylation for the production of ATP. As such, HMG-CoA
reductase inhibitors block the cellular production of both cholesterol and of
coenzyme Q10 leading to impairment in mitochondrial bioenergetics, e.g.
simvastatin-induced CoQ10 deficiency has been proposed as a reason for
hepatotoxicity (Tavintharan et al., 2007). Similarly, simvastatin, but not
pravastatin, caused worsening of myocardial mitochondrial respiration
during ischaemia by reducing myocardial coenzyme Q10 levels (Satoh et
al., 1995). In skeletal muscle, statins induce toxicity which is related to
alterations in mitochondrial respiration calcium homeostasis (Kwak et al.,
2012, Galtier et al., 2012). In fact, the results have shown that simvastatin
and lovastatin inhibit complex I, II + III, IV and V in heart and liver
mitochondria

and

they

may

even

act

as

mitochondrial

uncoupler

(Nadanaciva et al., 2007a, Nadanaciva et al., 2007b). By contrast,
pravastatin has no observable effect on any of the complexes, which could
be related to the structural difference of the latter i.e. β-hydroxy acid in
pravastatin in comparison to lactone ring in simvastatin (Nadanaciva et al.,
2007a, Nadanaciva et al., 2007b).
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Conversely,

simvastatin

attenuated

mitochondrial

membrane

depolarization in the cardiac myocytes after exposure to oxidative stress
(Jones et al., 2003b). Similarly, in isolated rat liver mitochondria,
simvastatin and atorvastatin have antioxidative properties by lowering
intra-mitochondrial ionized calcium (Parihar et al., 2011). Interestingly,
opposite effects of simvastatin on mitochondria from cardiac and skeletal
muscles have been suggested i.e improvement of antioxidant capacities in
heart, while conversely the ROS production by the skeletal muscle induced
mitochondrial impairments (Bouitbir et al., 2012). Collectively, these data
confirm mitochondrial modulation by simvastatin; the mechanism needs to
be carefully considered.

1.8. Starting hypothesis:
As well as reducing plasma cholesterol levels, statins induce acute
vasorelaxation which may contribute to the overall benefits of statins in the
treatment of cardiovascular disease. The mechanism underlying this
relaxation is unknown. Statins have been shown to alter mitochondrial
function. Therefore, this study investigated the role of mitochondria in the
relaxation to simvastatin.
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CHAPTER II: ACUTE EFFECTS OF SIMVASTATIN ON
PORCINE CORONARY TONE: ROLE OF KATP AND
MITOCHONDRIA
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2.1. INTRODUCTION
HMG-CoA reductase inhibitors, or statins, are the drug of first choice for
treatment of hypercholesterolemia (Dansette et al., 2000, Pedersen et al.,
2004, Gupta et al., 2010). Treatment with statins reduces cardiovascular
risk and, more specifically, has a beneficial effect on coronary artery
disease (Waters et al., 1994). However, these beneficial effects cannot be
explained fully through reductions in plasma cholesterol levels (Omori et
al., 2002). A number of studies have demonstrated an effect of statins on
vascular tone (McGirt et al., 2002, Mukai et al., 2003, Lorkowska and
Chlopicki, 2005). These direct effects on vascular smooth muscle tone are
thought to underlie some of the improvements in cardiovascular outcomes
in patients on statins. Treatment with statins has also been shown to
improve endothelial function in disease states (Treasure et al., 1995,
Dupuis et al., 1999, Alvarez De Sotomayor et al., 2000, Tiefenbacher et
al., 2004). Indeed, statins have been shown to produce both endotheliumdependent and –independent relaxations of blood vessels. For example
simvastatin,

atorvastatin,

cerivastatin,

but

not

pravastatin,

display

endothelium-dependent vasorelaxation, suggested to be mediated by nitric
oxide and prostanoids (Alvarez De Sotomayor et al., 2000, Sonmez UydesDogan et al., 2005, Lorkowska and Chlopicki, 2005). Previous clinical
investigations demonstrated that the effects of statin on vascular coronary
tone occur within hours (Iida et al., 2007, Kono et al., 2013). Data from
the

isolated

heart

preparation

concentration-dependent

showed

coronary

that

simvastatin

vasodilatation

within

caused

a

minutes

(Gryglewski et al., 2001). Similarly, simvastatin elicits dilation of the
isolated porcine retinal arteriole within a few minutes (Nagaoka et al.,
2007).
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NO with PGI2 are essential for the maintenance of cardiovascular health
(Mitchell et al., 2008). NO has numerous beneficial effects including the
regulation of arterial tone and thus blood flow (Sausbier et al., 2000,
Drouin et al., 2007). Kureishi et al reported that simvastatin and
pravastatin

treatment

led

to

a

dose-dependent

increase

in

Akt

phosphorylation which is implicated in NO regulation within 15 minutes,
and peaked at about 1 hour (Kureishi et al., 2000). Moreover, lovastatin
and

pravastatin

stimulate

eNOS

phosphorylation

in

bovine

aortic

endothelial cells as early as 1 min which reach maximal levels at 30 min in
Akt-dependent manner (Harris et al., 2004). Similar evidence from bovine
aortic endothelial cell culture using nitric oxide electrode measurement has
demonstrated that simvastatin activates NO increase within 1 minute
(Kaesemeyer et al., 1999). In rat mesenteric artery, simvastatin acutely
phosphorylate

eNOS

and

modulate

vascular

contractility

via

AMPK

dependent phosphorylation (Rossoni et al., 2011). Activation of the soluble
guanylyl cyclase/cGMP pathway is generally considered to be a major
vasodilatory mechanism for NO (Sausbier et al., 2000). However, studies
have demonstrated that NO also elicits vasodilation through cGMPindependent pathways by activating potassium channels (Bolotina et al.,
1994, Deka and Brading, 2004).
The

results

regarding

prostacyclin

production

are

inconsistent.

For

example, atorvastatin increased the tissue concentration of COX2 as
downstream to eNOS phosphorylation (Birnbaum et al., 2005). Others, like
De Sotomayor et al. have suggested that simvastatin did not affect the
release of prostacyclin but it inhibited the generation of thromboxane A 2
from the COX-2 isoform (de Sotomayor et al., 2005). On the other hand,
lovastatin

diminished

Atorvastatin

also

has

prostacyclin
been

production

shown

to

(Zhou

reduce

the

et

al.,

2009).

expression

of
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cyclooxygenase-2 in cultured smooth muscles (Hernandez-Presa et al.,
2002).
Interestingly, in studies in which the hydrophilic pravastatin produces a
relaxation, the responses are dependent upon the presence of the
endothelium

(Jorge

et

al.,

2005,

Ghaffari

et

al.,

2011),

whereas

endothelium-independent effects only seem to be observed by lipophilic
statins (Tesfamariam et al., 1999, Bergdahl et al., 2003). This could be
due to differential expression in endothelial cells and smooth muscle cells
of organic anion transporters required for cellular uptake of hydrophilic
statins (Hasegawa et al., 2002).
As well as stimulating vasodilatation, our laboratory has demonstrated that
simvastatin

inhibits

β-adrenoceptor-mediated

relaxation

of

porcine

coronary artery (Uhiara et al., 2012). Previously, Seto et al have shown
that simvastatin inhibits Ca2+-activated K+ channels in coronary artery
smooth muscle (Seto et al., 2007), which may be responsible for the
inhibition of β-adrenoceptor-mediated relaxations. Moreover, Seto et al
provided evidence for KATP channel inhibition by simvastatin in porcine
coronary artery myocytes (Seto et al., 2013). On the other hand, Yang et
al

suggested

that

simvastatin

increased

coronary blood

flow

after

myocardial infarction via activation of the KATP channels (Yang et al., 2007).
Similarly, cerivastatin-induced rat aortic ring relaxation was significantly
reduced in the presence of glibenclamide, a K ATP channel blocker, and
ouabain, a Na+-K+ ATPase inhibitor (Sonmez Uydes-Dogan et al., 2005).
Rosuvastatin has been proposed to improve Ca2+-activated K+ channel
function (Miller et al., 2004). Indeed, rosuvastatin-induced relaxation of rat
aorta may be due to opening of Ca2+-activated K+ channels (Lopez et al.,
2008). In the last few years H2S has been suggested to be other mediator
of statins’ relaxant effect via KATP channel activation (Wojcicka et al.,
2011).
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On the other hand, alteration of mitochondrial function could be proposed
as the main mechanism by which statins regulate vascular smooth muscle
tone (Liu et al., 2003). Clearly, simvastatin has been proved to cause
mitochondrial depolarization in skeletal muscle (Sirvent et al., 2005b) and
hepatocytes (Abdoli et al., 2013). In fact, simvastatin and lovastatin inhibit
mitochondrial complexes I, II, III, IV and V, and may even act as
respiratory uncouplers. By contrast, pravastatin has no observable effect
(Nadanaciva et al., 2007a, Nadanaciva et al., 2007b). Similarly, fluvastatin
has been shown to produce depolarization of the mitochondrial membrane
(Zhang et al., 2010). Inhibition of mitochondrial activity could lead to an
increase in production of reactive oxygen species (ROS). An in vitro study
using NO and superoxide sensor provided direct evidence that vascular
endothelial cells released NO with concurrent release of superoxide within
seconds after statin addition (Dobrucki et al., 2001). Interestingly, Alvarez
de Sotomayor et al reported that the relaxation to simvastatin was
sensitive to superoxide dismutase incubation, thus superoxide anion might
contribute towards the actions of simvastatin on vascular tone (Alvarez De
Sotomayor et al., 2000). ROS from mitochondria can activate Ca2+activated K+ channels through generation of short, calcium sparks, leading
to vasodilatation (Xi et al., 2005). Acute stimulation of mitochondrial
superoxide generation in some cases is required for eNOS activation
(Rowlands et al., 2011). Moreover, Katakam et al provided evidence for
eNOS activation via pharmacological depolarization of the endothelial
mitochondria (Katakam et al., 2013). On the other hand, data suggest a
cross talk between mitochondria and NADPH oxidases (Doughan et al.,
2008). For example, the complex I inhibitor, rotenone, or complex III
inhibitor, myxothiazol, inhibit mitochondrial ROS production and prevent
activation of NADPH oxidase (Lee et al., 2006, Rathore et al., 2008).
Furthermore,

inhibition

of

mitochondrial

respiration

might

depress
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intracellular ATP levels with subsequent KATP channels activation and
smooth muscle relaxation (Yang et al., 2007, Tavackoli et al., 2004).
The aim of this study was to determine the effect of simvastatin on porcine
coronary tone,

and

to determine whether

the

effects induced

by

simvastatin were mediated by NO, PGI2 and/or KATP channels, and to
examine the role of mitochondria as a possible target for simvastatinmediated effects.
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2.2. MATERIALS AND METHODS
2.2.1. Materials
Simvastatin, pravastatin, lovastatin and the sodium salt of simvastatin
were obtained from Tocris Cookson, Bristol UK. Rotenone, antimycin A, 3nitropropionic acid (3-NP), 4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione
(TTFA), FCCP, oligomycin, TEA, 4-aminopyridine, glibenclamide, ebselen,
PEG-catalase, DETCA, AOAA, PPG, U46619, rhodamine 123, nifedipine and
indomethacin were obtained from Sigma-Aldrich, Poole, UK. KrebsHenseleit buffer (NaCl 118, KCl 4.8, CaCl2.H2O 1.3, NaHCO3 25.0, KH2PO4
1.2, MgSO4.7H2O, glucose 11.1 in mM). Mitochondrial isolation buffer:
Mannitol 210 mM, Sucrose 70mM, EDTA 1mM, Trizma 50mM (pH 7.4).
Mitochondrial respiration buffer (potassium chloride 100 mM, mannitol 75
mM, sucrose 25mM, Trizma 10 mM, EDTA 0.1 mM, potassium dihydrogen
phosphate 10 mM, magnesium sulphate 1 mM pH 7.1) at 37 oC. Medium
231 (Invitrogen) is a basal medium for the growth of human vascular
smooth muscle cells. This medium is HEPES and bicarbonate buffered and
is designed for use in an incubator with an atmosphere of 5% CO2/95%
air. Medium 231 is supplemented with smooth muscle growth supplement
to induce differentiation of normal human vascular smooth muscle cells:
fetal bovine serum 5% v/v, recombinant human basic fibroblast growth
factor 2 ng/ml, recombinant human epidermal growth factor 0.5 ng/ml,
and insulin 2 µg/ml. Hanks buffer containing (in mM): 5.6 KCl, 138 NaCl,
4.2 NaHCO3, 1.2 NaH2PO4, 2.6 CaCl2, 1.2 MgCl2, 5 glucose and 10 HEPES
[pH 7.4].
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2.2.2 .Tissue Preparation
Porcine coronary arteries were used to characterize the effects of
simvastatin (Sahni et al., 2008, Suzuki et al., 2011). Porcine hearts from
pigs of both sexes were obtained from a local abattoir and transported
back to the laboratory in an ice box containing Krebs-Henseleit buffer
gassed with a mixture of 95% O2 and 5% CO2. A crude dissection was
conducted to isolate the anterior proximal descending branch of the
coronary artery. The artery was dissected out and cleaned of fat and
connective tissues as previously described (Uhiara et al., 2012). The
vessels were stored overnight at 4ºC in Krebs–Henseleit solution pregassed with 95% O2: 5% CO2. Previous experiments have demonstrated
that these conditions have negligible effect on contractile and vasodilator
function in isolated blood vessels (Lot and Wilson, 1994). On the next day,
a fine dissection was performed to remove any excess connective tissues,
fibers and fat. The artery segments were cut into rings of approximately 5
mm in length and these pieces then were ready to use in the experiment.
Each coronary ring was suspended between two stainless steel metal
hooks in 5 ml organ baths. The upper hook was connected to a force
transducer for isometric tension recording while the other was connected
to a glass support. Each bath was filled with 5 ml of Krebs-Henseleit
solution and was connected to a thermostat to maintain the temperature at
37oC and constantly gassed with carbogen (95% O2, 5% CO2). The whole
setup was linked to Powerlab data acquisition system via an amplifier (AD
Instruments). The transducers were calibrated with a weight of 10 grams.

2.2.3 Isometric tension recording
Tissues were initially pre-tensioned to 8 g, determined from preliminary
studies and then left to relax to baseline for approximately 45-60 minutes.
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Once a stable baseline was reached, two consecutive KCl responses with
bath concentration of 60 mM were obtained for standardization. After
about 10-15 min the tissue was washed out with Kreb-Henseleit, and then
left for 30 min for the tone to re-stabilize to baseline. To elicit reproducible
responses, the process was then repeated with a second KCl addition to
each ring segment. Once again, the tissue was washed out with KrebHenseleit solution, to allow the segment tone to return to baseline. After
about 30 min minutes, cumulative addition of U46619 (20 nM to 30 nM), a
thromboxane A2-mimetic, was added to stimulate tissue contraction to
about 50-70% of the second KCl response before addition of a single
concentration of simvastatin (300 nM to 10 µM), sodium salt of
simvastatin, lovastatin or pravastatin (all 10 µM) once an appropriate level
of U46619 response had been achieved (figure 2.2). Control tissues
contained vehicle only (0.1% v/v DMSO for simvastatin and lovastatin).
The tone was measured for a further 2 hours. In separate experiments, the
effect of simvastatin after pre-contraction with endothelin-1 (10-30 nM) or
40-60 mM KCl was determined. In all experiments, the concentration of
contractile agent was adjusted to obtain a similar level of pre-contraction
between tissues. The general experimental protocol described above was
repeated for each treatment experiments.

2.2.3.1. The role of endothelial factors in the relaxation response to
simvastatin
In order to determine the role of endothelial factors on the effects of
statins, tissues were incubated with the nitric oxide synthase inhibitor, LNAME (300 µM), the cyclooxygenase inhibitor indomethacin (10 µM) or a
combination of the two for 30-60 minutes prior to pre-contraction with
U46619. The role of the endothelium in the statin-induced relaxation was
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determined by endothelium denudation, achieved by gently rubbing the
innermost surface of the artery with a pair of fine forceps on a wet tissue
paper before attaching it to the setup. Successful removal of endothelium
was tested at the end of the experiment with substance P (10 nM).
Endothelium denuded segments which relaxed to less than 10% of the
U46619-induced contraction were considered acceptable.

2.2.3.2 The role of K+ channels in the relaxation response to simvastatin
In some experiments, to evaluate the role of K + channels, the segments
were

incubated

with

the

non-selective

K+

channel

blocker

tetraethylammonium (TEA; 10 mM), KATP channel blocker glibenclamide (3
µM) or the Kv channel blocker 4-aminopyridine (1 mM) for 60 minutes prior
to addition of U46619. Such concentrations of K+ channel blockers have
been shown effective in previous studies. Glibenclamide (10 µM) inhibits
coronary contraction significantly, while K v blockers 4-AP (10 µM) increases
basal tone more than 50%.

2.2.3.3 The role of Na+-K+ ATPase pump in the relaxation response to
simvastatin
In order to determine the role of the Na+-K+ ATPase pump in the relaxation
response,

rings

were

pre-incubated

with

10

µM

ouabain.

Such

concentration has been used in a previous study (Sonmez Uydes-Dogan et
al., 2005). In another set of experiments, a lower concentration of ouabain
(100 nM) was shown to be effective in this tissue (see chapter IV).

2.2.3.4. The role of H2S in the relaxation response to simvastatin
The possible involvement of H2S in the relaxation response to simvastatin
(Wojcicka et al., 2011) was examined by incubating the tissues with the
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H2S synthesizing enzyme inhibitors amino-oxyacetic acid, AOAA, (100 µM)
and propargylglycine, PPG, (10 µM) prior to pre-contraction with U46619.

2.2.3.5. Role of reactive oxygen species in the relaxation response to
simvastatin

The role of reactive oxygen species in the relaxation response to statins
was investigated by pre-incubation with a combination of ebselen (10 µM),
a scavenger of hydrogen peroxide, PEG-catalase (300 Uml-1), which
metabolises hydrogen peroxide, and PEG-superoxide dismutase (100 Uml 1

), which metabolises superoxide free radicals. In a separate set of

experiments, tissues were incubated with diethylthiocarbamate (DETCA),
which inhibits superoxide dismutase (10 mM).

2.2.3.6. The role of NADPH inhibition in the relaxation response to
simvastatin:
To examine a possible link between simvastatin relaxation and NADPH
oxidase inhibition, tissues were exposed to the NADPH oxidase inhibitor
DPI (10 µM), prior to pre-contraction with U46619.

2.2.3.7. Role of mitochondria in the relaxation response to simvastatin
To determine the role of mitochondria in simvastatin-induced relaxation,
rings were incubated for 30 min prior to addition of U46619 with rotenone
10 µM, a complex I inhibitor, 3-NP and TTFA, complex II inhibitors (both at
10 µM), antimycin A 10 µM, an inhibitor of complex III at Qi site,
myxothiazol 10 µM, an inhibitor of complex III at Qo site. The effect of
FCCP 1 µM, a respiratory chain uncoupler, and oligomycin 10 µM, a Fo/F1
ATP synthase inhibitor were also determined.
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2.2.4. Assessment of Mitochondrial membrane potential using Rh123:
Mitochondria are involved in a large variety of cellular functions. A
characteristic feature of mitochondria is the generation of a large
transmembrane potential mediated by the H+ transport through activity of
the respiratory chain. Modulation of the mitochondrial potential has been
implicated in many different pathological situations (Lu et al., 2010).
Therefore, the determination of the mitochondrial potential is important for
the understanding of cellular functions. Rhodamine 123 (Rh123) is used to
measure changes in mitochondrial potential with time (Palmeira et al.,
1996). When the concentration of Rh123 is above threshold, quenching of
the indicator occurs. On mitochondrial depolarization, dye moves out from
the organelles thus increasing the fluorescence signal (Johnson et al.,
1981). On the other hand, mitochondrial membrane hyperpolarization will
decrease fluorescence intensity due to further concentration of the dye in
the mitochondria.

2.2.4.1 Effect of statins on mitochondrial function isolation from porcine
hearts:

Initial studies to determine the effect of statins on mitochondrial
membrane potential were carried out using mitochondria obtained from
porcine hearts. Heart tissue was washed with isolation buffer (Mannitol 210
mM, Sucrose 70mM, EDTA 1mM, Trizma 50mM, pH 7.4) to remove excess
blood and weighed. Then about 1 g of tissue was chopped with scissors
and homogenised in 10 ml of ice-cold isolation buffer using an ultra-turax
homogenizer at 150 rpm for 10 min. Mitochondria were isolated from the
tissue as previously described with minor modification (Frezza et al.,
2007). Homogenate then centrifuged at 1000xg for 5 min to remove nuclei
and unhomogenised material. The supernatant was then spun at 5000xg
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for 10 min. The resulting supernatant was discarded and the pellet resuspended. This was re-centrifuged at 5000xg for 15 min. The resultant
pellets were then re-suspended in a minimum volume of isolation buffer
and kept ice cold (figure 2.1). Mitochondria were added to respiration
buffer (potassium chloride 100 mM, mannitol 75 mM, sucrose 25mM,
Trizma 10 mM, EDTA 0.1 mM, potassium dihydrogen phosphate 10 mM,
magnesium sulphate 1 mM, pH 7.1) at 37oC. Glutamic acid 10 mM, and
malic acid 2.5 mM were added to provide respiratory substrates for the
mitochondria. Then Rh123 (200 nM) was added to the mixture. Changes in
fluorescence of Rh123 were measured at an excitation wavelength of 503
nm, and emission 527 nm using a fluorometer (Hitachi F-2500). After the
addition of the Rh123 and establishment of a steady reading, mitochondrial
addition resulted in rapid drop in the fluorescence reading caused by
quenching of the dye in the mitochondria. After the fluorescence reached a
new steady state, the compounds of interest, simvastatin, lovastatin,
pravastatin (10 µM each) in a minimum volume of solvent were examined.
Finally, FCCP 1 µM was added at the end to completely uncouple the
mitochondria and cause the fluorescence to raise as a positive control.
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Figure 2.1: Isolation of mitochondria from pig heart.

2.2.4.2. Effect of statins on mitochondrial function in isolated vascular
smooth muscle cells.
In order to determine whether statins alter mitochondrial membrane
potential ΔΨm in intact cells, human aortic smooth muscle cells (Lonza;
passages 7 to 9) were grown on sterilized glass cover slips were loaded
with 20 μg ml–1 Rh 123 at 37°C for 10 min in Hanks buffer containing (in
mM): 5.6 KCl, 138 NaCl, 4.2 NaHCO3, 1.2 NaH2PO4, 2.6 CaCl2, 1.2 MgCl2,
10 glucose and 10 HEPES with 5 mmol/L glucose (pH 7.4). Cover slips
were then washed with HANKS and placed in a superfusion system. Cells
were continuously illuminated at an excitation wavelength of 485±10 nm
at the lowest light intensity that gave a fluorescent signal. The emitted
light was long pass filtered at 515 nm and visualised with a Zeiss
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PlanNeofluar 40X/1.3 oil objective (Carl Zeiss Ltd, Welwyn Garden City,
Herts, UK) heated to 32°C with an Bioptechs objective heater (Intracel
LTD, Royston, Herts, UK). Images were captured at a frequency of 1Hz
with a Photonics ISIS CCD camera, DT3155 frame grabber (Data
translation,

UK)

and

Imaging

workbench

software

(IW5.2

INDEC

BioSystems, Santa Clara, CA, USA). Mitochondrial membrane potential
during perfusion with simvastatin or pravastatin (both 10 µM) was
monitored by the distribution of Rh123 across the inner mitochondrial
membrane. Control cells were perfused with vehicle only (0.1% v/v
DMSO). Images were analyzed using equation below:
(A-100)/ (B-100)*100
Where the basal fluorescence is considered to be 100 i.e. mitochondria is
fully polarized. A value represents the increase in fluorescence induced by
simvastatin, and B value represents the maximum fluorescence induced by
FCCP perifusion.

2.2.4.3. Effect of statins on mitochondrial function in intact porcine coronary
artery
In order to determine if statins alter mitochondrial membrane potential in
intact blood vessels, coronary artery segments were incubated with Rh123
(10 µg/ml) at 37 °C for 10 min in Krebs-Henseleit buffer. The tissue was
then washed twice with Krebs-Henseleit buffer and placed in a cuvette in a
fluorometer (Hitachi F-2500) at 37 °C. Changes in fluorescence of Rh123
were measured at an excitation wavelength of 503 nm, and emission 527
nm. Fluorescence signals were allowed to stabilise before addition of
simvastatin (10 µM), or DMSO (0.1% v/v) and fluorescence measured for
about 20 min. Experiments were terminated by adding FCCP (1 µM) to
uncouple mitochondrial respiration and establish the maximum release of
Rh123.
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2.3. Data Analysis
The relaxation responses were expressed as a percentage change from the
agonist-induced pre-contraction over time. Values for all figures refer to
mean ± SEM. Negative numbers indicate relaxation. Relaxation responses
over time were compared by using two-way analysis of the variance
(ANOVA) followed by a Bonferroni post-hoc test. Differences were
considered to be significant when the P value was < 0.05. Changes in
Rh123 fluorescence were analyzed by one-way ANOVA, followed by
Tukey's multiple comparisons test. *** indicates p < 0.001, ** indicates
p<0.01, * indicates p<0.05 (2- way ANOVA followed by a Bonferroni posthoc test) versus values obtained from the solvent control DMSO (0.1%
v/v).

2.4. RESULTS
2.4.1. Acute effects of lipophilic versus hydrophilic statins on rings
precontracted with U46619, ET-1 and KCl:
2.4.1.1. Effect of simvastatin and lovastatin:
As shown in figure 2.2 & 2.3, acute application of simvastatin elicited a
concentration and time-dependent relaxation in pig proximal coronary
artery pre-contracted submaximally with U46619. A lower concentration of
simvastatin (300 nM) also produced a slow, time-dependent relaxation, but
this did not achieve significance until 145 minutes (figure 2.4). A similar
relaxation to simvastatin was obtained with coronary arteries precontracted submaximally with 10-30 nM endothelin-1 and 30-40 mM KCl
(fig. 2.5 & 2.6).
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Figure 2.2. Original organ bath trace for simvastatin induced
porcine coronary relaxation: KCl (60 mM) bath concentration were
obtained for standardization, after about 10-15 min the tissue was washed
out with Kreb-Henseleit, and then left to re-stabilize to baseline. Then
cumulative addition of U46619 was added to stimulate tissue contraction to
about 50-70% of KCl response before addition of a single concentration of
simvastatin (3 µM or 10 µM). Control tissues contained vehicle only (0.1%
v/v DMSO.

Figure 2.3. Effect of simvastatin (1 µM or 10 µM) in porcine coronary
artery rings pre-contracted with U46619. Data are expressed as a
percentage relaxation of the U46619-induced contraction and are mean ±
SEM from 6-9 different animals.
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Figure 2.4. Effect of simvastatin (300 nM) in porcine coronary artery rings
pre-contracted with U46619. Data are expressed as a percentage
relaxation of the U46619-induced contraction and are mean ± SEM from 5
different animals.

Figure 2.5. Effect of simvastatin (10 µM) in porcine coronary artery rings
pre-contracted with 10-30 nM ET-1. Data are expressed as a percentage
relaxation of the ET-1-induced contraction and are mean ± SEM from 9
different animals.
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Figure 2.6. Effect of simvastatin (10 µM) in porcine coronary artery rings
pre-contracted with 40-60 mM KCl compared to U46619 pre-contraction.
Data are expressed as a percentage relaxation of the KCl-induced
contraction and are mean ± SEM from 7 different animals.

The doses of simvastatin used in the study are supra-therapeutic compared
(3-10 μM) to the doses used in hypercholesterolemia patients. However,
the ranges of doses are very similar to those used in other in vitro studies
of simvastatin (1–30 μM) (Luckhoff et al., 1988, Lorkowska et al., 2004),
In fact, nonspecific tissue cytotoxicity was not involved with 10 µM
simvastatin in vascular smooth muscle, as determined by another study
(Kang et al., 2014). Moreover, coronary segments incubated with 10 μM
simvastatin (1 h) have a comparable contractile response to DMSO-treated
control segments (figure 2.7). Similarly, smooth muscle cells incubated
with simvastatin 10 μM respond normally to 60 mM KCl depolarization after
simvastatin washout (chapter III, figure 3.15).
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Figure 2.7. Contractile response of coronary segment treated with
simvastatin. Coronary segments incubated with 10 μM simvastatin
(statin) or DMSO as a solvent control for 1 h. Then U46619 (20 nM) was
added to both segments to stimulate tissue contraction. As shown the
statin treated segment had comparable response to DMSO treated
segment.

Lovastatin (10 μM), another lipophilic HMG-CoA reductase inhibitor, also
elicited a slow, time-dependent relaxation in a manner similar to
simvastatin (figure 2.8).
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Figure 2.8. Effect of lovastatin (10 µM) in porcine coronary artery rings
pre-contracted with U46619. Data are expressed as a percentage
relaxation of the U46619-induced contraction and are mean ± SEM from 8
different animals.

2.4.1.2. Effect of pravastatin and sodium salt of simvastatin:
On the other hand, neither pravastatin nor the sodium salt of simvastatin
(figure 2.9 & 2.10) caused any significant relaxation in pig proximal
coronary artery pre-contracted submaximally with U46619.

Figure 2.9. Effect of pravastatin (10 µM) in porcine coronary artery rings
pre-contracted with U46619. Data are expressed as a percentage
relaxation of the U46619-induced contraction and are mean ± SEM from 8
different animals.
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Figure 2.10. Effect of sodium salt of simvastatin (10 µM) in porcine
coronary artery rings pre-contracted with U46619. Data are expressed as a
percentage relaxation of the U46619-induced contraction and are mean ±
SEM from 8 different animals.

2.4.2. Role of endothelium-derived vasodilator factors in the relaxation
response to simvastatin.
Pretreatment of the porcine coronary rings with a nitric oxide synthase
inhibitor, L-NAME 300 µM had no significant effect on the relaxation to 10
µM & 3 µM simvastatin (figure 2.11A & 2.12 respectively). L-NAME 300 µM
incubation increased basal tone of the isolated coronary segments by 1020 % of the basal tone (figure 2.11B). Similarly, the cyclooxygenase
inhibitor, indomethacin 10 µM (figure 2.13), or a combination of the two
compounds (figure 2.14) had no significant effect on the relaxation to 10
µM simvastatin. Similar concentrations of L-NAME and indomethacin
diminished simvastatin relaxation in bovine coronary artery in a previous
study

(Lorkowska

and

Chlopicki,

2005).

Similarly,

removal

of

the

endothelium had no effect on the relaxation response to simvastatin
(figure 2.15).
A-
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B-

Figure 2.11. (A) Effect of L-NAME (300 µM) on relaxations to simvastatin
(10 µM) in porcine coronary artery rings pre-contracted with U46619. Data
are expressed as a percentage relaxation of the U46619-induced
contraction and are mean ± SEM from 17 different animals. (B) Original
organ bath trace for simvastatin induced porcine coronary relaxation in the
presence of L-NAME: Contractions to KCl (60 mM) were used for
standardization KCl, after about 10-15 min the tissue was washed out with
Kreb-Henseleit, and then left to re-stabilize to baseline. L-NAME (300 µM)
was added to one segment and compared with the control segment. As
shown, L-NAME incubation increased basal tone of the coronary segment.
Then a cumulative addition of U46619 was added to stimulate tissue
contraction to about 50-70% of KCl contraction before the addition of a
single concentration of simvastatin (10 µM). Control segments treated with
simvastatin vehicle only (0.1% v/v DMSO).
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Figure 2.12. Effect of L-NAME (300 µM) on relaxations to simvastatin (3
µM) in porcine coronary artery rings pre-contracted with U46619. Data are
expressed as a percentage relaxation of the U46619-induced contraction
and are mean ± SEM from 5 different animals.

Figure 2.13. Effect of indomethacin (10 µM) on relaxations to simvastatin
(10 µM) in porcine coronary artery rings pre-contracted with U46619. Data
are expressed as a percentage relaxation of the U46619-induced
contraction and are mean ± SEM from 6 different animals.

Figure 2.14. Effect of indomethacin (10 µM) and L-NAME (300 µM)
combination on relaxations to simvastatin (10 µM) in porcine coronary
artery rings pre-contracted with U46619. Data are expressed as a
percentage relaxation of the U46619-induced contraction and are mean ±
SEM from 6 different animals.
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Figure 2.15. Effect of endothelium removal on relaxations to simvastatin
(10 µM) in porcine coronary artery rings pre-contracted with U46619. Data
are expressed as a percentage relaxation of the U46619-induced
contraction and are mean ± SEM from 12 different animals.

2.4.3. Role of AMPK in the relaxation response to simvastatin.
A previous study by Rossoni et al demonstrated that AMP kinase plays a
role in the simvastatin mediated relaxation of isolated rat mesenteric
resistance arteries (Rossoni et al., 2011). However, in the porcine coronary
artery, incubation with the AMP kinase inhibitor dorsomorphin (10 µM) had
no effect on simvastatin (10 µM) relaxation (figure 2.16).

Figure 2.16. Effect of dorsomorphin (10 µM) on relaxations to simvastatin
(10 µM) in porcine coronary artery rings pre-contracted with U46619. Data
are expressed as a percentage relaxation of the U46619-induced
contraction and are mean ± SEM from 9 different animals.
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2.4.4. Role of K+ Channels in the relaxation response to simvastatin
The incubation of coronary rings with the non-selective K+ channel blocker
TEA (10 mM), the KATP channel blocker glibenclamide (3 µM), or the Kv
blocker 4-aminopyridine (1 mM) had no effect on the relaxant responses to
simvastatin (figure 2.17, 2.18 and 2.19 respectively). Since NO acts by
activation of cGMP or directly by the activation of potassium channels
(Bolotina et al., 1994), we have examined the combination of TEA (10 mM)
and L-NAME (300 µM) on simvastatin relaxation. The combination as
shown in (figure 2.17) had no effect on simvastatin relaxation in porcine
coronary vessels. Previous studies have shown that TEA 1-10 mM is
effective in Kca block (White et al., 2001, Bratz et al., 2008). In this study,
the maximum effective concentration has been used to examine the effect
of Kca channel on simvastatin 10 µM mediated relaxations. TEA 10 mM
incubation increased contraction of the isolated coronary segments by 2030 % of the basal tone (Heaps and Bowles, 2002).

Figure 2.17. Effect of TEA (10 mM) alone or in combination with L-NAME
(300 µM) on relaxations to simvastatin (10 µM) in porcine coronary artery
rings pre-contracted with U46619. Data are expressed as a percentage
relaxation of the U46619-induced contraction and are mean ± SEM from
10 different experiments.
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The effect of glibenclamide 10 µM was examined on simvastatin 10 µM
relaxation. The concentrations of U46619 required to pre-contract coronary
segments

treated

with

glibenclamide

was

much

higher

than

the

concentration required to contract the control rings i.e. 40-50 nM for the
treated rings compared to 10 nM for the control rings, thus glibenclamide 3
µM was chosen to examine the effects of KATP block on simvastatin
relaxation. Such a concentration has been proved to effectively block KATP
channels in porcine and human coronary arteries (Gollasch et al., 1995). In
our experiments, glibenclamide incubation had no effect on basal tone of
the porcine isolated coronary arteries in organ bath preparation. Similarly
O'Rourke et al have shown that KATP channel block has no effect on porcine
coronary tone (O'Rourke, 1996).

Figure 2.18. Effect of glibenclamide (3 µM) on relaxations to simvastatin
(10 µM) in porcine coronary artery rings pre-contracted with U46619. Data
are expressed as a percentage relaxation of the U46619-induced
contraction and are mean ± SEM from 7 different animals.

The role of Kv in simvastatin relaxation has been examined by incubation
with Kv channel blocker, 4-AP, 10 µM. However such concentration of 4-AP
increased the coronary segments tone up to 70-90 % of the basal tone.
Previous study has shown that 4-AP increases coronary basal tone even
more than TEA (Heaps and Bowles, 2002). Thus lower concentration of 4-
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AP 1 mM have been used in our experiment to examine the effects of K v
block on simvastatin 10 µM relaxation, such concentration increased the
basal tone by 10-20% only.

Figure 2.19. Effect of 4-AP (1 mM) on relaxations to simvastatin (10 µM)
in porcine coronary artery rings pre-contracted with U46619. Data are
expressed as a percentage relaxation of the U46619-induced contraction
and are mean ± SEM from 6 different animals.

2.4.5. Role of the mitochondria in the relaxation response to simvastatin.
2.4.5.1 Effect of Mitochondrial Inhibitors on Simvastatin-induced relaxations.
Rotenone (10 μM), a complex I inhibitor, caused ~25% inhibition of the
simvastatin relaxation in pig coronary rings pre-contracted with U46619
(figure 2.20 A&B & 2.23). Similarly myxothiazol (10 μM), a complex III
inhibitor, partially inhibited simvastatin relaxation ~20% (figure 2.21
A&B). A combination of rotenone and myxothiazol caused further inhibition
of the relaxation to simvastatin ~30% (figure 2.22 A&B & 2.23). On the
other hand, antimycin A (10 μM), another complex III inhibitor did not
modify the relaxant effect of simvastatin (figure 2.24 A&B). The complex II
inhibitors

4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione

(TTFA),

3-

nitropropionic acid (3-NP) (both 10 µM) and malonate 1 mM had no effect
on the simvastatin response (figure 2.25, 2.26 & 2.27). Concentrations of
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the inhibitors were chosen according to previous studies to achieve a
complete inhibition of specific electron transport sites in each complex.
A-

B-

Figure 2.20. (A) Effect of rotenone (10 µM) on relaxations to simvastatin
(10 µM) in porcine coronary artery rings pre-contracted with U46619. Data
are expressed as a percentage relaxation of the U46619-induced
contraction and are mean ± SEM from 10 different animals. (B) Original
organ bath trace for simvastatin induced porcine coronary relaxation in the
presence of rotenone (10 µM) : KCl (60 mM) bath concentration were
obtained for standardization, after about 10-15 min the tissue was washed
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out with Kreb-Henseleit, and then left to re-stabilize to baseline. rotenone
(10 µM) was added to one segment and compared with the control
segment (DMSO). Then a cumulative addition of U46619 was added to
stimulate tissue contraction to about 50-70% of KCl contraction before the
addition of a single concentration of simvastatin (10 µM).
A-

B-

Figure 2.21. (A) Effect of myxothiazol (10 µM) on relaxations to
simvastatin (10 µM) in porcine coronary artery rings pre-contracted with
U46619. Data are expressed as a percentage relaxation of the U46619induced contraction and are mean ± SEM from 12 different animals. (B)
Original organ bath trace for simvastatin induced porcine coronary
relaxation in the presence of myxothiazol (10 µM) : KCl (60 mM) bath
concentration were obtained for standardization, after about 10-15 min the

81

tissue was washed out with Kreb-Henseleit, and then left to re-stabilize to
baseline. myxothiazol (10 µM) was added to one segment and compared
with the control segment (DMSO). Then a cumulative addition of U46619
was added to stimulate tissue contraction to about 50-70% of KCl
contraction before the addition of a single concentration of simvastatin (10
µM).

A-

B-

Figure 2.22. (A) Effect of rotenone (10 µM) and myxothiazol (10 µM)
combination on relaxations to simvastatin (10 µM) in porcine coronary
artery rings pre-contracted with U46619. Data are expressed as a
percentage relaxation of the U46619-induced contraction and are mean ±

82

SEM from 7 different animals. (B) Original organ bath trace for simvastatin
induced porcine coronary relaxation in the presence of rotenone and
myxothiazol (10 µM each): KCl (60 mM) bath concentration were obtained
for standardization, after about 10-15 min the tissue was washed out with
Kreb-Henseleit, and then left to re-stabilize to baseline. rotenone and
myxothiazol (10 µM each) were added to one segment and compared with
the control segment (DMSO). Then a cumulative addition of U46619 was
added to stimulate tissue contraction to about 50-70% of KCl contraction
before the addition of a single concentration of simvastatin (10 µM).

Figure 2.23. Effect of rotenone (10 µM) and myxothiazol (10 µM)
combination on relaxations to simvastatin (10 µM) in porcine coronary
artery rings, comparing the effect of the inhibitors in 4 segments from the
same animal, pre-contracted with U46619. Data are expressed as a
percentage relaxation of the U46619-induced contraction and are mean ±
SEM from 6 different animals.
A-

B-
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Figure 2.24. (A) Effect of antimycin A (10 µM) on relaxations to
simvastatin (10 µM) in porcine coronary artery rings pre-contracted with
U46619. Data are expressed as a percentage relaxation of the U46619induced contraction and are mean ± SEM from 6 different animals. (B)
Original organ bath trace for simvastatin induced porcine coronary
relaxation in the presence of antimycin (10 µM): KCl (60 mM) bath
concentration were obtained for standardization, after about 10-15 min the
tissue was washed out with Kreb-Henseleit, and then left to re-stabilize to
baseline. antimycin (10 µM) was added to one segment and compared with
the control segment (DMSO). Then a cumulative addition of U46619 was
added to stimulate tissue contraction to about 50-70% of KCl contraction
before the addition of a single concentration of simvastatin (10 µM).

Figure 2.25. Effect of TTAF (10 µM) on relaxations to simvastatin (10 µM)
in porcine coronary artery rings pre-contracted with U46619. Data are
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expressed as a percentage relaxation of the U46619-induced contraction
and are mean ± SEM from 5 different animals.

Figure 2.26. Effect of 3NP (10 µM) on relaxations to simvastatin (10 µM)
in porcine coronary artery rings pre-contracted with U46619. Data are
expressed as a percentage relaxation of the U46619-induced contraction
and are mean ± SEM from 11 different animals.

Figure 2.27. Effect of malonate (1 mM) on relaxations to simvastatin (10
µM) in porcine coronary artery rings pre-contracted with U46619. Data are
expressed as a percentage relaxation of the U46619-induced contraction
and are mean ± SEM from 5 different animals.
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2.4.5.2 Effect
relaxations.

of

Mitochondrial

uncouplers

on

Simvastatin-induced

The presence of the respiratory chain uncoupler FCCP (1 μM) enhanced the
relaxation responses to simvastatin (figure 2.28 A&B).
A-

B-

Figure 2.28. (A) Effect of FCCP (1 µM) on relaxations to simvastatin (10
µM) in porcine coronary artery rings pre-contracted with U46619. Data are
expressed as a percentage relaxation of the U46619-induced contraction
and are mean ± SEM from 15 different animals. (B) Original organ bath
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trace for simvastatin induced porcine coronary relaxation in the presence
of FCCP (1 µM): KCl (60 mM) bath concentration were obtained for
standardization, after about 10-15 min the tissue was washed out with
Kreb-Henseleit, and then left to re-stabilize to baseline. FCCP (1 µM) was
added to one segment and compared with the control segment (DMSO).
Then a cumulative addition of U46619 was added to stimulate tissue
contraction to about 50-70% of KCl contraction before the addition of a
single concentration of simvastatin (10 µM).

As a comparison with statins, the effects of myxothiazol and FCCP on
relaxations to pioglitazone were determined. Myxothiazol and FCCP had no
effect on pioglitazone relaxations (figure 2.29 & 2.30 respectively).

Figure 2.29. Effect of myxothiazol (10 µM) on relaxations to pioglitazone
(10 µM) in porcine coronary artery rings pre-contracted with U46619. Data
are expressed as a percentage relaxation of the U46619-induced
contraction and are mean ± SEM from 5 different animals.
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Figure 2.30. Effect of FCCP (1 µM) on relaxations to pioglitazone (10 µM)
in porcine coronary artery rings pre-contracted with U46619. Data are
expressed as a percentage relaxation of the U46619-induced contraction
and are mean ± SEM from 6 different animals.

2.4.5.3 Effect of Mitochondrial ATPase inhibitor on Simvastatin-induced
relaxations.
The presence of the mitochondrial ATPase inhibitor oligomycin (10 µM;
figure 2.31) did not alter the relaxation responses to simvastatin.

Figure 2.31. Effect of oligomycin (10 µM) on relaxations to simvastatin
(10 µM) in porcine coronary artery rings pre-contracted with U46619. Data
are expressed as a percentage relaxation of the U46619-induced
contraction and are mean ± SEM from 7 different animals.

2.4.5.4 Role of mitochondrial KATP channels:
Inhibition of mitochondrial KATP channels with 5-hydroxdecanoate 5-HD 1
mM had no effect on simvastatin-induce relaxations (figure 2.32). Such
concentration has been shown effective in mitochondrial KATP blockade
(Ghosh et al., 2000).
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Figure 2.32. Effect of 5HD (1 mM) on relaxations to simvastatin (10 µM)
in porcine coronary artery rings pre-contracted with U46619. Data are
expressed as a percentage relaxation of the U46619-induced contraction
and are mean ± SEM from 7 different animals.

2.4.6 Role of Reactive Oxygen Species in the Relaxation Response to
Simvastatin:
2.4.6.1 Reactive oxygen species of mitochondrial origin
Inhibition of mitochondrial electron transfer chain can lead to increases in
production of reactive oxygen species, which may mediate the relaxation
response. Indeed the simvastatin induced relaxation in aortic rings of rats
was sensitive to superoxide dismutase and catalase (Alvarez De Sotomayor
et al., 2000, de Sotomayor et al., 2005). Thus the effect of ebselen,
hydrogen peroxide scavenger, (10 µM) alone or in combination with PEGcatalase (300 Uml-1), which metabolises hydrogen peroxide, and PEGsuperoxide dismutase (100 Uml-1), which metabolises superoxide was
examined. Neither ebselen on its own (figure 2.33 and 2.34), nor a
combination of ebselen, PEG-catalase and PEG-superoxide dismutase had
an effect on the relaxation response to simvastatin (10 µM) in the porcine
coronary artery (figure 2.35).
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Figure 2.33. Effect of ebselen on relaxations to simvastatin (10 µM) in
porcine coronary artery rings pre-contracted with U46619. Data are
expressed as a percentage relaxation of the U46619-induced contraction
and are mean ± SEM from 8 different animals.

Figure 2.34. Effect of ebselen on relaxations to simvastatin (10 µM) in
porcine coronary artery rings pre-contracted with KCl. Data are expressed
as a percentage relaxation of the KCl-induced contraction and are mean ±
SEM from 5 different animals.
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Figure 2.35. Effect of PEG-SOD, PEG catalase and Ebselen combination on
relaxations to simvastatin (10 µM) in porcine coronary artery rings precontracted with U46619. Data are expressed as a percentage relaxation of
the U46619-induced contraction and are mean ± SEM from 6 different
animals.

Superoxide dismutase activity is necessary for NO-mediated vascular
relaxation (Wambi-Kiesse and Katusic, 1999); by SOD inhibition the level
of superoxide increased with resultant attenuation of vasorelaxation (Omar
et al., 1991). In our study, the inhibition of SOD with 10 mM DETCA had
no effect on the relaxation response to simvastatin 10 µM (figure 2.36).

Figure 2.36. Effect of DETCA (10 mM) on relaxations to simvastatin (10
µM) in porcine coronary artery rings pre-contracted with KCl. Data are
expressed as a percentage relaxation of the KCl-induced contraction and
are mean ± SEM from 6 different animals.
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2.4.6.2 Effect of NADPH oxidase inhibition on simvastatin mediated coronary
relaxation:
Previous studies have suggested that statins regulate reactive oxygen
species production through effects on NADPH oxidase (Wassmann et al.,
2002, Erdos et al., 2006, Chen et al., 2008). Furthermore, studies have
shown that regulation of coronary vascular tone may require NADPH
oxidase-derived

ROS

to

activate

phosphatidylinositol

3-kinase-Akt-

endothelial NO synthase axis (Larsen et al., 2009, Feng et al., 2010).
Therefore, this present study determined whether inhibition of NADPH
oxidase alters simvastatin-induced relaxations. Incubation with the nonselective NADPH oxidase inhibitor DPI (10 µM, a concentration used to
inhibit vascular ROS production (Wind et al., 2010), had no effect on the
simvastatin induced pig coronary relaxation (figure 2.37).

Figure 2.37. Effect of DPI (10 µM) on relaxations to simvastatin (10 µM)
in porcine coronary artery rings pre-contracted with U46619. Data are
expressed as a percentage relaxation of the U46619-induced contraction
and are mean ± SEM from 7 different animals.

2.4.6.3 Role of peroxynitrite
Superoxide reacts with NO and forms peroxynitrite, the latter produces
dilatation in several vascular beds, including coronary vessels (Liu et al.,
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1994). Therefore, this study examined the effect of uric acid (100 µM) as a
peroxynitrite scavenger (Ohashi et al., 2005). As shown in figure 2.38, uric
acid had no effect on the simvastatin relaxation in porcine coronary
vessels.

Figure 2.38. Effect of uric acid (100 µM) on relaxations to simvastatin (10
µM) in porcine coronary artery rings pre-contracted with U46619. Data are
expressed as a percentage relaxation of the U46619-induced contraction
and are mean ± SEM from 7 different animals.

2.4.7. Effect of the antioxidant quercetin on simvastatin relaxation:
The flavonoid quercetin has anti-oxidant properties (Duarte et al., 2001). A
previous study by Cristian et al has shown that quercetin (5–10 µM) could
behave as a ‘‘coenzyme Q-mimetic’’ molecule, allowing a normal electron
flow and protecting mitochondrial function (Sandoval-Acuna et al., 2012).
Quercetin also protected mitochondrial function against the side effects of
atorvastatin in rats (Bouitbir et al., 2012). Therefore, the effect of
quercetin on the relaxation response to simvastatin in the porcine coronary
artery was determined. As shown in figure 2.39, quercetin (10 µM) had no
significant effect on simvastatin relaxation.
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Figure 2.39. Effect of quercetin (10 µM) on relaxations to simvastatin (10
µM) in porcine coronary artery rings pre-contracted with U46619. Data are
expressed as a percentage relaxation of the U46619-induced contraction
and are mean ± SEM from 14 different animals.

2.4.8 Effect of DTT on simvastatin relaxation:
A previous study has shown that thiol oxidation was observed to cause
concentration-dependent

relaxation

of

endothelium-

removed

bovine

coronary arteries, such relaxation was reversed by a thiol reductant, 1 mM
DTT, (Iesaki and Wolin, 2000). Results have also shown that NO has
opposing effects on the motility of the gall bladder smooth muscle strips, it
acts as a relaxant agent when NO・is formed or a contractile agent when
peroxynitrite species are formed (Alcon et al., 2001). However, our study
shows that a reducing environment created by DTT has no effect on
simvastatin-mediated porcine coronary relaxation (figure 2.40).
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Figure 2.40. Effect of DDT (1 mM) on relaxations to simvastatin (10 µM)
in porcine coronary artery rings pre-contracted with U46619. Data are
expressed as a percentage relaxation of the U46619-induced contraction
and are mean ± SEM from 5 animals.

2.4.9. Role of H2S in simvastatin-induced coronary relaxation:
H2S mediates relaxation of vascular smooth muscle. A previous study has
demonstrated

that

simvastatin

increases

the

release

of

H 2S

from

perivascular fat (Wojcicka et al., 2011). Therefore, in this study, the effect
of the H2S synthesis inhibitors amino-oxyacetic acid (AOAA, 100 µM) and
propargylglycine (PPG, 10 µM) on the relaxation responses to simvastatin
were determined.

As shown in figure 2.41, H2S inhibition had no

significant effect on simvastatin 10 µM relaxation in PCA.
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Figure 2.41. Effect of H2S inhibition on relaxations to simvastatin (10 µM)
in porcine coronary artery rings pre-contracted with U46619. Data are
expressed as a percentage relaxation of the U46619-induced contraction
and are mean ± SEM from 6 different animals.

2.4.10. Effect of Na+/K+ pump inhibition on Simvastatin-induced
relaxations.
Na+-K+ ATPase pump activation have been suggested as mechanism for
cerivastatin relaxation in rat aortic rings (Sonmez Uydes-Dogan et al.,
2005). Therefore, this present study determined the effect of the Na +-K+
ATPase pump inhibitor ouabain on the simvastatin relaxations. Ouabain
(100 nM), had no effect on simvastatin (10 µM) induced relaxation of
porcine coronary artery (figure 2.42 & 2.43). Ouabain at 100 nM
concentration has been shown to be effective at inhibiting the Na +-K+
pump block in our experiments (see chapter III).

Figure 2.42. Effect of ouabain (100 nM) on relaxations to simvastatin (10
µM) in porcine coronary artery rings pre-contracted with U46619. Data are
expressed as a percentage relaxation of the U46619-induced contraction
and are mean ± SEM from 6 different animals.
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Figure 2.43. Effect of ouabain (10 µM) on relaxations to simvastatin (10
µM) in porcine coronary artery rings pre-contracted with U46619. Data are
expressed as a percentage relaxation of the U46619-induced contraction
and are mean ± SEM from 6 different animals.

2.4.11 Acute effects of Simvastatin on Mitochondrial Membrane Potential.
2.4.11.1 Effect of simvastatin on Membrane Potential of the isolated
mitochondria
Previous studies in other cell types have demonstrated that simvastatin
has an effect on the mitochondrial electron transport chain, altering
mitochondrial membrane potential (Sirvent et al., 2005b, Dai et al., 2010,
Tolosa et al., 2014). This study aimed to determine whether simvastatin
has a direct effect on mitochondria isolated from a pig heart. Simvastatin
and Lovastatin (10 µM each) produced an increase in total fluorescence in
the isolated mitochondria from a pig heart loaded with Rh123 (figure 2.44
& 2.45 respectively). By contrast, pravastatin had no effect of the
mitochondrial potential (figure 2.46).
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Figure 2.44. Typical trace showing the effect of simvastatin (10 µM) on
Rh123 fluorescence in mitochondria isolated from pig hearts.

Figure 2.45. Typical trace showing the effect of lovastatin (10 µM) on
Rh123 fluorescence in mitochondria isolated from pig hearts. At the end of
the experiment FCCP was added to depolarize the mitochondria
completely.
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Figure 2.46. Typical trace showing the effect of pravastatin (10 µM) on
Rh123 fluorescence in mitochondria isolated from pig hearts. Simvastatin
(10 µM) was added after pravastatin for comparison. At the end FCCP (1
µM) added to get the maximum depolarization.

2.4.11.2. Acute effects of Simvastatin on Mitochondrial Membrane Potential
in human aortic smooth muscle cells
In cultured human aortic vascular smooth muscle cells, 10 µM simvastatin,
but not pravastatin, increased the fluorescence in Rh123-loaded cells
(figure 2.47 a & b). In smooth muscle cells, a longer period of simvastatin
perifusion was required to depolarize the mitochondria in comparison with
pancreatic β-cell (chapter V). Because of the bleaching effect of the dye
with continuous perfusion, results were collected with simvastatin (10 µM)
(figure 2.48 & 2.49). Such a property could be due to the unusual Rh123
retention by the smooth muscle cells (Summerhayes et al., 1982).
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A-

B-

Figure 2.47. Representative effect of simvastatin on Rh 123
fluorescence: Typical trace showing the effect simvastatin and DMSO on
Rh123 fluorescence in cultured human aortic smooth muscle. Simvastatin
was applied for the duration of the bars. FCCP 1 µM was perfused as
positive control to get the maximum fluorescence. A- Simvastatin (10 µM)
B- DMSO as a solvent control.
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A-

B-

CFigure 2.48. Typical fluorescence
images
from
human
aortic
smooth muscle cells loaded with
Rh123: A- in the absence (basal), Bpresence of simvastatin (10 µM) or
C- presence of FCCP (1 µM).

Figure 2.49. Cumulative fluorescence data from human aortic smooth
muscle cells loaded with Rh123 in the presence of simvastatin (10 µM),
pravastatin (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 cells
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and are mean ± SEM from n=15 separate experiments. *** indicates
p<0.001, one-way ANOVA, followed by Tukey's multiple comparisons test.

2.4.11.3. Acute effects of Simvastatin on Mitochondrial Membrane Potential
in segments of porcine coronary artery
In order to determine the effects of simvastatin on mitochondrial
membrane potential in intact blood vessels. The tissue was incubated with
Rh123 and placed in a cuvette in a fluorometer (Hitachi F-2500) at 37 °C
as explained in the method. Fluorescence signals were allowed to stabilise
before the addition of simvastatin (10 µM). As shown in (figure 2.50), a
similar effect was observed in intact blood vessels, with an increase in
Rh123 fluorescence.

F lu o r e s c e n c e u n its

1900

S im v a s ta tin

1850

1800

1750

1700

1650
0

100

200

300

400

500

600

700

T im e ( s e c )

Figure 2.50. Typical trace showing the effect of simvastatin (10 µM) on
Rh123 fluorescence in an intact segment of porcine coronary artery.
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2.5 DISCUSSION
Statins inhibit HMG-CoA reductase, leading to a reduction in synthesis of
mevalonate and hence cholesterol. As such they reduce plasma cholesterol
levels. Statins also exhibit other beneficial effects within the cardiovascular
system, including vasodilatation. Recent evidence suggests that the
cardiovascular pleiotropic effects of statins are predominantly independent
of reduction in plasma cholesterol (Liao and Laufs, 2005). A number of
mechanisms have been put forward to explain the vasodilator effect of
statins including an increase in NO bioavailability (Rikitake and Liao,
2005), direct effects on K+ channels (Lopez et al., 2008), or inhibition of
calcium channels (see chapter III) (Bergdahl et al., 2003). In this study we
have demonstrated that simvastatin stimulates relaxation of the porcine
coronary artery, and this effect is dependent, at least in part, on
mitochondrial function.
Simvastatin produces a concentration dependent relaxation of the porcine
coronary artery. The onset of the relaxation usually started within minutes
after addition. However the relaxation was slow with a maximum response
occurring after around 120 min. Indeed at lower concentrations (300 nM)
the relaxation response did not become significant until around 120 min.
The relaxation may be dependent upon the lipophilicity of statins.
Simvastatin, which is 195 times more lipophilic than pravastatin produced
a greater relaxation of the porcine coronary artery than slightly lesslipophilic lovastatin (85 times more lipophilic than pravastatin) (Joshi et
al., 1999). On the other hand, the hydrophilic pravastatin, and the sodium
salt of simvastatin failed to produce a relaxation. Similar effects have been
shown in other studies, including the bovine coronary artery (Lorkowska
and Chlopicki, 2005). However, previous studies have shown that the
hydrophilic pravastatin induced endothelium-dependent relaxation in rat
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aortic and mesenteric vessels (Kaesemeyer et al., 1999, Ghaffari et al.,
2011). The difference in response to pravastatin might be due to
differences in species (Sonmez Uydes-Dogan et al., 2005), the presence of
a statin transporter on endothelial cells, which may be blood vessel specific
(Ohtawa et al., 1999), or alternatively endothelium-dependent responses
may only be seen in tissues expressing scavenging receptor SR-B1 with
resultant endothelial nitric oxide synthase activation (Datar et al., 2010).
Thus,

the

exact

mechanism

of

pravastatin

endothelium-dependent

relaxation needs to be reassessed in further studies.
The relaxation to simvastatin was independent of the pre-contractile agent
as a similar relaxation was obtained after pre-contraction with endothelin-1
or KCl. Previous studies have suggested that the relaxation response to
statins was dependent upon NO (Rikitake and Liao, 2005, Lopez-Canales et
al., 2011, Mukai et al., 2003, Mraiche et al., 2005). However, in the
current study we have shown that NO is not involved in simvastatin
relaxation; this is possibly related to differential tissue response to NO
(Christie et al., 1989). Interestingly, results have shown that vasodilation
in coronary arteries during increased myocardial oxygen demand is
mediated by metabolic mechanisms rather than by endothelium-dependent
production of NO (Lefroy et al., 1993, Nishikawa and Ogawa, 1997). A
mechanism independent NO has been similarly suggested by Budzyn et al,
(Budzyn et al., 2004).
The role of PGI2 as a mediator of the simvastatin-induced relaxation was
tested by incubation with the cyclooxygenase inhibitor indomethacin and
the results clearly indicate that cyclooxygenase metabolites have no role in
the coronary relaxation. Similar results have been reported by De
Sotomayor et al (de Sotomayor et al., 2005). Indeed, lovastatin decreased
basal prostacyclin production in cultured endothelial cells (Zhou et al.,
2009). Conversely Lorkowska et al suggested a role for PGI2 in simvastatin
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mediated bovine coronary relaxation (Lorkowska and Chlopicki, 2005).
Such differences may be related to species differences. The current study
also demonstrates that the relaxation to simvastatin in the porcine
coronary artery is endothelium-independent.
Previous studies have demonstrated that K+ channel activation is involved
in simvastatin relaxation. Specifically, KATP potassium channels and Kv
potassium channels have been implicated in the relaxation response to
cerivastatin in the rat aorta (Mukai et al., 2003, Sonmez Uydes-Dogan et
al., 2005). Our results revealed that neither KATP channels nor Kv channels
are involved in the relaxation to simvastatin in the porcine coronary artery.
Indeed, neither TEA, a non-selective inhibitor of K+ channels, nor high K+
altered the simvastatin relaxation, suggesting activation of K+ channels is
not involved in the relaxation response. In fact, a previous study in our
laboratory demonstrated that simvastatin inhibits K + channel-mediated
relaxations in the porcine coronary artery (Uhiara et al., 2012).
Simvastatin has been shown to inhibit the Na+-Ca2+ exchanger in the
cardiomyocytes (Bastiaanse et al., 1994) and endothelial cells (Alvarez de
Sotomayor et al., 1999). Sonmez et al (2005) also suggested activation of
the Na+-K+ ATPase pump

as a

mechanism in

cerivastatin-induced

relaxation in isolated rat aorta. This study determined the effect of ouabain
on the simvastatin relaxation. Our results demonstrated that ouabain had
no effect on simvastatin relaxation, thus the Na+-K+ pump plays no role in
the acute vascular relaxant effects of simvastatin in isolated porcine
coronary artery.
H2S has been shown to be produced endogenously from L-cysteine through
the actions of cystathionine β-synthase and cystathionine γ lyase (Kimura,
2011). Previous studies have demonstrated that simvastatin increases the
production of H2S from perivascular tissue. However, this can be ruled out
as a mechanism of the acute simvastatin induced relaxation in PCA since
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inhibition of H2S synthesis with AOAA and PPG had no effect on the
relaxation response.
The findings presented here suggest that the relaxation in pig coronary
artery segments is dependent upon the ability of the drug to penetrate
across the plasma membrane of the smooth muscle cell and suggest that
the site of action of simvastatin is not extracellular. Interestingly, an in
vitro study by Skottheim et al. suggested that lactone forms of statins
induce myotoxicity in human skeletal muscle cells more than the
respective acid forms, such differences may be explained by lipophilicity
since the lactone forms reach intracellular sites to different extent than the
acid forms (Skottheim et al., 2008). These observations are consistent
with previous data demonstrating that lipophilic statins, but not hydrophilic
statins, like pravastatin, induce acute vasodilator effects (Mukai et al.,
2003, Lorkowska B, 2005). One possible intracellular target for statins is
the mitochondria. Previous studies have demonstrated that simvastatin at
20 times higher concentration than those used in this current study is able
to alter mitochondrial membrane potential in intact hepatocytes, whereas a
similar phenomenon was observed in permeabilized skeletal muscle cells
with an EC50 of ~2 µM (Sirvent et al., 2005b, Abdoli et al., 2013). There is
a growing consensus that mitochondria play an important role in the
regulation of vascular tone. For example, flow-induced dilation involves
generation of reactive oxygen species originating from mitochondria in
endothelial cells (Bubolz et al., 2012). Therefore, we investigated whether
the relaxation response was dependent upon mitochondrial activity.
Inhibition of complex I with rotenone and complex III with myxothiazol
caused significant inhibition of the simvastatin relaxation. A combination of
the two produced a greater inhibition of the relaxation. On the other hand,
the mitochondrial uncoupler FCCP enhanced the relaxation. Antimycin A,
another complex III inhibitor, and inhibition of complex II had no effect.
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Antimycin A and myxothiazol act at different parts of complex III, with
myxothiazol acting at the Qo site, whereas antimycin A acts at the Qi site,
which probably explains the different effects with these two compounds
(Wu et al., 2010). The effects of rotenone and myxothiazol on the
simvastatin relaxation are unlikely to be due to non-specific effects caused
by inhibition of mitochondrial function since other complex inhibitors
(antimycin A and complex II inhibitors), the ATP synthase inhibitor
oligomycin, and the mitochondrial uncoupling agent FCCP had no inhibitory
effect on the vasorelaxation.
Simvastatin produced an increase in Rh123 fluorescence in isolated
mitochondria, which is indicative of 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. By contrast pravastatin had no effect
on the mitochondrial potential in smooth muscle cells, which correlates
with the lack of relaxation with pravastatin. Similar effects on Rh123
fluorescence were found in intact blood vessels, suggesting that the effect
of simvastatin on porcine coronary artery tone could be through effects on
mitochondria.

In

combination

with

the

relaxation

studies,

these

experiments indicate that simvastatin does have an effect on vascular
smooth muscle mitochondria. As the relaxation to simvastatin was reduced
by complex I and complex III inhibition, but not complex II, these data
indicate that the relaxation to simvastatin is dependent upon complex I
and III activity.
Although studies demonstrate that simvastatin inhibits mitochondrial
function, the mechanism by which it does this is unknown. Previous studies
in skeletal muscle have suggested that simvastatin inhibits complex I
(Sirvent et al., 2005a). Other studies have hypothesized that the effect on
mitochondria is due to a reduction in the expression of co-enzyme Q10,
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which is part of complex III (Vaughan et al., 2013, Tavintharan et al.,
2007, Larsen et al., 2013). However, this is more likely to be due to longterm incubation with statins, rather than the acute exposure in this present
study.

Other

studies

have

suggested

that

simvastatin

increases

mitochondrial KATP channel activity (Zhao et al., 2006, Jones et al., 2003a).
However, the mitochondrial KATP channel blocker 5-hydroxydecanoate had
no effect on the relaxation, ruling this out as a mechanism.
Mitochondria are a major source of ROS within cells (Carreras et al.,
2004). The major sources of ROS in the electron transport chain (ETC) are
thought to be complex I and complex III (Carreras et al., 2004). Antimycin
A and myxothiazol both increase production of ROS from complex III
(Starkov and Fiskum, 2001, Mattiasson, 2004), and both compounds
relaxed the porcine coronary artery (see Chapter IV). Release of ROS from
the mitochondria into the cytosol can cause vasodilatation (Katakam et al.,
2014) and can inhibit L-type calcium channels (Fearon, 2006, Scragg et
al., 2008). Therefore, this study investigated whether ROS underlie the
effect of simvastatin on vascular tone. A combination of the hydrogen
peroxide

scavenger

ebselen,

catalase,

which

metabolizes

hydrogen

peroxide, and superoxide dismutase, which metabolizes superoxide had no
effect on the simvastatin relaxation. Furthermore, diethylthiocarbamate
which inhibits superoxide dismutase, uric acid, peroxynitrite scavenger,
and quercetin, flavonoid anti-oxidant (Wambi-Kiesse and Katusic, 1999)
had no effect on the simvastatin relaxation. These data indicate that an
increase in ROS production from the mitochondria does not play a role in
the simvastatin-induced relaxation.

NADPH oxidase (Nox) is a relevant

source of H2O2 that mediates dilation of coronary arteries (Larsen et al.,
2009) and mitochondrial superoxide could stimulate cytoplasmic Nox2,
which has been linked to the development of endothelial oxidative stress
and even hypertension (Nazarewicz et al., 2013). Our results with DPI, a
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commonly used Nox enzyme inhibitor (Wind et al., 2010), suggest that
Nox inhibition has no role in the simvastatin relaxation.
The effects of simvastatin on vascular tone in the porcine coronary artery
occur at concentrations that are very close to the estimated therapeutic
plasma concentration (from 0.01 to 1 µM in patients treated with a dosage
range of 20 to 60 mg daily) (Laufs et al., 1998, Lilja et al., 1998, Kantola
et al., 1998), although higher concentrations were required for maximum
effect. We hypothesise that lipophilic statins accumulate within the
mitochondria.

Lipophilic

compounds

can

easily

pass

through

the

mitochondrial membrane and, as the pH in the mitochondrial matrix is
higher than the pH in the cytosol, these lipophilic compounds can become
charged. As a consequence mitochondria can trap lipophilic compounds
(Rashid and Horobin, 1991). Therefore, the concentration of statin within
the mitochondria may be higher than that measured in the plasma. The
time taken for uptake into the mitochondria would explain why the
relaxation to simvastatin was slow; at the lowest concentration of
simvastatin used (300 nM); the relaxation did not reach significance until
around 145 minutes after addition.
In

summary,

this

study

has

demonstrated

that

simvastatin

alters

mitochondrial membrane potential in vascular smooth muscle and the
relaxation to simvastatin in the porcine coronary artery is dependent, in
part, upon mitochondrial activity. The mechanism by which inhibition of
mitochondria leads to relaxation of the porcine coronary artery is unknown.
One possibility is that alteration of mitochondrial membrane potential by
simvastatin may lead to inhibition of calcium influx, hence stimulation of
relaxation, and this will be investigated in the next chapter.
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CHAPTER III: EFFECT OF SIMVASTATIN ON Ca2+ INFLUX IN
PORCINE CORONARY ARTERY
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3.1. Introduction
Cytosolic free Ca2+ appears to play a fundamental part in the control of cell
function (Hill-Eubanks et al., 2011). In vascular smooth muscle cells, Ca2+
has been implicated in cell proliferation and smooth muscle contraction
(Karaki et al., 1997). When the intracellular Ca2+ increases, it combines
with calmodulin. This complex activates myosin light chain kinase (MLCK)
to phosphorylate the light chain of myosin. Smooth muscle relaxation is
brought about by the removal of Ca2+, which results in dissociation of the
Ca2+-calmodulin complex and dephosphorylation of myosin by myosin light
chain phosphatase (Webb, 2003). The regulation of cytosolic Ca2+ is
complex and depends, partly, on Ca 2+ entry from the extracellular space
through voltage-activated or receptor-operated Ca2+ channels, or both
(Ren et al., 2010, Weirich et al., 2005). However a significant contributor
to cytoplasmic free Ca2+ regulation in smooth muscle cell is the release of
Ca2+ from internal stores by inositol 1,4,5-triphosphate (Yang et al., 2013,
Yamamura et al., 2012). The regulation of these mechanisms is important
for the maintenance of vascular tone (Marche and Stepien, 2000,
Kamishima et al., 2000).
Simvastatin

is

a

drug

widely

used

in

the

treatment

of

hypercholesterolemia. This drug is an inhibitor of the rate-determining
enzyme in the biosynthesis of cholesterol, 3-hydroxy-3-methylglutarylcoenzyme A HMG-CoA reductase (Istvan and Deisenhofer, 2001, Istvan,
2002), and has proved useful in the reduction of plasma low-density
lipoprotein

LDL

Level.

Mounting

clinical

and

experimental

evidence

suggests that the protective effects of statins on vascular disease relate
not only to improving lipid profiles (Cheung et al., 2004, Davignon, 2004,
Bonetti et al., 2003). In fact, HMG-CoA reductase provides the necessary
building blocks for both cholesterol, and

the isoprenoids farnesyl and
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geranylgeranyl

pyrophosphate, these are used for post-translational

modification of Ras and Rho GTPases, respectively (Buhaescu and
Izzedine, 2007). Reduced isoprenylation impairs Ras and Rho activation
which play important roles in smooth muscle cell proliferation and
contraction (Rattan, 2010, Corsini et al., 1991).
Not only chronic treatment, but also acute exposure to simvastatin is able
to induce coronary relaxation (Wassmann et al., 2003, Takagi et al.,
2006). There is increasing evidence that the actions of HMG CoA reductase
inhibitors in the vasculature are attributable to more than their cholesterollowering function (Sadowitz et al., 2010a).
Simvastatin could affect Ca2+ release from intracellular pools, as described
earlier in vascular smooth muscle cells (Tesfamariam et al., 1999,
Escobales et al., 1996a), Capacitative Ca2+ entry is also affected as
confirmed by the inhibition of contraction due to CaCl2 after noradrenaline
stimulation (Alvarez de Sotomayor et al., 2001).
The alteration of intracellular Ca2+ calcium homeostasis by statins was
already discovered by other groups in different cell types; in cardiac cells,
the activation of Ca2+ channels by high K+ or Bay K8644 was completely
abolished in mevinolin-treated cells (Renaud et al., 1986). Studies also
have reported a blockade of L-type Ca2+ channels by simvastatin in rat
islet β-cells (Yada et al., 1999) and rat glomerular mesangial cells
(Ishikawa et al., 1995). Simvastatin could also inhibit catecholamine
secretion induced by 56 mM K+ through Ca2+ channels (Matsuda et al.,
2008). Other HMG-CoA reductase inhibitors like fluvastatin, cerivastatin
and pravastatin, markedly suppressed intracellular Ca 2+ mobilization and
nonselective cation current evoked by LPC in human aortic endothelial cells
(Yokoyama et al., 2002). Rosuvastatin also attenuates the increase in
intracellular

free

calcium

and

superoxide

anion

during

L-glutamate

application in cortical neurons (Domoki et al., 2010). On the other hand,
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simvastatin induced an increase in cytosolic calcium Ca 2+ in bovine aortic
endothelial cells, by releasing Ca2+ from intracellular stores sensitive to
thapsigargin and ryanodine, and increasing Ca 2+ entry as a consequence of
intracellular Ca2+ store depletion by a mechanism which does not occur via
L-type Ca2+ channels (Alvarez de Sotomayor and Andriantsitohaina, 2001).
In parallel, lovastatin exposure for more than 24 hours increased basal
Ca2+ with increased vasoconstriction response induced by noradrenaline in
isolated rat aortic and mesenteric arteries (Roullet et al., 1995, Roullet et
al., 1993). Indeed it has been found that co-administration of Ca2+ channel
blockers with statins has beneficial effects by inhibiting the progression of
coronary atherosclerosis (Martin-Ventura et al., 2008, Bangalore et al.,
2007, Clunn et al., 2010). However, a combination of nifedipine and statin
may also result, in certain cases, in worsening of cardiac performance. This
may suggest another mechanism of drug-drug interaction than the one
based on liver metabolism i.e. nifedipine may interact with simvastatin by
inhibiting cytochrome P-450 mediated biotransformation (Jasinska et al.,
2006).
Mitochondria within the smooth muscle cell might be directly involved in
taking up Ca2+ load from the cytosol following stimulation (Drummond and
Fay, 1996). Recent studies are providing evidence that mitochondrial
inhibition influences Ca2+ waves due to the spatial relationship between
mitochondria and the sarcoplasmic reticulum (Sward et al., 2002). Ca2+
channel current could also be modulated by ROS generated at complex III
of the mitochondrial electron transport chain (Fearon, 2006, Hsieh et al.,
2001). We have shown in chapter 2 that simvastatin depolarizes
mitochondria in smooth muscle cells. Thus, the aim of the present study
was to examine the involvement of Ca 2+ influx, as a potential mechanism,
in simvastatin-induced relaxation of porcine coronary artery. Also, the
effect

of

simvastatin

on

the

Ca2+

influx

induced

by

membrane

113

depolarization was studied in freshly isolated porcine coronary smooth
muscle cells. Lastly, possible involvement of mitochondria in modulating
Ca2+ influx was examined by incubation with mitochondrial respiratory
chain inhibitors (Kamishima and Quayle, 2002, McCarron et al., 2013).

3.2 Materials and Methods
3.2.1 Materials
General laboratory reagents are listed in chapter 2, reagents specific to
this chapter were purchased from the following sources: simvastatin was
obtained from Tocris Cookson, Bristol UK. Rotenone, FCCP, U46619,
cyclopiazonic acid and nifedipine were obtained from Sigma-Aldrich, Poole,
UK. DABCO fluorescent mounting medium contains: 1-4-Diazabicyclo-2-22-octane

(DABCO),

Phosphate

buffered

saline

(PBS)

and

glycerol.

Dulbecco Modified Eagle Medium (DMEM) with D-valine and fetal bovine
serum (SFBS). Antibiotic, antimycotic solution (sigma) at 10 mL/L which
contains

10,000

units

penicillin,

10

mg

streptomycin

and

25

μg

amphotericin B per mL.

3.2.2. Preparation and characterization of the smooth muscle cells (SMCs)
3.2.2.1. Preparation of the SMCs
3.2.2.1.1. Primary Vascular Smooth Muscle Cell Cultures (Explant Method)
Explant culture of medial tissue is the simplest and most reliable method of
obtaining VSMC cultures. Porcine coronary arteries were obtained from a
local abattoir as before. Arteries were dissected out of the heart. After
connective tissue removal from around the artery, the vessel was washed
with sterile saline. The artery was then placed on a sterile dissection board,
in a hood, and covered with normal saline to keep it moist. The arteries
were cut open longitudinally using sterile forceps and scissors, and the
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luminal side of the vessel freed of endothelium by gently scraping the
surface using forceps. The medial layers were placed in a separate Petri
dish and cut carefully using a scalpel blade into approximately 1 × 1-cm
pieces. These explants were then carefully placed into six-well plates. A
coverslip was placed on top of the explants and covered with medium. The
medium consisted of Dulbecco Modified Eagle Medium (DMEM) with Dvaline and fetal bovine serum (SFBS). In addition the media contain
antibiotic, antimycotic solution (sigma) at 10 mL/L which contains 10,000
units penicillin, 10 mg streptomycin and 25 μg amphotericin B per mL. The
segments were incubated for 24 h at 37°C in a humidified atmosphere of
5% CO2–95% air. Medium was changed after 24 h and then every 3–4
days. Cells started to grow out radially from the explants within 1 week of
the culture.

3.2.2.1.2. Isolation of Smooth Muscle Cells by Enzyme dispersal method
Enzyme dispersion of the medial layer does not yield as many cells as the
explant method, but the advantage is that the whole population of VSMCs
is represented, rather than selecting for those capable of migrating from
the tissue. In addition, the cells isolated by enzyme dispersion may
represent a phenotype more closely related to that in the vessel wall
because the time to isolation is much quicker 2 h as opposed to 2–3
weeks. The vessels were prepared as for the explant method. However, in
this case, explants were placed in a sterile conical flask and incubated in
serum-free digestion medium containing collagenase (2 mg/mL). Explants
were incubated in a shaking water bath at 37°C for 30-45 minutes, with
occasional dispersion using a wide-mouthed pipette. The dispersed cells
were removed by centrifugation type (1,000 rpm for 5 min) and the
remainder left to disperse further. The dispersed cells were centrifuged
again and re-suspended in fresh Dulbecco Modified Eagle Medium (DMEM)
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with

D-valine

and

fetal

bovine

serum

(SFBS)

with

antibiotic

and

antimycotic solution (10,000 units penicillin, 10 mg streptomycin and 25
μg Amphotericin B per mL).

3.2.2.2. Immunohistochemistry: Characterization of the Smooth Muscle Cells
Confluent monolayers of vascular smooth muscle cells exhibited a
characteristic ‘hill and valley’ morphology in culture. Isolated primary cells
were identified by their positive reaction with antibodies against smooth
muscle actin, which has been shown to be a specific marker for smooth
muscle cells.
Cells were fixed using 4% paraformaldehyde for 20 min at room
temperature. They were then permeabilized using PBS + 0.1% BSA +
0.15% Triton ×-100 (100 ml PBS + 100 mg BSA +15 µL Triton) at room
temperature for 20 min. Cells were then blocked using dried powder milk
(1.5 g in 30 ml) at room temperature. The blocking solution was then
removed and replaced with the primary antibody (α-Actin primary mouse,
sigma), (6 µL in 1200 µL), and incubated overnight in a humidifier at 4°C.
The following day, the primary antibody was removed and cells washed in
PBS. After washes, cells were incubated with the secondary TRITC antimouse secondary antibody in PBS+0.1% BSA (6 µL in 1200 µL of PBS) and
incubated at 37°C for 30 min
After this time, cells were washed with PBS. The nuclear stain DAPI (1 in
1000) was then added for 5 min, and cells washed again in PBS. Mounting
solution was then added and a cover slip put on top of the cells.
Micrographs were captured with DMRB Fluorescence Microscope Luca

EM

.

116

3. 3 Data Analysis
The relaxation responses were expressed as a percentage change from the
agonist-induced pre-contraction over time. Values for all figures refer to
mean ± SEM. Relaxation responses over time were compared by using
two-way analysis of the variance (ANOVA) followed by a Bonferroni posthoc test. Differences were considered to be significant when the P value
was < 0.05. Changes in Fluo-4 fluorescence were analyzed by one-way
ANOVA, followed by Tukey's multiple comparisons test. 2-tailed unpaired ttest was used to determine statistical significance where P<0.05 was
considered statistically significant. Where “n” indicates the number of
independent experiments for each treatment. Asterisks indicate statistically
differences from control.

3.4 Experimental protocol
3. 4.1 organ bath isometric studies
Porcine coronary arteries were set up in isolated tissue baths as previously
described (Uhiara et al., 2012) see chapter II. Tissues were pre-contracted
submaximally with KCl or U46619, in the presence of various inhibitors: LNAME (300 µM) to inhibit nitric oxide synthase; cyclopiazonic acid (10 μM;
CPA) to inhibit the sarcoplasmic reticulum Ca2+-ATPase; rotenone (10 µM)
to

inhibit

complex

I,

FCCP

(1

µM)

to

uncouple

to

mitochondria.

Alternatively, tissues were exposed to calcium-free Krebs buffer containing
(2 mM) EGTA. After the tissues had reached a steady contraction, 10 µM
simvastatin was added and tone measured over 2 hours. In other
experiments, tissues pre-contracted with KCl were exposed to nifedipine (1
µM) with or without simvastatin (10 µM).
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Porcine coronary arteries were set up in isolated tissue baths as before.
Tissues were exposed to Krebs-Henseleit buffer without calcium, and then
exposed to 60 mM KCl. Concentration-response curves to CaCl2 (1 µM to 3
mM) were then performed, in the absence or presence of simvastatin (3 to
10 µM). Control tissues were treated with DMSO as a solvent control. In
some experiments, tissues were also exposed to mevalonate (10 mM) or
rotenone (10 µM) prior to addition of simvastatin.

3.4.2. Effect of simvastatin on calcium influx in freshly isolated smooth
muscle cells.
The concentration of intracellular calcium, [Ca2+]i, was monitored with
Fluo-4 using standard epifluorescent imaging techniques similar to those
described by (Smith et al., 1999). Smooth muscle cells were isolated from
proximal coronary artery segments by incubation with type II collagenase
(2 mg/mL) for 30 min, and then plated on glass coverslips. Cells were then
loaded with the Ca2+-sensitive fluorophore fluo-4 AM (5 µmol/L) in HEPESbuffered Hanks solution which contained (in mM): 138 NaCl, 4.2 NaHCO3,
1.2 NaH2PO4, 5.6 KCl, 1.2 MgCl2, 2.6 CaCl2, 10 HEPES (pH 7.4 with NaOH)
with 5 mmol/L glucose for 1 hour at room temperature. The cells were
then washed with Hanks buffer to remove extracellular dye before leaving
them at room temperature for 15 minutes for complete de-esterification of
the dye. Coverslips were then superfused with Hanks buffer at 37°C for 5
min for basal recording. The Hanks buffer was then replaced with high K +
(50mM) Hanks containing (in mM) 50 KCl, 92.6 NaCl, 4.2 NaHCO 3, 1.2
NaH2PO4, 2.6 CaCl2, 1.2 MgCl2, 10 glucose, and 10 HEPES [pH 7.4], which
elicited a sustained increase in the fluorescence. Subsequently simvastatin
(10 µM), or DMSO (0.1% v/v) as a control, was added to the perfusion
media. Loaded cells were imaged using an inverted Axiovert 135TV
microscope fitted with a 20x Fluo objective (Carl Zeiss Ltd, Welwyn Garden
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City, UK). To monitor [Ca2+]i, cells were continuously illuminated at an
excitation wavelength of 450-490 nm. The images were bandpass filtered
at 515-565 nm, detected using a Photonics Science ISIS camera and
captured at 1Hz with an 8-bit frame grabber (DT3155, Data Translation,
Basingstoke, UK) and Imaging Workbench software (Indec Biosystems,
Santa Clara, CA, USA). For image analysis, a region of interest (ROI) was
drawn around each cell, the background fluorescence substracted, and the
time course of its mean fluorescence intensity calculated. Data was
analysed using Microcal ORIGIN 5.0 (Microcal Software Inc., Northampton,
MA). Macros were created (see Appendices for the macro scripts).

3.5. RESULTS
3.5.1. Simvastatin inhibits KCl-induced contraction in porcine coronary
arteries
As shown in figure 3.1, acute application of simvastatin elicited time
dependent relaxation in pig proximal coronary artery pre-contracted
submaximally with KCl (fig. 1).

Figure 3.1. Acute effects of simvastatin (10 μM) in porcine coronary artery
rings precontracted submaximally with KCl. Data are expressed as a
percentage relaxation of the KCl-induced contraction and are mean ± SEM
from 8 different experiments. *** indicates p<0.001, (2- way ANOVA
followed by a Bonferroni post-hoc test) versus values obtained from the
solvent control DMSO (0.1% v/v).
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3.5.2. Role of endothelium-derived vasodilator factors in the relaxation
response to simvastatin.
Pre-treatment of the porcine coronary rings with a nitric oxide synthase
inhibitor, L-NAME (300 µM), had no significant effect on the relaxation to 3
µM simvastatin (figure 3.2). Similar results with L-NAME (300 µM) on
simvastatin 10 µM have been shown in chapter II.

Figure 3.2. Acute effects of simvastatin (3 μM) in porcine coronary artery
rings precontracted with KCl in the presence or absence L-NAME (300 μM).
Data are expressed as a percentage relaxation of the KCl-induced
contraction and are mean ± SEM from 5 different experiments. (2- way
ANOVA followed by a Bonferroni post-hoc test).

3.5.3. Role of Sarcoplasmic reticulum Ca2+ -ATPase in acute simvastatin
relaxation:
A possible mechanism of simvastatin relaxation could involve inhibition of
the Ca2+- ATPase and thus inhibition of SR calcium sequestration
(Escobales et al., 1996a). CPA inhibits Ca2+-ATPase. Thus, we examined
CPA (10 µM) for its ability to block the relaxant effect of 10 μM
simvastatin. Figure (3.3) clearly shows that CPA had no effect on
simvastatin relaxation.
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Figure 3.3. Acute effects of simvastatin (10 μM) in porcine coronary artery
rings precontracted with KCl in the presence or absence cyclopiazonic acid
(10 μM). Data are expressed as a percentage relaxation of the KCl-induced
contraction and are mean ± SEM from 5 different experiments. (2- way
ANOVA followed by a Bonferroni post-hoc test).

3.5.4. Simvastatin relaxation in Ca2+-free Krebs:
In separate experiments, tissues were incubated in calcium-free KrebsHenseleit

buffer.

Under

these

conditions,

the

acute

relaxation

to

simvastatin was significantly reduced, although not abolished completely
(figure 3.4).

Figure 3.4. Acute effects of simvastatin (10 μM) in porcine coronary artery
rings precontracted with U46619 in Ca2+-free Krebs or normal Krebs. Data
are expressed as a percentage relaxation of the U46619-induced
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contraction and are mean ± SEM from 6 different experiments. (2-way
ANOVA followed by a Bonferroni post-hoc test). **** indicates P ≤ 0.0001.

3.5.5. Simvastatin suppressed Ca2+-induced contraction in coronary
arteries:
In these experiments, simvastatin was added prior to contraction. The
addition of simvastatin (10 µM) did not affect the base line tone in these
arteries. In Ca2+-free, 60 mM K+-containing Krebs solution, CaCl2 produced
concentration-dependent contractions in porcine coronary arteries (Figure
3.5 & 3.6). Treatment with 3 µM or 10 µM simvastatin for 60 min
suppressed CaCl2-induced contractions (Figure 6).

A-

B-

Figure 3.5. Representative organ bath tracing of contractile responses in
segments of porcine coronary artery to Ca2+ re-introduction in a Ca2+ free,
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high K+ buffer in the presence of A- simvastatin 10 μM and B- DMSO as a
vehicle control.

Figure 3.6. Contractile response to the reintroduction of calcium in a
calcium free, high potassium Krebs’ solution in the coronary artery in the
presence of simvastatin for 1h (10 µM, n=9) and (3 µM, n=5). Data are
expressed as a percentage relaxation of the KCl-induced contraction and
are mean ± SEM. *** indicates p < 0.001 (2- way ANOVA followed by a
Bonferroni post-hoc test).

Incubation of the porcine coronary rings with mevalonate 10 mM, the
maximum concentration that has been used in previous studies to inhibit
statin relaxation (Roullet et al., 1995, Alvarez de Sotomayor et al., 2001,
Bergdahl et al., 2003), for 60 min had no effect on the simvastatin
suppressant effect in CaCl2-induced contractions (figure 3.7).
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Figure 3.7. Contractile response to the reintroduction of calcium in a
calcium free, high potassium Krebs’ solution in the coronary artery in the
presence of simvastatin with mevalonate (10 mM) both for 1h (n=5). Data
are expressed as a percentage relaxation of the KCl-induced contraction
and are mean ± SEM. (2- way ANOVA followed by a Bonferroni post-hoc
test).

3.5.6. Role of voltage-gated Ca2+ channel in the acute simvastatin relaxation
The involvement of voltage-gated calcium channels in the relaxation to
simvastatin was examined by incubation with nifedipine (1 µM) (Figure
3.8). Nifedipine on its own induced significant relaxation of the KCl
precontracted coronary vessels within 10 min (figure 3.11). This was
unaltered by the presence of rotenone (10 µM).
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Figure 3.8. Acute effects of simvastatin (10 μM) in porcine coronary artery
rings precontracted with U46619 in the presence and absence of nifedipine
(1 μM). Data are expressed as a percentage relaxation of the U46619induced contraction and are mean ± SEM from 6 different experiments. (2way ANOVA followed by a Bonferroni post-hoc test).

3.5.7. Effect of complex I mitochondrial inhibitor, rotenone, on simvastatin
relaxation in porcine coronary segments precontracted submaximally with
KCl:
The presence of rotenone 10 µM inhibited the relaxation to simvastatin
after pre-contraction with KCl (figure 3.9 A&B). In comparison, FCCP 1 µM
had no significant effect on the relaxation to simvastatin in the presence of
KCl (figure 3.10). On the other hand, rotenone had no effect on the
relaxation to nifedipine (figure 3.11), suggesting that rotenone is not
acting directly at L-type calcium channels.
A-
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B-

Figure 3.9. (A) Acute effects of simvastatin (10 μM) in porcine coronary
artery rings precontracted submaximally with KCl in the presence or
absence of rotenone (10 μM). Data are expressed as a percentage
relaxation of the KCl-induced contraction and are mean ± SEM from 9
different experiments. *** indicates p < 0.001, (2- way ANOVA followed
by a Bonferroni post-hoc test) versus values obtained from the solvent
control DMSO (0.1% v/v). (B) Original organ bath trace for simvastatin
induced porcine coronary relaxation in the presence of rotenone (10 µM):
KCl (60 mM) bath concentration were obtained for standardization, after
about 10-15 min the tissue was washed out with Kreb-Henseleit, and then
left to re-stabilize to baseline. rotenone (10 µM) was added to one
segment and compared with the control segment (DMSO). Then another
addition of KCl (60 mM) was added to stimulate tissue contraction before
the addition of a single concentration of simvastatin (10 µM).
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Figure 3.10. Acute effects of simvastatin (10 μM) in porcine coronary
artery rings precontracted with KCl in the presence or absence of FCCP (1
μM). Data are expressed as a percentage relaxation of the KCl-induced
contraction and are mean ± SEM from 4 different experiments. (2- way
ANOVA followed by a Bonferroni post-hoc test).

Figure 3.11. Effects of nifedipine (1 μM) in porcine coronary artery rings
precontracted with KCl in the presence of (10 µM) rotenone. Data are
expressed as a percentage relaxation of the KCl-induced contraction and
are mean ± SEM from 5 different experiments. (2- way ANOVA followed by
a Bonferroni post-hoc test).
Although the complex I inhibitor rotenone had no significant effect on the
calcium-induced contraction in the porcine coronary artery (see chapter 4),
it did partially prevent the inhibitory effect of simvastatin on the contractile
responses in segments of porcine coronary artery to Ca 2+ re-introduction in
a Ca2+ free, high K+ (Figure 3.12).
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Figure 3.12. Contractile response to the reintroduction of calcium in a
calcium free, high potassium Krebs’ solution in the coronary artery in the
presence of simvastatin and rotenone (10 µM) both for 1 h (n=6). Data are
expressed as a percentage relaxation of the KCl-induced contraction and
are mean ± SEM. * indicates P<0.05, *** indicates p < 0.001 (2- way
ANOVA followed by a Bonferroni post-hoc test).

3.5.8. Simvastatin inhibited Ca2+ rise in isolated coronary porcine smooth
muscle cells:
3.5.8.1 SMC in Cultures
Coronary smooth muscle cells grew like other smooth muscle cells in a
‘hill-and-valley’-like pattern which is characteristic of smooth muscle cell
growth (Figure 3.13). As soon as the cells became confluent, they were
characterized by immunofluorescence staining for α-smooth muscle actin
to differentiate smooth muscle cells from fibroblasts. The cells reacted
intensely and the staining was exclusively in long, straight fibrils scattered
densely throughout the cytoplasm. The nucleus stained with DAPI (Figure
3.14). However, using these cells, no change in intracellular Ca2+ could be
detected in response to KCl-induced depolarization, thus the imaging
experiments were done using freshly isolated coronary smooth muscle
cells.
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(A) SMC growth after 10 days

(B) SMC growth after 17 days

Figure 3.13. Coronary Smooth muscle cells in culture A- after 10 days Bafter 17 days with a ‘hill-and-valley’-like pattern which is characteristic of
smooth muscle cell growth. Micrographs were captured with light
microscope. The magnification is 10X.
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Figure 3.14. Immunofluorescent image for fixed α-smooth muscle cells
actin grown from porcine coronary vessels, 3-weeks in culture. The cells
were fixed in 4% PFA, and then immunohistochemistry performed.
Micrographs were captured with DMRB Fluorescence Microscope Luca EM,
magnification 63X, scale bar 25 μm.

3.5.8.1 Freshly isolated smooth muscle cells
Unlike cultured primary smooth muscle cells, freshly isolated smooth
muscle cells produced an increase in intracellular calcium in response to
KCl (figure 3.15 A). In the presence of 10 µM simvastatin, this response
was significantly reduced (figure 3.15 B & C).
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3

B)
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C)

Figure 3.15. (A) Example images showing changes in fluo-4 fluorescence
in freshly isolated coronary artery smooth muscle cells (cell clumps of 25–
50 cells were often found). Before depolarization (basal fluorescence),
after addition of 50 mM KCl (depolarized SMC), and after perfusion of 10
μM simvastatin. (B) time-response traces and (C) bar chart of mean data
± SEM from 239 (DMSO) and 291 (simvastatin) cells showing the changes
in fluo-4 fluorescence in response to 50 mM KCl in the presence of 0.1 %
v/v DMSO or 10μM simvastatin. **** indicates p<0.0001 v DMSO, 2tailed, unpaired t-test.

3.6. Discussion
The

present

study

provides

evidence

that

simvastatin

induces

a

concentration- dependent relaxation in the isolated proximal porcine
coronary artery segments after pre-contraction with KCl depolarization.
The relaxation is likely to arise from the ability of the simvastatin to inhibit
Ca2+ influx. The effect of simvastatin on Ca2+ channels was supported by
two observations. First, simvastatin inhibited coronary artery contraction in
response to increasing concentrations of CaCl 2 in a Ca2+ free, high K+
containing

solution.

Second,

simvastatin

hindered

the

increase

in

intracellular Ca2+ in vascular smooth muscle isolated from porcine coronary
arteries, as indicated by fluo-4.
The relaxation induced by simvastatin after pre-contraction with KCl was
similar to that seen after pre-contraction with U46619, and endothelin-1
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(see chapter II), indicating that the relaxant effect of simvastatin was not
due to an interaction with K+ channels. Similarly, treatment with L-NAME
did

not

affect

simvastatin-induced

responses,

thus

ruling

out

the

involvement of NO. Agonist-induced calcium signal is provisioned by
extracellular calcium influx through voltage operated calcium channel
(VOCC),

store-operated

calcium

channel

(SOCC),

or

release

from

intracellular calcium store (Goto et al., 1989, Tosun et al., 1998b, Miwa et
al., 2005, Pang et al., 2005). In this context, it is perhaps easier to
hypothesize for KCl stimulation to narrow down the mechanism of calcium
blockade, since there is a general consensus for KCl mechanism of
activation of contraction (Ratz et al., 2005). Elevation of K+ is known to
activate L-type Ca2+ channels with an increase in Ca2+ via membrane
depolarization in vascular smooth muscle (Fransen et al., 2012). Effects of
Ca2+-induced Ca2+ release by the sarcoplasmic reticulum might also be
involved (Fernandez-Tenorio et al., 2011). However, incubation with CPA,
a Ca2+ ATPase inhibitor (Seidler et al., 1989) had no effect on simvastatin
relaxation, ruling out an effect of simvastatin on calcium uptake into
intracellular stores as a possible mechanism for relaxation (Zheng et al.,
1993, Moritoki et al., 1996). Consistent with our data, Bergdahl et al study
provided evidence that lipophilic statins inhibit L-type Ca2+ current and
attenuate contraction in cerebral vascular smooth muscle (Bergdahl et al.,
2003). Similarly, simvastatin inhibited Ca2+ increase by KCl in rat islet
pancreatic

β-cells

(Yada

et

al.,

1999).

Furthermore,

simvastatin,

cerivastatin, and fluvastatin blocked the hypoxia-induced Ca2+ rise in
human umbilical cord endothelial cells (Schaefer et al., 2006). However,
simvastatin (50 µM)-treated rat aortic smooth muscle cells showed a slight
increase in basal Ca2+ compared with control (Tesfamariam et al., 1999),
which could be related to the high concentration of simvastatin used.
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On the other hand, incubation of human umbilical vein endothelial cells for
24 hours with cerivastatin or fluvastatin (1 µM) significantly increased the
resting Ca2+ (Heinke et al., 2004). Similarly Lorkowska (2004) proved that
incubation of bovine aortic endothelial cells with atorvastatin, cerivastatin,
simvastatin, lovastatin, but not pravastatin, at a concentration of 10–30
μM, induce an immediate increase in Ca2+ and such effect may correlate
with the immediate release of NO and PGI2 by these drugs (Luckhoff et al.,
1988, Lorkowska et al., 2004). Collectively, such findings suggest that
vascular effects of simvastatin involve both mobilization of Ca2+ from
intracellular stores and/or extracellular Ca2+ entry via membrane cation
channels (Su et al., 2014), which may be induced as a consequence of
intracellular

Ca2+

store

depletion

(Alvarez

de

Sotomayor

and

Andriantsitohaina, 2001). On the other hand, blockade of extracellular Ca2+
entry into smooth muscle. The latter promotes relaxations independent of
the presence of endothelium (Alvarez de Sotomayor et al., 2001). The data
in isolated smooth muscle confirmed that simvastatin inhibits the increase
in intracellular calcium as a result of exposure to KCl. It is worth
mentioning that Ca2+ influx could not be elicited in cultured porcine
vascular smooth muscle cells by KCl-induced depolarization, suggesting
that the culturing conditions result in loss of calcium channel expression
(Kuga et al., 1996, Gollasch et al., 1998). The same phenomenon has been
reported previously (Clunn et al., 1997). Therefore, freshly isolated cells
were used for measuring changes in intracellular calcium levels.
The mechanism by which statins may inhibit Ca 2+ influx is not clear; the
high K+ depolarization was completely abolished by a selective L-type Ca2+
channel blocker, nifedipine (1 µM). However, the same concentration of
nifedipine failed to inhibit the simvastatin relaxation in U-46619 precontracted arteries. Such effect could point to the indirect inhibition of Ca2+
influx by simvastatin.
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NO may inhibit calcium efflux (Collins et al., 1986, Blatter and Wier, 1994).
However, this study has shown that NO inhibition had no effect on
simvastatin relaxation, thus ruling this out as a mechanism.
Rho-kinase can be seen as a major player for receptor-mediated, but not
for KCl stimulation (Nobe and Paul, 2001). It is worth mentioning that
voltage-gated calcium channels not only mediate the Ca 2+ influx that
triggers contraction, but also metabotropically regulate intracellular Ca2+
release and RhoA activation to sensitize the contractile machinery
(Fernandez-Tenorio et al., 2011, Urena and Lopez-Barneo, 2012). Thus,
the involvement of Rho in vasorelaxation mediated by simvastatin cannot
be discounted, and it remains to be investigated.
Previous studies have shown that pre-incubation with mevalonate restored
the CaCl2 -induced contraction (Alvarez de Sotomayor et al., 2001) and
reverse the

changes

induced

by simvastatin

on

Ca 2+ signal

after

stimulation with noradrenaline (Alvarez de Sotomayor et al., 2001) and
vasopressin (Ng et al., 1994). This study has shown that mevalonic acid
incubation for one hour had no effect on simvastatin relaxation, suggesting
that the acute effects of simvastatin involves direct actions at Ca2+ pools
unrelated to mevalonate products

(Bergdahl et al., 2003). Longer

incubation, up to 48 h with mevalonic acid might have different effects
which in turn might explain the discrepancy with other studies (Clunn et
al., 1997). However, Escobales et al have shown that the inhibitory effect
of simvastatin was reduced 50% by 30 min incubation with mevalonic acid
in rat aortic rings (Escobales et al., 1996b).
Membrane cholesterol plays a role in regulating L-type calcium current,
both under basal conditions and in response to selected agonists (Bialecki
et al., 1991). Several published observations seem to refute the possibility
that the acute effects of simvastatin on vascular tone and Ca2+ influx are
due to reduced cholesterol content. For examples, cyclodextrin reduced the
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arterial contents of cholesterol by 20%, but was without any effect on
contraction induced by depolarisation (Lohn et al., 2000). Enrichment of
cholesterol, on the other hand, leads to increased L-type current (Sen et
al., 1992), which may involve incorporation of cholesterol into membrane
domains where it is not normally present (Sen et al., 1992). Thus,
inhibition of Ca2+ influx by simvastatin is likely to be independent of
cholesterol biosynthesis.
Acute application of simvastatin on human skeletal muscle fibres triggers a
large release of Ca2+ from the SR as an early event for myotoxicity. The
Ca2+ release results from alterations in mitochondrial function with
subsequent mitochondrial membrane depolarization and Ca2+ efflux to the
cytoplasm (Sirvent et al., 2005b). Mitochondria appeared as the cellular
structure responsible for the earlier event leading to a subsequent large
sarcoplasmic reticulum Ca2+ release (Liantonio et al., 2007, Pierno et al.,
2009). Because of the structural proximity between the mitochondria and
the sarcoplasmic reticulum, mitochondria ensure efficient sarcoplasmic
reticulum refilling and minimize cytosolic Ca2+ elevations (Poburko et al.,
2009, Restini et al., 2006). Furthermore, the principal internal Ca2+ stores
within vascular smooth muscle cells are the sarcoplasmic reticulum (SR)
and mitochondria (Drummond and Fay, 1996). Accordingly, mitochondrial
inhibition produces a small, transient increase in Ca 2+ as a result of
mitochondrial Ca2+ efflux. On the other hand, mitochondrial inhibition
reduces the amount of Ca2+ released by IP3 (McCarron and Muir, 1999).
Indeed,

IP3

receptors

became

inoperative

during

mitochondrial

depolarization and were reversible upon repolarization of mitochondria, the
latter is considered as a protective mechanism to prevent Ca 2+ dependent
apoptosis (Collins et al., 2000). A previous study by Escobales et al could
not prove the precise mechanism by which simvastatin releases calcium
from IP3-sensitive pools (Escobales et al., 1996a). Our study suggests that
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simvastatin effects on vascular smooth muscle involve Ca2+ release from
intracellular stores by mitochondrial depolarization while on the same time
blockade of extracellular Ca2+ entry. However, the involvement of
mitochondria needs more studies to confirm the hypothesis.
Application of the complex I inhibitor rotenone (10 μM) completely
inhibited Ca2+ waves with accompanied increase in basal Ca2+ in interstitial
cells from rabbit urethra (Sergeant et al., 2008). Rotenone (10 μM) also
reduced Ca2+ spark and wave frequency and elevated global Ca2+ in
smooth muscle cells of intact arteries (Cheranov and Jaggar, 2004) and
induced a rapid increase in Ca2+ in the presence of extracellular Ca2+ but
not in the absence of extracellular Ca2+ (Wyatt and Buckler, 2004). This
suggests that mitochondrial inhibition might influence Ca2+ wave activity,
possibly due to a close spatial relationship of mitochondria and the
sarcoplasmic reticulum. On the other hand, It has been found that
rotenone inhibits dilation in human coronary vessels by suppression of O –•
and H2O2 formation (Liu et al., 2003). This mechanism has been discussed
in chapter I.
In the present study, rotenone prevented

the inhibitory effect of

simvastatin on the calcium-induced contraction (figure 3.12). Rotenone
also inhibited the relaxation to simvastatin after pre-contraction to KCl
(figure 3.9) which is likely to be due to inhibition of calcium influx. Previous
study

has

shown

that

rotenone

inhibited

acetylcholine-induced,

endothelium-dependent relaxation of rat and rabbit aorta by inhibiting NO
production (Weir et al., 1991). However, in our study, NO synthase
inhibition with L-NAME had no effect on relaxation induced by simvastatin,
ruling

this

out

as

a

mechanism.

Furthermore,

uncoupling

of

the

mitochondria with FCCP had no effect on simvastatin relaxation in KCl precontracted vessels (figure 3.10) indicating that the inhibitory effect of
rotenone is unlikely to be due to a non-selective effect of inhibition of
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mitochondrial function. It is also worth mentioning that the relaxation
induced by nifedipine on KCl-contracted coronary rings was unaffected,
unlike simvastatin, by rotenone incubation. This provides further support
to the suggestion that the inhibitory effect of rotenone on the simvastatin
relaxation is not due to a non-specific effect of rotenone.
A Previous study has shown that reactive oxygen species generated from
complex III of the mitochondria result in Ca2+ channel inhibition in cardiac
cells (Scragg et al., 2008), other studies have shown that oxidized LDL
enhance Ca2+ current via mitochondrial reactive species(Fearon, 2006).
These differential responses may relate to the concentration and type of
ROS, species differences and experimental conditions. The locus of
increased superoxide was suggested to be beyond complex I. To examine
whether Complex III was the site of enhanced superoxide production
pharmacological inhibition of the individual mitochondrial complexes was
used, inhibition of the respiratory chain by rotenone or myxothiazol block
electron flow at the Qo superoxide site of complex III (Viola and Hool,
2010).

Both

compounds

successfully

attenuated

the

increase

in

superoxide, thus inhibit complex III ROS generation and prevent the
effects of ROS on Ca2+ channels. Therefore inhibition of complex III by
simvastatin would no longer have any effect.
The data presented here suggest that simvastatin acts as inhibitor of
complex III. If the effects of simvastatin are mediated through inhibition of
complex III, then the effects of simvastatin on vascular tone should be
mimicked by a complex III inhibitor. Thus, the effects of the mitochondrial
inhibitors on the precontracted porcine coronary segments, with special
reference to antimycin A as complex III inhibitor, will be investigated in the
next chapter.
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FIGURE 3.16. Role of mitochondria in simvastatin induced porcine
coronary relaxation. The three complexes of the mitochondrial (inner)
membrane that form the proton gradient (I, III, and IV) are indicated, and
two established inhibitors of electron flow are shown, rotenone and
myxothiazol. The sites of simvastatin action proposed by our study, as
indicated by red arrow, are mitochondrial complex III thereby causing
mitochondrial depolarization. Furthermore simvastatin inhibits Ca 2+ influx
with subsequent relaxation. Mitochondrial depolarization may be the
upstream for AMPK stimulation and NO production proposed by other
studies. Simvastatin blocks KATP channels thus they have no role in
simvastatin relaxation. Our proposal includes also ROS generation as a
result of complex III inhibition, in-turn ROS may inhibit Ca2+ channels (as
indicated by ?), however more studies are recommended to confirm the
mechanism of simvastatin induced Ca2+ channels inhibition.
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CHAPTER IV: Effect of complex III inhibition with antimycin
A on porcine coronary tone: mechanism of action &
comparison with other mitochondrial inhibitors
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4.1 Introduction
Traditionally mitochondria are known as the energy generating centre of
the cells, However, there is growing consensus demonstrating that
mitochondria

actively

participate

in

intracellular

signalling,

such

as

production of ROS and regulation of the intracellular Ca2+ concentration
(Michelakis et al., 2002). The process of ROS generation is

tightly

regulated (Sena and Chandel, 2012). In the mitochondrial matrix,
superoxide (O2·−) is converted to hydrogen peroxide (H2O2) by superoxide
dismutase. H2O2 then diffuses across the mitochondrial membranes. In the
cytosol H2O2 can be further be metabolized to water (H 2O) by glutathione
peroxidases (Zhang and Gutterman, 2007, Xi et al., 2005). Mitochondrial
superoxide is mainly produced by complexes I and III of the electron
transport chain (Chen et al., 2003). The oxidant generation can be
modulated by mitochondrial potential and intracellular Ca2+ (CamelloAlmaraz et al., 2006a). Antimycin A (a complex IIIQi inhibitor) is known to
increase O2·− generation, and myxothiazol (a complex IIIQo inhibitor) has
the same effect (Starkov and Fiskum, 2001). With rotenone (a complex I
inhibitor) this point is controversial. While inhibition of complex I with
rotenone reduced mitochondrial ROS in intact human coronary arterioles
(Liu et al., 2003), increased mitochondrial ROS was observed in isolated
mitochondria (Andreyev et al., 2005). On the other hand, uncoupling
oxidative phosphorylation with (FCCP) reduces O2·− production (Saitoh et
al., 2006).
The increase in ROS production has been considered a pathological
response since excess O2·− generation influences vasomotor tone by
quenching NO. However, recent findings suggest that ROS can play an
important supportive role in the control of a large variety of vascular cell
signalling processes including activation of nitric oxide synthase (NOS),
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modulation of intracellular Ca2+, and AMP kinase activation (Cardaci et al.,
2012). AMP kinase in turn can increase NO bioavailability (Rossoni et al.,
2011) and modulates vascular tone (Mackenzie et al., 2013).

In small

coronary arterioles, complex I and III –derived H2O2 is found to be
responsible for flow-mediated vasodilatation that is independent of NO (Liu
et al., 2003, Cai, 2005). Rotenone and myxothiazol markedly attenuated
flow-induced dilation and associated O2·− and H2O2 generation in the
coronary circulation (Liu et al., 2003). On the other hand, mitochondrial
depolarization using nanomolar concentrations of the protonophore CCCP
induces ROS elevation with an increase in calcium spark frequency, which
in turn stimulates calcium-activated K+ channels, resulting in cerebral
artery vasodilation (Xi et al., 2005). By contrast, marked depolarization
using micromolar CCCP or rotenone reduces calcium spark activity thereby
reducing opening of calcium-activated potassium channels (Cheranov and
Jaggar, 2004, Xi et al., 2005).
Previous studies have demonstrated that inhibiting the mitochondrial
electron transfer chain leads to vasodilatation (Qamirani et al., 2006, Hao
et al., 2006, Sward et al., 2002, Weissmann et al., 2003). However, other
studies have demonstrated opposing actions in different blood vessels e.g.
inhibition of complex I constricted the pulmonary artery, but stimulated
dilation of the renal artery (Michelakis et al., 2002). Such differences of the
mitochondrial

inhibitors on

the vascular tone

could

be

related

to

mitochondrial diversity between different vascular beds (Michelakis et al.,
2002).
It is now well recognised that the large negative potential across the inner
membrane (up to −180 mV) accumulates Ca2+ very efficiently and rapidly
(McCarron et al., 2013, Szabadkai and Duchen, 2008). The uptake of Ca2+
into mitochondria is proposed to stimulate mitochondrial ATP production,
thereby providing a means for matching increased energy demand. Despite
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reports of their high-capacity and low affinity for Ca2+, mitochondria are
also

accepted

as

being

important

regulators

of

intracellular

Ca2+

concentration, thereby regulating smooth muscle tone. Mitochondria could
be transiently exposed to local Ca2+ concentrations much higher than those
measured in the bulk cytosol sufficient to activate their low-affinity Ca2+
uptake (McCarron et al., 2012). In arterial smooth muscle cells, the results
suggested that mitochondrial Ca2+ uptake is important over low Ca2+ range
(Kamishima and Quayle, 2002).
Chapters 2 and 3 have indicated that simvastatin produces a relaxation
response, which we hypothesise is through an effect on complex III of the
mitochondria. If this is the case, then inhibition of complex III should
produce similar effects. The direct impact of the mitochondrial inhibitors on
the vascular tone of the coronary vessels is unknown. Therefore the goals
of the present chapter were to determine the effects of antimycin A as a
complex III inhibitor, in comparison with other mitochondrial inhibitors, on
the vascular tone of the isolated porcine coronary artery and to elucidate
the underlying signalling pathways involved.
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4.2. Materials and mehods
4.2.1. Materials
Rotenone, antimycin A, 3-nitropropionic acid (3-NP), 4,4,4-trifluoro-1-(2thienyl)-1,3-butanedione (TTFA), FCCP, oligomycin, TEA, 4-aminopyridine,
ebselen, PEG-SOD, PEG-catalase, diethylthiocarbamate (DETCA), U46619,
indomethacin, Rb+, fluo-4 AM, bovine serum albumin (BSA) were obtained
from Sigma-Aldrich, Poole, UK. Antibodies specific to AMPKα and total
AMPK (New England Biolabs, Hitchin, UK).

4.2.2. Solutions
Krebs-Henseleit buffer (NaCl 118, KCl 4.8, CaCl 2.H2O 1.3, NaHCO3 25.0,
KH2PO4 1.2, MgSO4.7H2O, glucose 11.1 in (mM). Hanks buffer containing
(in mM): 5.6 KCl, 138 NaCl, 4.2 NaHCO3, 1.2 NaH2PO4, 2.6 CaCl2, 1.2
MgCl2, 10 glucose and 10 HEPES [pH 7.4]. Homogenisation solution: 80
mM sodium β-glycerophosphate, 20 mM imidazole, 1 mM dithiothreitol
(DTT), 1 mM sodium fluoride (NaF) [pH 7.6]. 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 at pH 6.8). Electrophoresis
buffer (25 mM Tris, 192 mM glycine and 0.1% (w/v) SDS in distilled H 2O at
pH 8.3). Transfer buffer (25 mM Tris, 192 mM glycine and 20% methanol
in distilled H20 at pH 8.3). Tris-buffered saline [25 mM Tris, 125 mM NaCl
to pH 7.6 in distilled H2O].

4.2.3. Data Analysis
The relaxation responses were expressed as a percentage change from the
U46619- or KCL induced pre-contraction over time. Values for all figures
refer to mean ± SEM. Relaxation responses over time were compared by
using two-way analysis of the variance (ANOVA) followed by a Bonferroni
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post-hoc test. Differences were considered to be significant when the P
value was < 0.05. Contractile responses to calcium chloride were
expressed as a percentage of the 60 mM KCl response. Changes in fluo-4
fluorescence were analysed by unpaired Student’s t-test.

4.2.4. Method
Porcine hearts from pigs of both sexes were obtained from a local abattoir
and transported back to the laboratory in ice-cold Krebs-Henseleit buffer
(NaCl

118,

KCl

4.8,

CaCl2.H2O

1.3,

NaHCO3

25.0,

KH2PO4

1.2,

MgSO4.7H2O, glucose 11.1 in (mM) gassed with a mixture of 95% O2 and
5% CO2). The anterior proximal descending branch of the coronary artery
was dissected out and cleaned of fat and connective tissues and set up for
isometric tension recording (see chapter 2). Tissues were pre-contracted
with cumulative additions of U46619 (a thromboxane A2-mimetic) to about
50-70%

of

the

second

KCl

response

before

addition

of

a

single

concentration of antimycin A (3 µM to 10 µM), myxothiazol, rotenone, 3NP, oligomycin, (all 10 µM) and FCCP (1 µM), and the tone measured for 2
hours. Control tissues contained vehicle only (0.1% v/v DMSO). In
separate experiments, the effect of antimycin A after pre-contraction with
KCl was determined.
In order to determine the role of endothelial factors on the effects of
antimycin A, tissues were incubated with the nitric oxide synthase
inhibitor, L-NAME (300 µM), or the cyclo-oxygenase inhibitor indometacin
(10 µM) for 20–30 minutes prior to pre-contraction with U46619. The role
of AMP kinase inhibition on the effects of antimycin A was also determined
by pre-incubation with dorsomorphine (10 μM). In some experiments, to
evaluate the role of K+ channels, the segments were pre-incubated with
the non-selective K+ channel blocker tetraethylammonium (TEA; 10 mM),
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glibenclamide 3 µM or the Kv channel blocker 4-aminopyridine (1 mM) for
60 minutes prior to addition of U46619.

4.2.4.1 Role of reactive oxygen species in antimycin A-induced relaxation
The role of reactive oxygen species (ROS) in the relaxation response to
antimycin A was investigated by pre-incubation with ebselen, a scavenger
of hydrogen peroxide (3 µM), and PEG-superoxide dismutase (100 Uml -1)
which

metabolises

superoxide

free

radicals.

In

a

separate

set

of

experiments, tissues were incubated with diethylthiocarbamate (DETCA),
which inhibits superoxide dismutase (10 mM).

4.2.4.2. Effect of antimycin A on calcium-induced contractions
To assess the effect of antimycin A on calcium influx, a concentration–
response curve for CaCl2 was constructed. Arteries were incubated for 1 h
in Ca2+-free Krebs-Henseleit buffer with antimycin A 10 µM. Tissues were
then exposed to 60 mM KCl and then increasing concentrations of CaCl 2 (1
µM to 3 mM) added to induce a contraction. In another set of experiments,
tissues were incubated with rotenone, myxothiazol, oligomycin (10 µM) or
FCCP (1 µM) in place of antimycin A.

4.2.4.3. Effect of antimycin A on calcium influx in freshly isolated smooth
muscle cells.
Coronary smooth muscle cells were isolated from the proximal coronary
artery segments by incubating with type II collagenase (2 mg/mL) for 30
min at 37 ºC and plated on coverslips. The cells were then loaded with 5
µmol/L fluo-4 AM for 1 hour at room temperature in HEPES-buffered Hanks
solution (same as chapter 3). Coverslips were then superfused with Hanks
buffer at 37°C for 5 min for basal recording. The Hanks buffer was then
replaced with high K+ (50mM) Hanks containing which elicited a sustained
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increase in the fluorescence ratio. Subsequently, antimycin A 10 µM or
DMSO (0.1% v/v) as a control were added to the perfusion media.

4.2.4.4. Atomic absorption spectrophotometric determination of 3Na+/2K+
ATPase activity
Rubidium-uptake was measured with atomic absorption spectrophotometry
(Perkin-Elmer) to study the sodium-potassium pump activity as previously
described (Ferrer-Martinez et al., 1996). Porcine coronary segments (PCA)
were cleaned of adherent connective and fatty tissues. The segments were
cut open longitudinally, ~1.5 cm in length. They were placed into 6-well
plates pre-filled with 3 ml Krebs-Henseleit solution previously gassed with
5% CO2 and 95% O2. Test agents 100 nM ouabain, 10 µM antimycin A or
DMSO were added into the respective wells. Plates were incubated at 37°C
in a shaker for 1 h. After complete incubation, Krebs solution was replaced
with

K+-free

Krebs’-Henseleit

solution

containing

4

mM

RbCl

with

respective inhibitors and incubated at 37 °C in a shaker for an additional
30 minutes. Arteries were then rapidly washed three times with ice-cold
0.2 M MgSO4 then stored at -20 °C until further assay. Frozen segments
were fixed with 2 mL fixative (containing 50% ethanol, 49% distilled water
and 1% acetic acid) and left to evaporate in a fume hood overnight.
Intracellular Rb+ was then extracted in 2 mL of distilled water and the Rb +
content was determined with flame photometry on an atomic absorption
spectrometer using wavelength of 780 nm. Rb+-uptake levels were
interpolated from a standard Rb+ curve and individual PCA reading was
divided by the wet weight of the respective artery segment.
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4.2.4.5. Measurement of AMP Kinase activation
4.2.4.5.1. Tissue preparation
The phosphorylation state of AMP Kinase was measured using Western
immunoblotting.

Porcine coronary artery segments were set up in 5 ml

organ baths connected to a force transducer for isometric tension
recording.

The

baths

contained

Krebs-Henseleit

solution

and

were

connected to a thermostat to maintain the temperature at 37 oC and
constantly gassed with carbogen (95% O2, 5% CO2). After two consecutive
KCl (60 mM) challenges, arteries received one of the following treatments:
U46619 (20 – 30 nM), in order to achieve 60–85% of the maximal KCl
contraction. After a steady contractile tone was achieved, antimycin A was
added to a final concentration of (10 µM). DMSO as a solvent control was
added to the second channel. Timing of drug treatment was 2 h which is
consistent with other antimycin A experiments. Control arteries were
removed at the same time. The segments were frozen rapidly by placing
the arteries on dry ice. Finally, the arteries were stored at -80ºC. On the
day of the experiments, the rings were chopped into smaller pieces using
scissors and homogenised for approximately 30 seconds (FisherBrand 0.1
ml glass-glass homogeniser) in ice-cold buffer containing 80 mM sodium βglycerophosphate, 20 mM imidazole, 1 mM dithiothreitol (DTT), 1 mM
sodium

fluoride (NaF) [pH 7.6]

with

a

protease inhibitor cocktail

(Calbiochem).

4.2.4.5.2. Bradford Protein Assay
A fraction of each homogenate was used to estimate protein concentration
using the Bradford protein assay. Firstly, a standard concentration curve of
bovine

serum

albumin

(BSA)

was

prepared

using

the

following
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concentrations: 2 mg ml-1, 1 mg ml-1, 0.5 mg ml-1, 0.25 mg ml-1 and 0.125
mg

ml-1.

The

diluent

used

contained

homogenisation

buffer

at

concentrations listed above. 10 µl of each sample was loaded in pairs onto
a 96-well plate, along with each concentration of BSA and a pair of blanks
(diluent only). Each well was topped up with 40 µl BioRad protein assay
dye reagent concentrate and 150 µl distilled water. Absorbance readings,
measured at 595 nm, were generated using a microplate reader and used
to estimate the concentration of protein in each sample. These estimates in
turn were used to determine the volume of each homogenate sample to be
used in the next stage of the experiment.

4.2.4.5.3. Western immunoblotting
The remainder of the homogenised samples were diluted (1:1) in Laemmli
sample buffer (4% (w/v) SDS, 20% (w/v) glycerol, 10% (v/v) 2mercaptoethanol, 0.004% (v/v) bromophenol blue and 0.125 M Tris HCl at
pH 6.8) and heated at 95ºC for 5 min. Equal amounts of each sample (10
µg protein) were carefully loaded into wells of pre-cast 4-20% (w/v)
acrylamide SDS-PAGE gels. Loaded gels were slotted into an electrode tank
containing electrophoresis buffer (25 mM Tris, 192 mM glycine and 0.1%
(w/v) SDS in distilled H2O at pH 8.3). A potential difference of 150 V was
placed across the gel for 40 min, causing protein separation. Protein was
transferred from gel to nitrocellulose membrane (GE Healthcare Life
Sciences, Amersham, UK) using a mini Transblot (Bio-Rad Laboratories
Ltd., Hemel Hempstead, UK) immersed in transfer buffer (25 mM Tris, 192
mM glycine and 20% methanol in distilled H20 at pH 8.3). A voltage of 100
V was applied for 60 min.
To prevent non-specific attachment of antibodies to the nitrocellulose
membrane, the membrane was ‘blocked’ by incubating for 60 min in 5%
(w/v) milk solution (Marvel skimmed milk powder dissolved in Tris-
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buffered saline [25 mM Tris, 125 mM NaCl to pH 7.6 in distilled H 2O]
containing 0.1% Tween-20 (TBS Tween). Membranes were incubated
overnight at 4ºC in 5% BSA (w/v) solution containing a 1 in 1000 dilution
of “primary” antibodies specific to AMPKα and total AMPK (Cell Signaling
Technology, UK).
The following morning, membrane blots were washed in TBS Tween for 1
hour and then incubated at room temperature for 60 min in 5% (w/v) milk
solution containing IR dye taged “secondary” antibodies (1 in 10,000
dilution)

raised

in

goat

against

mouse

for

AMPK

and

rabbit

for

phosphorylated AMPK (LI-COR Biotechnology Ltd., Cambridge, UK). Blots
were washed for 1 hour in TBS Tween again, and then washed in distilled
water. Finally, the blots were then scanned at 700 nm and 800 nm
wavelengths
Biotechnology

using
Ltd.,

an

Odyssey

Cambridge,

Infrared
UK).

Imaging

Odyssey

System

(LI-COR

software

(LI-COR

Biotechnology Ltd., Cambridge, UK) was used to analyse the optical
densities and molecular weights of the visualised bands. In order to
determine if there was a difference in the level of phosphorylation of AMP
kinase, the density of the bands to phospho-AMP kinase were expressed as
a ratio of the bands to total AMP kinase. Statistical significance between
control and antimycin A-treated vessels was determined using a 2-tailed,
unpaired Student’s t-test with p<0.05 determining significance.
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4.3. Results
4.3.1. Acute effects of antimycin A and myxothiazol on porcine coronary
artery tone
As shown in figure (4.1 & 4.2), antimycin A (1 μM & 10 μM) caused
essentially immediate relaxation of the porcine coronary artery precontracted with U46619 reaching a maximum response at around 100
minutes. Myxothiazol also produced relaxation of the porcine coronary
artery, although the response was slower to develop (figure 4.4). DMSO as
a vehicle control had no effect. Pre-constriction with KCl instead of U46619
attenuated the relaxation response to both antimycin A and myxothiazol
(figure 4.3 and 4.4 respectively).

Figure 4.1. Relaxation responses to antimycin A and myxothiazol (both 10
µM) in segments of porcine coronary artery precontracted submaximally
with U46619. Data are expressed as a percentage relaxation of the
U46619-induced contraction and are mean ± SEM from 6 different
experiments. * indicates P<0.05 and *** indicates P<0.001.
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Figure 4.2. Relaxation responses to antimycin A (1 µM and 10 µM) in
segments of porcine coronary artery submaximally precontracted with
U46619. Data are expressed as a percentage relaxation of the U46619induced contraction and are mean ± SEM from 8 different experiments. **
indicates P<0.01 and *** indicates P<0.001.

Figure 4.3. Effect of antimycin A (10 µM) in segments of porcine coronary
artery precontracted submaximally with U46619 in comparison with KCl
precontraction. Data are expressed as a percentage relaxation of the
U46619 or KCl-induced contraction and are mean ± SEM from 6 different
experiments. * indicates P<0.05 and ** indicates P<0.01.
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Figure 4.4. effect of myxothiazol (10 µM) in segments of porcine coronary
artery precontracted submaximally with U46619 in comparison with KCl
precontraction. Data are expressed as a percentage relaxation of the
U46619 or KCl-induced contraction and are mean ± SEM from 5 different
experiments. * indicates P<0.05.

4.3.2. Effects of complex I inhibitor rotenone, and complex II inhibitor on
PCA tone
Neither rotenone (10 µM) nor 3-NP (10 µM), had any significant effect and
the contraction was well maintained over the time course of the
experiment (figure 4.5).

Figure 4.5. effect of rotenone and 3NP (both 10 µM) in segments of
porcine coronary artery precontracted submaximally with U46619. Data
are expressed as a percentage relaxation of the U46619-induced
contraction and are mean ± SEM from 6 different experiments.
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4.3.3. Effects of mitochondrial uncoupler FCCP on PCA tone
The mitochondrial uncoupler FCCP at (100 nM), but not at (1 µM), also
produced a time-dependent relaxation, reaching a maximum at around 120
minutes (figure 4.6). At the higher concentration of 1 µM, FCCP caused an
initial, transient contraction, before returning to the same level as the
control (figure 4.6).

Figure 4.6. effect of FCCP (100 nM and 1 µM) in segments of porcine
coronary artery precontracted submaximally with U46619. Data are
expressed as a percentage relaxation of the U46619-induced contraction
and are mean ± SEM from 6 different experiments. ** represents P<0.01
and *** indicates P<0.001.

Unlike antimycin A, pre-constriction with KCl instead of U46619 had no
significant effect on the relaxation response induced by 100 nM FCCP
(figure 4.7).
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Figure 4.7. effect of FCCP (100 nM) in segments of porcine coronary
artery precontracted submaximally with U46619 and KCl. Data are
expressed as a percentage relaxation of U46619 or KCl-induced contraction
and are mean ± SEM from 5 different experiments.

4.3.4. Effects of ATP synthase inhibitor oligomycin on PCA tone
The ATP synthase inhibitor oligomycin (10 µM) also produced a slow, timedependent relaxation of the coronary artery, which was still relaxing at 120
minutes (figure 4.8).

Figure 4.8. effect of oligomycin (10 µM) in segments of porcine coronary
artery precontracted submaximally with U46619. Data are expressed as a
percentage relaxation of the U46619-induced contraction and are mean ±
SEM from 9 different experiments. * indicates P<0.05 and *** indicates
P<0.001.
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4.3.5. Role of NO, Prostacyclin in the relaxation response to antimycin A
A previous study by Rowlands et al. has shown that mitochondrial ROS
play a role in endothelial NOS activation (Rowlands et al., 2011).
Moreover, mitochondrial depolarization promotes eNOS activation without
ROS generation (Katakam et al., 2013). Prostacyclin may be also produced
by endothelial cells in the presence of mild oxidative stress (Toniolo et al.,
2013). However, pre-treatment of the porcine coronary rings with a nitric
oxide synthase inhibitor, L-NAME (300 µM), or a cyclooxygenase inhibitor,
indomethacin (10 µM), had no effect on antimycin A-induced relaxation
(figure 4.9 & 4.10 respectively).

Figure 4.9. Relaxation responses to antimycin A in segments of porcine
coronary artery precontracted submaximally with U46619 in the presence
of L-NAME (300 µM). Data are expressed as a percentage relaxation of the
U46619-induced contraction and are mean ± SEM from 7 different
experiments.
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Figure 4.10. Relaxation responses to antimycin A in segments of porcine
coronary artery precontracted submaximally with U46619 in the presence
of indomethacin (3 µM). Data are expressed as a percentage relaxation of
the U46619-induced contraction and are mean ± SEM from 9 different
experiments.

4.3.6. Role of AMPK in the relaxation response to antimycin A
Inhibition of mitochondrial respiration at complex III with 10 µM antimycin
A interrupts ATP production and hence elevates ADP concentration. This in
turn would elevate the concentration of AMP with subsequent AMPK
activation. A variant mechanism for AMPK activation is by RNS or ROS,
those latter have been shown to activate AMPK when mitochondrial
respiration is blocked (Quintero et al., 2006, Mackenzie et al., 2013). Preincubation with dorsomorphin, an AMP kinase inhibitor, significantly
reduced antimycin A relaxation (figure 4.11), suggesting that antimycin Ainduced vasodilation is mediated in part by AMP kinase activation.
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Figure 4.11. Relaxation responses to antimycin A in segments of porcine
coronary artery precontracted submaximally with U46619 in the presence
of dorsomorphin (10 µM). Data are expressed as a percentage relaxation
of the U46619-induced contraction and are mean ± SEM from 9 different
experiments. * indicates P<0.05.

4.3.7. Role of K+ channels in the relaxation response to antimycin A
The incubation of coronary rings with the K Ca channel blocker (TEA, 10
mM), KATP blocker (glibenclamide, 3 µM) or Kv blocker (4-aminopyridine, 1
mM) had no effect on the antimycin A-induced coronary relaxation (figure
4.12, 4.13 & 4.14 respectively).

Figure 4.12. Relaxation responses to antimycin A in segments of porcine
coronary artery precontracted submaximally with U46619 in the presence
of TEA (10 mM). Data are expressed as a percentage relaxation of the
U46619-induced contraction and are mean ± SEM from 5 different
experiments.
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Figure 4.13. Relaxation responses to antimycin A (10 µM) in segments of
porcine coronary artery precontracted submaximally with U46619 in the
presence of glibenclamide (3 µM). Data are expressed as a percentage
relaxation of the U46619-induced contraction and are mean ± SEM from 5
different experiments.

Figure 4.14. Relaxation responses to antimycin A (10 µM) in segments of
porcine coronary artery precontracted submaximally with U46619 in the
presence of 4-AP (1 mM). Data are expressed as a percentage relaxation
of the U46619-induced contraction and are mean ± SEM from 5 different
experiments.

4.3.8. Effect of pre-incubation with FCCP, or rotenone, on the relaxation
response to antimycin A
Pre-incubation with the mitochondrial uncoupler FCCP (1 μM), significantly
reduced the relaxation to antimycin A. On the other hand rotenone (10
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μM), a complex I inhibitor, caused a partial inhibition of the antimycin A
relaxation (figure 4.15). The relaxation response to antimycin A was
reduced after pre-contraction with KCl as mentioned before (figure 4.3).
Under these conditions, pre-incubation with 10 µM rotenone caused
complete inhibition of the relaxation to antimycin A (figure 4.16).

Figure 4.15. Relaxation responses to antimycin A (10 µM) in segments of
porcine coronary artery precontracted submaximally with U46619 in the
presence of FCCP (1 µM) or rotenone (10 µM). Data are expressed as a
percentage relaxation of the U46619-induced contraction and are mean ±
SEM from 10 different experiments. * indicates P<0.05, ** indicates
p<0.01 and *** indicates P<0.001.

Figure 4.16. Relaxation responses to antimycin A in segments of porcine
coronary artery precontracted submaximally with KCl in the presence of
rotenone (10uM). Data are expressed as a percentage relaxation of the
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U46619-induced contraction and are mean ± SEM from 5 different
experiments. ** indicates P<0.01 and *** indicates P<0.001.

4.3.9. Role of Na+/K+ ATPase pump in the relaxation response to antimycin
A
A study by Qamirani et al provided evidence that NaN3, a mitochondrial
complex IV inhibitor, directly dilates porcine coronary arterioles by the
activation of Na+/K+ ATPase pump (Qamirani et al., 2006). In the presence
of ouabain, a Na+/K+ ATPase inhibitor, at 100 nM concentration, the
antimycin A-induced coronary relaxation was significantly attenuated
(figure 4.17), suggesting that antimycin A affects the Na+/K+ ATPase
pump. However, the results obtained from rubidium-uptake experiments
showed that Na+/K+ ATPase pump was not altered by antimycin A (figure
4.18).

Figure 4.17. Relaxation responses to antimycin A (10 µM) in the absence
or presence of ouabain (100 nM), Data are expressed as a percentage
relaxation of the U46619-induced contraction and are mean ± SEM from 6
different experiments. ** indicates P<0.01.
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Figure 4.18. Measurement of rubidium-uptake (30 min incubation time) in
porcine coronary arteries to determine the activity of Na +/K+ pump in the
presence of 100 nM ouabain or 10 µM antimycin A using atomic absorption
spectrophotometer used in a flame emission mode. Data are expressed as
rubidium uptake in µmol mg−1 of tissue wet weight and are mean ± S.E.M.
of 6 experiments. **P < 0.01, one-way ANOVA followed by Dunnett’s
multiple comparison test compared to the control.

4.3.10. Role of reactive oxygen species in the relaxation response to
Antimycin A
PEG-superoxide dismutase (100 Uml -1) had no effect on the relaxation
response to antimycin A (figure 4.19). By contrast, ebselen (3 µM) or
DETCA (10 mM) inhibited the antimycin A relaxation in the coronary rings
pre-contracted with KCl (figure 4.20 & 4.21). Pre-contraction with KCl was
used under these conditions as both ebselen and DETCA reduced the
U46619-induced tone; the contraction is better maintained with KCl under
these conditions (Takase et al., 1999).
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Figure 4.19. Relaxation responses to antimycin A (10 µM) in the absence
or presence of SOD (100 Uml-1), Data are expressed as a percentage
relaxation of the U46619-induced contraction and are mean ± SEM from 6
different experiments.

Figure 4.20. Relaxation responses to antimycin A (10 µM) in the absence
or presence of ebselen (10 µM), Data are expressed as a percentage
relaxation of the KCl-induced contraction and are mean ± SEM from 6
different experiments. * indicates P<0.05.
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Figure 4.21. Relaxation responses to antimycin A (10 µM) in the absence
or presence of DETCA (10 mM), Data are expressed as a percentage
relaxation of the U46619-induced contraction and are mean ± SEM from 7
different experiments. * indicates P<0.05, ** indicates P<0.01.

4.3.11. Effect of antimycin A on Calcium-Induced contractions
In chapter 3, it was demonstrated that simvastatin inhibits calciuminduced contractions. Therefore, as a comparison, the effect of antimycin A
on Ca2+ influx was also determined. Re-addition of calcium in the presence
of 60 mM KCl produced a concentration-dependent contraction in the
porcine coronary artery. Pre-incubation with antimycin (10 µM) produced a
concentration-dependent inhibition of the contractile response (figure
4.22). Similarly, the complex III inhibitor myxothiazol (10 µM) produced
significant inhibition of the contraction (figure 4.23). On the other hand,
complex I inhibitor (rotenone, 10 µM) had no effect on the calcium-induced
contraction (figure 4.22). ATP synthase inhibitor (oligomycin, 10 µM) and
the respiratory uncoupler (FCCP, 1 µM) also inhibited the calcium-induced
contraction (figure 4.22 & 4.23).
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Figure 4.22. Effect complex I inhibitor rotenone (10 µM), complex III
inhibitors antimycin A (10 µM) and ATPase inhibitor oligomycin (10 µM) on
calcium-induced contractions in the porcine coronary artery.* indicates
P<0.05 and *** indicates P<0.001.

Figure 4.23. Effect complex III inhibitor myxothiazol (10 µM), and FCCP
(1 µM) on calcium-induced contractions. Data are expressed as a
percentage of the contraction to 60 mM KCl in the presence of calcium.
*** indicates P<0.001.

4.3.12. Effect of antimycin A on calcium influx in freshly isolated smooth
muscle cells.
Freshly isolated smooth muscle cells produced an increase in intracellular
calcium in response to 50 mM KCl. In the presence of 10 µM antimycin A,
this response was significantly reduced (figure 4.24).
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Figure 4.24. Bar chart of mean data ± SEM from DMSO and from 111
(antimycin A) cells showing the changes in fluo-4 fluorescence in response
to 50 mM KCl in the presence of 0.1 % v/v DMSO or 10 µM antimycin A.
**** indicates p<0.0001 v DMSO, 2-tailed, unpaired t-test.

4.3.13. Effect of antimycin A on AMPK activation in porcine coronary artery
As

shown

in

figure

(4.25-A).

A

representative

blot

of

western

immunoblotting experiment assessing the effect of antimycin A incubation
on AMPK activation in isolated PCA rings incubated in tissue baths for 2 h
in the presence or absence of antimycin. In PCA incubated with antimycin
A for 2 h, the level of phospho-AMPK to total AMPK was significantly
increased in comparison with PCA incubated with DMSO as a solvent
control using 2-tailed, unpaired Student’s t-test (figure 4.25-B).

166

A-

B-

Figure 4.25. A- Representative blot of western immunoblotting
experiments assessing the effect of antimycin A on AMPK activation in PCA.
Prior to freezing and homogenisation, PCA rings were incubated in tissue
baths for 2 h in the absence or presence of antimycin B- Bar chart shows
the ratio of phospho-AMP kinase to total AMP kinase from antimycin A and
DMSO treated segments of 5 different tissues. Data are presented as mean
± SEM, 2-tailed, * indicates p<0.05 unpaired Student’s t-test.
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4.4. Discussion
The data presented in chapters 2 & 3 demonstrate that simvastatin
produces a relaxation of the porcine coronary artery, which is thought to
be due, a least in part, to inhibition of the mitochondria, probably at
complex III. The present study demonstrates that antimycin A, a complex
IIIQi inhibitor, evokes a similar time-dependent relaxation of the isolated
porcine coronary artery. Myxothiazol, a complex IIIQo inhibitor, also
produced a relaxation of the porcine coronary artery; however, the
response was smaller and slower to develop. On the other hand, inhibition
of complex I with rotenone or complex II with 3-NP had no effect on
coronary artery tone. These data suggest that mitochondria play a role in
the regulation of vascular tone through complex III. The relaxation
responses seen with antimycin A and myxothiazol are not due to general
inhibition of mitochondrial function as inhibition of mitochondrial complexes
I and II had no effect on tone. Moreover, uncoupling the mitochondria with
a high concentration of FCCP (1 µM) did not induce coronary relaxation.
The current study also provided evidence that the relaxation response to
antimycin A was inhibited by AMPK inhibition. By contrast the relaxation
was independent of K+ channel, Na+/K+ ATPase pump, nitric oxide or
cyclooxygenase activation.
In most cells, the mitochondrial electron transfer chain is one of the major
sources of ROS (Turrens, 2003). While complex I can deposit O2¯ into the
mitochondrial matrix to be dissipated by the mitochondrial antioxidant
defence (Chen et al., 2003), complex III (site IIIQo) can release O2¯ to the
cytosol where it is converted to hydrogen peroxide by superoxide
dismutase 1 (Cai, 2005, Hool, 2006, Hawkins et al., 2007). Cytosolic
hydrogen peroxide is believed to be the primary form of ROS signalling in
the cell (Liu et al., 2003). Antimycin A is known to increase complex III O2¯
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generation. It prolongs the lifetime of ubisemiquinone at the Qo site with a
resultant increase in O2¯ release (Mukhopadhyay et al., 2007, Wolin,
2009). This may explain why inhibition of complex III, but not complex I or
II, results in relaxation of the coronary artery. This is supported by the
evidence that ebselen, a glutathione peroxidase mimic (Liu and Gutterman,
2009) significantly inhibits antimycin A-induced coronary relaxation.
Moreover,

DETCA,

a

superoxide

dismutase

inhibitor,

inhibited

the

antimycin A relaxation suggesting that H2O2 formation is important for the
antimycin A-induced coronary relaxation.
Uncoupling the mitochondria with FCCP (1 µM) did not produce a relaxation
in the porcine coronary artery, but inhibited the relaxation to antimycin A.
Furthermore, incubation with rotenone (10 µM) abolishes antimycin Ainduced relaxation. Both of these compounds might reduce the amount of
ROS produced by complex III inhibition, and provide evidence that
mitochondrial ROS may underlie the relaxation effects seen with antimycin
A (Chen et al., 2003, Liu et al., 2003, Hsieh et al., 2001).
The U46619-induced contraction is associated with Ca2+ release from the
sarcoplasmic reticulum and Rho-kinase–mediated Ca2+ sensitization (Dorn
and Becker, 1993). On the other hand, exposure to high KCl (60 mM)
activates smooth muscle contraction by changing the K + equilibrium
potential and clamping the membrane potential above the resting level
with subsequent Ca2+ channel activation. Studies have shown that IP3
induced

Ca2+

release

becomes

inoperative

during

mitochondrial

depolarization. Therefore, antimycin A may inhibit U46199- induced Ca2+
release by mitochondrial depolarization (Collins et al., 2000, McCarron et
al., 2012). The data presented also suggest that antimycin A inhibits Ca2+
influx as it inhibited the contraction to increasing concentrations of
calcium, in the presence of KCl. This was confirmed in freshly isolated
coronary artery smooth muscle cells in which the KCl-induced increase in
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intracellular calcium was inhibited by antimycin A. Similar effects on Ca2+
influx have been seen in vascular and intestinal smooth muscle (Nakagawa
et al., 1985) and rat tail artery (Sward et al., 2002). Rotenone produced
complete inhibition of the relaxation to antimycin A after pre-contraction
with KCl (figure 4.16). The latter suggested that complex I Inhibition with
rotenone prevents the effect of antimycin A on calcium influx. However,
rotenone has no effect on the Ca2+ depletion induced by antimycin A,
therefore the inhibitory effect on the U46199-precontracted vessels is less
pronounced (figure 4.15). Previously, rotenone has been shown to inhibit
dilation in human coronary vessels by suppression of O2¯ and H2O2
formation (Liu et al., 2003). This ties-in with the data showing that ebselen
and DETCA inhibit the antimycin A-induced relaxation and supports the
notion that antimycin A increases ROS formation, leading to coronary
relaxation. Previous results have shown that H2O2 inhibits Ca2+ entry and
the force of contraction of the porcine coronary arteries via SOC inhibition
(Pande et al., 2012); similarly, superoxide inhibits voltage-dependent Ca2+
channels of artery myocytes (Fusi et al., 2001). Some of antimycin A
effects on calcium influx could be due to activation of plasma membrane
K+ channels; opening of these channels would lead to hyperpolarization of
the membrane with closure of the voltage gated calcium channels.
However,

as

mentioned

above,

inhibition

of

K+

channels

with

glibenclamide, TEA and 4-aminopyridine, had no effect on the antimycin Ainduced relaxation in the porcine coronary artery, indicating that this is
unlikely to be the mechanism of action.

Collectively, the effects of

antimycin A suggest a role for mitochondria in regulating L-type Ca2+
channel activity (Kubota et al., 2003).
A study by Janssen et al. has suggested that free radicals can activate the
Na+-K+ pump, hyperpolarize the cell membrane and relax tracheal smooth
muscle (Janssen et al., 2000). On the other hand, oxygen radicals can
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damage Na+-pumps in coronary arteries (Elmoselhi et al., 1994). Our data
showed that incubation with ouabain, the Na+/K+ ATPase inhibitor, partially
reduced antimycin A-induced coronary segments relaxation (figure 4.17).
However, the results of the rubidium-uptake experiments showed that
Na+/K+ ATPase pump activity was not altered by antimycin A (figure 4.18).
Therefore, ouabain might act non-specifically to inhibit antimycin A
coronary relaxation. Previous studies have shown that inhibition of the
sodium pump results in cell membrane depolarization (Aalkjaer and
Mulvany, 1985) with a concomitant increase in calcium influx into vascular
smooth muscle cells (Pulina et al., 2010). The latter may have opposing
effect to the relaxation induced by antimycin A.
Mitochondrial ROS have been shown to activate AMP kinase (Quintero et
al., 2006, Mackenzie et al., 2013). Pre- incubation with dorsomorphin, an
AMP kinase inhibitor, reduced the antimycin A relaxation, suggesting that
the antimycin A-induced vasodilation is mediated in part by activation of
AMP kinase. Activation of AMP kinase inhibits agonist-induced contractions
of the mouse aorta, which is independent of NO and cyclo-oxygenase
inhibition. Such relaxation induced by AMPK activation, like antimycin A,
was reduced in the presence of high K+ (Davis et al., 2012). AMP kinase is
thought to have a direct action on the smooth muscle via phosphorylation
and inactivation of smooth muscle myosin light chain kinase and thus
induce relaxation (Horman et al., 2008). Therefore, it is plausible that
mitochondrial ROS generation by antimycin A could lead to AMP kinase
activation with subsequent coronary vascular relaxation. Western blotting
experiments have shown that acute incubation 2 h of isolated porcine
coronary arteries with antimycin A 10 μM increased AMPK activation as
compared to control segments. These findings support the contention that
AMPK activation in vascular smooth muscle imparts a brake on contraction.
Previous results have shown that metformin increases mitochondria-
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derived reactive nitrogen species to activate AMPK in vivo (Zou et al.,
2004). It also inhibited phenylephrine-induced contraction in aortic rings
due to AMPK activation (Sung and Choi, 2012a). Similarly, acetylcholine
inhibited phenylephrine-mediated contraction in endothelium-denuded rat
aorta via AMPK-dependent mechanism (Lee and Choi, 2013). On the other
hand, metabolic challenge could also activate AMPK (Rubin et al., 2005).
Thus, further studies are recommended for ROS estimation and ATP level
measurement in order to determine the exact mechanism of antimycin Ainduced AMPK activation. Data from the present study demonstrate that
AMPK is activated over the time course of antimycin A relaxation; however,
additional studies are necessary to determine the role of AMPK in coronary
smooth muscle relaxation.
Additional findings of the current study is that FCCP (100 nM) and
oligomycin (10 µM) induced coronary relaxation while FCCP (1 µM) has no
significant effect on the coronary tone. A previous study has shown that
FCCP (1 µM) increases Ca2+ by activating Ca2+ influx (Restini et al., 2006).
However, FCCP is also capable of mobilizing Ca2+ from the intracellular
Ca2+ pools. The prevention of Ca2+ uptake into the mitochondria, driven by
the mitochondrial proton gradient, may contribute to the FCCP induced
Ca2+ increase (Park et al., 2002). Similarly, the present study clearly
shows that FCCP (1 µM) induced a transient increase in the contraction.
This initial increase in contraction can be explained by Ca2+ release from
the intracellular store as well as by activating Ca 2+ influx since the
contractile response is markedly reduced in Ca 2+ free Krebs (figure 4.26).
Increasing calcium influx could explain the mechanism by which FCCP
inhibited the antimycin A relaxation. An interesting observation of the
present study is that FCCP at a low concentration, 100 nM, induced
coronary relaxation (figure 4.6). Previous studies have shown that
mitochondrial uncoupling with low-dose FCCP improves post-ischaemic
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functional recovery via a ROS-dependent pathway that is not mediated via
cellular

ATP

depletion

(Brennan

et

al.,

2006).

Therefore

at

low

concentrations, FCCP may produce a relaxation through a ROS-dependent
mechanism. However, at higher concentrations, transient increases in
calcium leads to vascular contraction (Nicholls, 2005).
The effect of antimycin A on the coronary artery tone could be a toxic
effect. However, the fact that the relaxation can be inhibited by further
inhibition of the mitochondria (i.e. rotenone and FCCP) and by inhibition of
AMP kinase would rule out a toxic effect. Furthermore, the response of the
antimycin A-treated segments to U46619 and KCl depolarization was
comparable to the control segments (figure 4.27). It is also possible that
inhibition of mitochondrial complexes causes a reduction in ATP (Nakagawa
et al., 1985). However, again, the fact that the relaxation can be inhibited
by further inhibition of the mitochondria, would suggest that this is not the
mechanism. In conclusion, the data presented in this chapter indicate that
alteration of mitochondrial function at complex III with antimycin A inhibits
Ca2+ influx and causes relaxation of porcine coronary artery.

173

A)

B)

Figure 4.26. Effect of FCCP (1 µM), mitochondrial uncoupler, on
basal porcine coronary artery tone. A- in normal Krebs B- in Ca2+ free
Krebs, the contractile response is markedly reduced in Ca2+ free Krebs.
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1-

2-

3-

4-

Figure 4.27. Effect of antimycin A (10 µM) incubation on porcine coronary
artery tone. 1&2- vessels contracted with KCl 60 mM 3&4- vessels
contracted with U46619.
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CHAPTER V: Effect of statins on mitochondrial membrane
potential and KATP ion channel activity in mouse primary βcells.
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5.1 Introduction
The

3-hydroxy-3-methylglutaryl

coenzyme

A

reductase

inhibitors,

collectively referred to as statins, are key drugs to lower plasma
cholesterol levels in the treatment of hypercholesterolaemia (Pedersen et
al., 2004, Kostis et al., 2012). Patients with type 2 diabetes may also be
candidates for statin therapy regardless of cholesterol levels (Betteridge,
2005, Rocco, 2012). However, in recent years, a number of intriguing and
still unresolved questions have arisen as to whether the use of statins is
associated with an increased risk of glucose intolerance and diabetes
mellitus (Macedo et al., 2014). In fact, evidence from a number of clinical
and experimental trials have highlighted an association between treatment
with lipophilic statins and increased risk of glucose intolerance and
diabetes (Sattar et al., 2010, Bellia et al., 2012, Jukema et al., 2012,
Wang et al., 2012, Carter et al., 2013, Yoon and Lee, 2013, Bang and
Okin, 2014).
A randomized double-blind placebo-controlled study investigating the use
of rosuvastatin in the primary prevention of cardiovascular diseases
revealed a link with accelerated diabetes in statin users (Ridker et al.,
2008). A large study on 345,417 subjects over a two-year time period
demonstrated that fasting plasma glucose (FPG) increased with statin use
from 102 mg/dL to 141 mg/dL, by contrast FPG increased from 100 mg/dL
to 129 mg/dL among non-statin users (Sukhija et al., 2009). In a further
meta-analysis, there was a small (2,082) but significant increase in the
incidence of diabetes among 57,593 patients on statins during 3.9 years
(Rajpathak

et

al.,

2009).

In

fact,

in

2012,

the

Food

and

Drug

Administration (FDA) issued a safety communication that statins can
increase fasting plasma glucose concentrations (2012). In 2003, A
population based study by Carter et al suggested that there is increased
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incidence of diabetes, between 10-22%, with the lipophillic compounds
atorvastatin,

rosuvastatin,

and

simvastatin

in

comparison

with

the

hydrophilic pravastatin (Carter et al., 2013). Similarly, clinical studies in
patients with type 2 diabetes have demonstrated that simvastatin
administration raises fasting glucose from 7.66 ± 0.55 mmol/l to 8.32 ±
0.28 mmol/l after six months along with deterioration of β-cell function
(Bellia et al., 2012). By contrast, pravastatin, a hydrophilic statin, is
reported to have no adverse influence on glycaemic control in type II
diabetes patients (Freeman et al., 2001, Guclu et al., 2004). Therefore,
despite causing comparable improvements in plasma cholesterol levels,
different statins have differential risks in development of diabetes (Koh et
al., 2009, Koh et al., 2011, Koh et al., 2013). The risk of new-onset
diabetes is associated with intensive-dose (80 mg) daily versus moderatedose (20 mg) simvastatin daily (Preiss et al., 2011, Rajpathak, 2012,
Rocco, 2012). Moreover, this risk was more evident in postmenopausal
women (Culver et al., 2012, Chen et al., 2013, Ma et al., 2013) and elderly
patients (Sattar et al., 2010, Ma et al., 2012).
The diabetogenic effect of simvastatin and rosuvastatin is likely to be
mediated by a deterioration of insulin secretion (Bellia et al., 2012). An invitro study by Zhou et al (2014) in the β-cells, MIN6, showed that after 48
h of treatment, simvastatin significantly inhibited glucose-stimulated
insulin synthesis and secretion (Zhou et al., 2014). Similarly lovastatin
inhibited MIN6 insulin secretion and content after 24 h incubation
(Tsuchiya et al., 2010).
Glucose entry across the β-cell plasma membrane initiates the cascade of
metabolism–secretion coupling (Figure 5.1). Glucose is phosphorylated by
glucokinase

initiating

glycolysis

and

pyruvate

production.

Then,

mitochondrial metabolism generates ATP, increased ATP concentration
promotes the closure of ATP-sensitive K+ channels (McTaggart et al., 2010)
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which leads to plasma membrane depolarization. The latter results in Ca2+
influx through voltage-gated Ca2+ channels with subsequent triggering of
insulin exocytosis (Wollheim, 2000, Mears, 2004).

Figure 5.1. coupling of glucose metabolism to insulin secretion in
β-cell and the role of KATP channels. Glucose enters the cell via the
glucose transporter, GLUT. Glycolytic and mitochondrial metabolism of the
sugar leads to an increase in ATP. This results in K ATP channel closure,
membrane depolarization, opening of voltage-gated Ca2+ channels, Ca2+
influx, and exocytosis of insulin granules.
The effects of statins on blood glucose levels in humans suggest that these
compounds may alter pancreatic β-cell function. Simvastatin, but not
pravastatin, can inhibit calcium signalling-dependent insulin secretion by
the blockade of L-type Ca2+ channels in rat islet β-cells (Yada et al., 1999).
Alternatively, the synthesis of ubiquinone, a central factor involved in the
mitochondrial production of ATP, has been shown to be suppressed by
statins with subsequent reduction in insulin secretion (Mabuchi et al.,
2005, Sampson et al., 2011, Larsen et al., 2013). Statins also decreased
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the expression of glucose transporters (GLUTs) (Nakata et al., 2006), they
affect the structure and function of GLUTs by reducing plasma cholesterol
content with subsequent decrease in glucose uptake in adipocytes, skeletal
myocytes, and hepatic cells (Takaguri et al., 2008, Nowis et al., 2014).
On the other hand, MIN6 incubation with simvastatin or atorvastatin for
24-48 h resulted in an unexpected dose-dependent increase in basal
insulin secretion at low glucose concentration (Ishikawa et al., 2006).
Similarly, in-vivo randomized, single-blinded, placebo-controlled study
showed that simvastatin, but not pravastatin, administration for two
months significantly increased plasma insulin levels (Koh et al., 2009).
KATP ion channel activity and mitochondrial metabolism are crucial for the
coupling of glucose recognition to the exocytosis of insulin granules
(Rustenbeck et al., 1997, Ashcroft et al., 1984, Wollheim, 2000), thus KATP
channels as well as mitochondria have to be considered as a potential offtarget for statins.
The modulation of KATP ion channel activity by statins has been observed in
different tissues. Simvastatin, but not pravastatin has been reported to
inhibit KATP channel -induced relaxation of the porcine coronary arteries
(Uhiara et al., 2012). This is consistent with recent data demonstrating
that simvastatin inhibits KATP channel in porcine coronary artery myocytes
(Seto et al., 2013). On the other hand, cerivastatin, but not pravastatin, is
thought to induce relaxation of rat aortic rings through activation of K ATP
channels (Sonmez Uydes-Dogan et al., 2005). Such effects suggest that
statins have differential effects on KATP channels of different cells.
On the other hand, other studies have demonstrated that lipophilic statins
can alter mitochondrial function. In skeletal muscle fibres, simvastatin
alters

the

mitochondrial

respiratory

chain

leading

to

mitochondrial

membrane potential depolarization (Sirvent et al., 2005b, Sirvent et al.,
2012). Simvastatin has also been shown to cause a concentration-
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dependent

mitochondrial

membrane

potential

depolarization

in

rat

hepatocytes (Abdoli et al., 2013, Tolosa et al., 2014). The importance of
mitochondrial metabolism for β-cell function is well established and
oxidative mitochondrial metabolism is central to glucose stimulated insulin
secretion (Lowell and Shulman, 2005, Maechler et al., 2010, Wiederkehr
and Wollheim, 2012). Therefore, another potential way in which statins
could alter β-cell function is through effects on the mitochondria.

The aim of this present work was to identify the effects of statins on
mitochondrial membrane potential (Δψm) and to determine whether the
statin drugs, simvastatin and pravastatin, functionally interact with K ATP ion
channel activity in β-cells, and thereby contribute to the observed sideeffects of these drugs.

5.2. Materials and Methods
5.2.1. Solutions:
For the measurement of KATP currents and Δψm the extracellular (bath)
solution contained (in mM): 138 NaCl, 5.6 KCl, 1.2 MgCl 2, 2.6 CaCl2, 1.2
NaH2PO4, 4.2 NaHCO3 10 HEPES (pH 7.4 with NaOH). For patch clamp, the
pipette solution contained (in mM): 140 KCl, NaHCO 3 4.2, MgCl2 1.1,
HEPES 10 (pH 7.4 with NaOH). For inside-out experiments, the intracellular
face of the membrane was bathed in a solution which contained (in mM):
KCl 140, CaCl2 4.6, EDTA 10, K-HEPES 10 (pH 7.2; free [Mg 2+] <6 nM;
free

[Ca2+]

<

30

nM).

This

solution

does

not

support

protein

phosphorylation since it does not contain Mg2+ or ATP, it also reduces
rundown of KATP-channels activity in excised patches (Ashcroft and Kakei,
1989, Smith et al., 1994). Simvastatin was dissolved in either DMSO or
ETOH. carbonyl-cyanide-p-trifluoro- methoxy-phenylhydrazone (FCCP) was
dissolved in DMSO, final concentration of the solvents kept less than
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<0.1%. Pravastatin was dissolved in distilled water. Mitosox (Invitrogen)
was dissolved in DMSO. All other drugs were obtained from Sigma.

5.2.2. Preparation of the β -cell

β-cells were isolated from mouse islets of Langerhans. The latter were
acutely dissociated from pancreatic islets isolated from the pancreata of
30-35g CD1 mice as previously described (Daunt et al., 2006). For
fluorescence measurements, β-cells were plated onto 22 mm glass
coverslips. For electrophysiology, cells were plated onto 35 mm plastic
Petri dishes (Nunc). Cells were maintained and grown in RPMI-1640 media
supplemented with 11 mM glucose, 10 % FCS, 25 mM HEPES and were
kept at 37°C in humidified air/5% CO2. For all patching experiments, cells
were preincubated prior to use in a sugar free Hanks solution at 37°C for
20-30 minutes, unless stated otherwise. Experiments were performed in a
HEPES-buffered Hanks solution which contained (in mM):138 NaCl, 4.2
NaHCO3, 1.2 NaH2PO4, 5.6 KCl, 1.2 MgCl2, 2.6 CaCl2, 10 HEPES (pH 7.4
with NaOH).

5.3. Method
5.3.1. Patch clamp recording
Patch pipettes were made from borosilicate glass capillaries (GC150TF-15;
Harvard, UK). The pipettes were pulled using 2-stage vertical puller
(Narishige PP83, Japan). The diameter of the pipette tip was assessed
using the bubble number method. Those with bubble numbers of 7 were
used for patch clamp. The pipettes were coated with Sylgard (Dow Corning
Corp) below the pipette tips in order to reduce electrical noise and the
pipette tips were fire-polished prior to use. Typically, the pipette
resistances were between 2.5 and 5 MΩ. The pipettes were then filled with
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high K+ solution using a microsyringe, with care taken to remove bubbles
from the tip.
The β-cells were washed with Hank’s solution prior to patching. Only cells
that appeared to be round and morphologically distinct were patched.
Recordings were made, cell-attached or inside-out configuration, using an
Axopatch patch clamp amplifier (Molecular Devices Inc., Sunnyvale, CA,
USA). Single-channel currents were filtered at 2 kHz prior to digitisation at
10 kHz using Clampfit 10.3 (Molecular Devices Inc., Sunnyvale, CA, USA).
Axopatch-1D patch clamp amplifier (Axon instruments). All experiments
were carried out at a room temperature, 21-23 ºC.
In the cell-attached mode, single channel currents were recorded at pipette
potential of 0 mV i.e. at the resting membrane potential. In the excised
inside-out mode, single- channels recordings were made with pipette
voltage of +60 mV.
NPo (open probability) was used as a measure of channel activity. All NPo
values were calculated from three minutes of single-channel recording.
Data from each patch membrane served as the control i.e. NPo after seal
and HANKS perifusion as a basal record, was compared with NPo after 3
minutes and 10 minutes post drug treatment.

5.3.2. The use of rhodamine 123 for detection of mitochondria polarization.
Mitochondria are involved in a large variety of cellular functions (Duchen,
1999). A characteristic feature of mitochondria is the generation of a large
transmembrane potential mediated by the H+ transport through activity of
the respiratory chain. Modulation of the mitochondrial potential has been
implicated in many different pathological situations (Duchen, 2004, Lu et
al., 2010). Therefore, the determination of the mitochondrial potential is
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important for the understanding of cellular functions. In the current study,
β-cells isolated from mice were plated on glass coverslips. Cells were then
loaded with 10 μg ml –1 Rh 123 at 37°C for 10 min in Hanks solution (5 mM
glucose). There was no apparent cytotoxicity in cells treated at 10 μg ml –1
(Johnson et al., 1980). Moreover, results of a previous experiment in our
laboratory by Dr Paul Smith concluded that 10 µM of Rh123 has no effect
on β-cell oxygen consumption. Rh123 is commonly used to follow changes
in mitochondrial potential with time following acute cellular insults
(Palmeira et al., 1996). It is well established that this lipophilic dye is
predominantly localized to mitochondria (Johnson et al., 1980). The
attraction of rhodamine 123 molecules by the relatively high negative
electric potential across the mitochondrial membrane is the basis for the
selective staining of isolated mitochondria as well as mitochondria in living
cells (Scaduto and Grotyohann, 1999, Perry et al., 2011, Baracca et al.,
2003). Addition of glucose to the mitochondria leads to the generation of a
potential with subsequent uptake of Rh123 (figure 5.14). On the other
hand, agents known to depolarize or de-energize mitochondria results in
the redistribution of the dye across the inner membrane, relieving quench,
with associated increase in fluorescence (Johnson et al., 1981). Using this
property, the effects of simvastatin or pravastatin perifusion on β-cell
mitochondrial potential was measured at 32 °C. Control cells were
perfused with vehicle only (0.1% DMSO).

Measurement of mitochondrial membrane potential
The

mitochondrial

membrane

potential,

ΔΨm,

was

monitored

with

Rhodamine-123 (Rh-123) as described previously (Daunt et al 2006). After
loading with Rh123 (10 µg ml-1 for 10 minutes at 37˚C in 5 mM glucose),
cells were continuously illuminated at an excitation wavelength of 485±10
nm at the lowest light intensity that gave a fluorescent signal. The emitted
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light was long pass filtered at 515 nm and visualised with a Zeiss
PlanNeofluar 40X/1.3 oil objective (Carl Zeiss Ltd, Welwyn Garden City,
Herts, UK) heated to 32°C with an Bioptechs objective heater (Intracel
LTD, Royston, Herts, UK). Images were captured at a frequency of 1Hz
with a Photonics ISIS CCD camera, DT3155 frame grabber (Data
translation,

UK)

and

Imaging

workbench

software

(IW5.2

INDEC

BioSystems, Santa Clara, CA, USA). Images were analysed using equation
below as shown in the (figure 5.2).

(A-100)/ (B-100)*100

Where A value represents the increase in fluorescence induced by
simvastatin, & B value represents the maximum fluorescence induced by
FCCP perifusion

Figure 5.2. Representative fluorescence trace showing method of
calculating the FL increase induced by statins. mitochondria are
considered to be fully polarized =100. A value represents the increase in
fluorescence induced by simvastatin, and B value represents the maximum
fluorescence induced by FCCP perifusion.
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5.3.3. Superoxide measurement using MitoSOX:
MitoSOX

is

a

red

mitochondrial

superoxide

indicator

with

excitation/emission of approximately 510/580 nm. It is a highly selective
dye for detection of superoxide in the mitochondria of live cell (Robinson et
al., 2006). In the mitochondria, the dye is oxidized by superoxide. Then
the oxidation product exhibits red fluorescence upon binding to the nucleic
acids (Robinson et al., 2008). The dye was prepared from 5 mM stock
solution. MIN6 cells were incubated with 5 µM MitoSOX in HANKS with 5
mM glucose for 10 minutes at 37°C. The cells were then washed gently
three times with HANKS followed by incubation with 1 µM simvastatin or 1
µM antimycin A for two hours duration. Lastly, the cells imaged with DMRB
Fluorescence microscope LeicaEM.

5.4. Statistical analysis:
Single channel kinetics and NPo were estimated using the half-amplitude
threshold technique as implemented in clampfit. Channel kinetics from only
single events were then exported into a bespoke program that fitted a
conditional probability density function as described in (Smith et al., 1994)
to determine the effect of the drug we used the open time of highest
probability and the closed time which represents closure between events.
Data were ascertained to be normally distributed by the D’AgostinoPearson omnibus Normality test. In this study statistical analysis was
accomplished by Student’s unpaired t-test or 1-way ANOVA, statistical
significance was attributed when P<0.05. The analysis was accomplished
using Prism 6. Data are given as mean ± S.E.M and n is the number of
experiments in cell attached, inside out recordings, or mitochondrial
potential measurement. Each experiment came from a different petri dish.
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5.5. Results:
5.5.1. Patch clamp recordings
5.5.1.1. Effect of glucose on KATP channel activity
The aim of these experiments was to investigate the effects of simvastatin
on KATP channels of pancreatic β-cells. The cell-attached configuration was
chosen for such purpose, so that the β-cells retain an intact glucose
metabolism (Ashcroft et al., 1984). As a point of reference, the NPo of K ATP
channels was calculated in zero glucose conditions followed by the NPo
examination in 5 mM glucose. Significant inhibition of K ATP channel activity
by glucose addition was observed (figure 5.3). It is concluded that the βcells used for the experiments were intact and responded to the glucose
with increased ATP generation and subsequent KATP channel inhibition.

Figure 5.3. Effect of glucose 5 mM on KATP channel activity in
pancreatic β-cells: changes of the NPo after the addition of 5 mM
glucose. * indicates P<0.05, Student’s unpaired t-test of 5 different
patches.
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5.5.1.2. Effect of statins on KATP channel activity
In cell-attached patch clamp experiments, the channel opening probability
of the cells treated with 10 µM simvastatin was calculated alike. As shown
in figure (5.4-A), simvastatin (10 µM) significantly reduced K ATP channel
activity by 71 ± 16% (n=6, p<0.05). Figure (5.4-B) illustrates the
individual NPo values for the block of KATP channel activity. A maximal
block was observed after perifusion of 10 µM simvastatin for 10 minutes in
5 mM glucose conditions. On the other hand, DMSO (0.1%) had no effect
on NPo in the presence of 5mM glucose (Figure 5.4-C).

A-

B-
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C-

Figure 5.4. Effect of simvastatin on KATP channel activity in the
presence of 5 mM glucose. A- changes of the NPo after the addition of
10 µM simvastatin (statin) in 5 mM glucose B- changes of the NPo in the
progress of the experiments, the addition of 5 mM glucose significantly
decreased NPo, subsequent addition of 10 µM simvastatin caused a time
dependent block in comparison to equivalent experiment for the vehicle
control. After 10 min statin had almost abolished channel activity unlike
the vehicle control. C- changes of the NPo after DMSO perifusion in 5 mM
glucose. ** indicate P<0.01, Student’s unpaired t-test of 6 different
patches.

5.5.1.3. Effect of simvastatin on KATP channel activity in the absence glucose:
In the absence of glucose, 10 µM simvastatin significantly reduced K ATP
channel activity (Figure 5.5-A). Figure (5.5-B) is a representative KATP
channel recording trace showing the effect of simvastatin perifusion on the
KATP channel activity NPo.
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A-

B-

Figure 5.5. Effect of 10 µM simvastatin on KATP channel activity
(NPo) in the absence of glucose: A- KATP channel activity after 3 min
and 10 min of 10 µM simvastatin (statin) perifusion dissolved in DMSO
compared to the KATP channel basal activity (NPo) prior to addition of
simvastatin from a cell-attached patch on isolated β-cells in a glucose-free
HANKS solution, simvastatin caused block ~67 % block after 3 min
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perifusion and by ~90 % block after 10 min perifusion. * P< 0.05, **
P<0.01, 1 way ANOVA with Dunnett's multiple comparisons of 11 different
patches. B- representative KATP channel recording trace showing the effect
of simvastatin perifusion on the KATP channel activity NPo.

Changes of the NPo ratio after 3 min and 10 min of 10 µM simvastatin
(dissolved in ethanol) were also calculated (figure 5.6-A). Figure (5.6-B) is
a representative KATP channel recording trace showing the effect of ethanol
perifusion on the KATP channel activity NPo.

A-
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B-

Figure 5.6. Effect of 10 µM simvastatin (statin) and its vehicle
control (EtOH) on NPo ratio: A- effect of 10 µM simvastatin (statin)
after 3 min and 10 min on KATP channel activity NPo normalized to basal
channel activity in comparison with ethanol (EtOH) as a solvent control 3
min and 10 min perifusion using cell attached patch from a cell-attached
patch on β-cells isolated in a glucose-free HANKS. * P< 0.05, ** P<0.01, 1
way ANOVA with Dunnett's multiple comparisons of 10 different patches.
B- representative KATP channel recording trace showing the effect of (EtOH)
perifusion on the KATP channel activity NPo.

5.5.1.4. Effect of the solvent control on KATP channel activity
In order to verify that results made with simvastatin were not due to the
solvents used, the effects of DMSO and ethanol on K ATP channels were
evaluated separately. Neither of the two solvents affected NPo values
(figure 5.7-A&B). In chapter II ethanol induced a transient contraction to
the coronary vessels incubated with 300 µM L-NAME, thus DMSO was used
as alternative solvent.
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A-

B-

Figure 5.7. KATP channel activity (NPo) after 3 min and 10 min of A- DMSO
& B- ethanol (EtOH) perifusion as a vehicle control compared to the KATP
channel basal activity. 1 way ANOVA with Dunnett's multiple comparisons
of 10 different patches for each.

5.5.1.5. Effect of the pravastatin on KATP channel activity
As part of the comparison, the effects of the hydrophilic statin, pravastatin,
on the channel opening probability was also examined. As shown in (figure
5.8-A) 10 µM pravastatin had no effect on the parameter tested. Figure
(5.8-B) is a representative KATP channel recording trace showing the effect
of pravastatin perifusion on the KATP channel activity NPo.
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A-

B-

Figure 5.8. Effect of pravastatin on KATP channel activity with cell
attached patch: A- Single channel current recorded from a cell-attached
patch on β-cells after 10 min perifusion of 10 µM pravastatin in HANKS
solution. Pipette potential was held at 0 mV throughout the experiment.
Student’s unpaired t test of 7 different patches. B- representative KATP
channel recording trace showing the effect of pravastatin perifusion on the
KATP channel activity NPo.
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5.5.1.6. Effect of simvastatin on KATP channel activity using inside-out
configuration:
Similar to the results obtained with cell attached patch, using inside-out
configuration the addition of 10 µM simvastatin caused a significant
reduction in KATP channel activity. The reduction in the NPo ratio with cell
attached patch was 71.57% and with inside-out patch it was 73.86%
(figure 5.9-A). Figure (5.9-B) is a representative KATP channel using insideout configuration showing the effect of simvastatin perifusion on the KATP
channel activity NPo.

A-
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B-

Figure 5.9. comparison of the effect of simvastatin (10 µM) on NPO
in both cell attached and inside-out patch: A- effect of 10 µM
simvastatin (statin) after 3 min on KATP channel activity NPo normalized to
basal channel activity using cell attached patch in comparison with insideout patch on β-cells in a glucose-free HANKS. Pipette potential was held at
0 mV with the cell attached patch and the Pipette potential was held at -60
mV with inside-out experiments. * indicates P<0.05, 1 way ANOVA with
Dunnett's multiple comparisons of 6 different patches. B- representative
KATP channel using inside-out configuration showing the effect of
simvastatin perifusion on the KATP channel activity NPo.

5.5.1.7. Effects of simvastatin on KATP channel kinetics:
To determine further the molecular nature of the interaction between
simvastatin and the KATP channel, an analysis of single channel kinetics was
performed. In this study simvastatin 10 µM significantly inhibited the single
channel amplitude by 18.17 % of the basal amplitude after 3 min of
treatment, additional inhibition of the channel amplitude was observed
after 10 min of drug treatment 44.8 6% (figure 5.10).
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Figure 5.10. Effect of 10 µM simvastatin on KATP channel amplitude
with cell- attached patch: effect of 10 µM simvastatin (statin) after 3
min and 10 min on KATP channel amplitude, data were normalized to basal
channel amplitude (Amp ratio) using cell attached patch on β-cells in a
glucose-free HANKS. * indicates P<0.05, **** indicates P<0.0001. One
way ANOVA by Tukey's multiple comparisons test of 9 different patches.

A smaller but significant effect on the amplitude (14.55 %) was seen after 10
min of simvastatin perifusion in an inside-out patch configuration (figure
5.11). On the other hand, 10 µM simvastatin significantly increased the
KATP channel opening time (figure 5.12).

Figure 5.11. Effect of 10 µM simvastatin on KATP channel amplitude
with inside-out patch: effect of 10 µM simvastatin (statin) after 10 min
on KATP channel amplitude, data were normalized to basal channel
amplitude (Amp ratio) using inside-out patch on β-cells. Pipette potential
was held at -60 mV throughout the experiment. * indicates P<0.05,
Student’s unpaired t-test of 6 different patches.
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Figure 5.12. Effect of 10 µM simvastatin on KATP channel open time:
effect of 10 µM simvastatin (statin) after 10 min on K ATP channel open time
(To), data were normalized to basal channel open time (To ratio) using
cell-attached patch in a glucose-free HANKS. ** indicates P<0.01,
Student’s unpaired t-test of 5 different patches.

5.5.1.8. Effect of antimycin A and myxothiazol on KATP channel activity:
In our study simvastatin is proposed to act as a mitochondrial complex III
inhibitor, thus as part of the comparison, the effects of the standard
complex III inhibitors, antimycin A and myxothiazol, on β-cell NPo were
examined. Results showed that myxothiazol inhibited the open probability
of the KATP channel (figure 5.13), while antimycin A had no significant
effect on the KATP channel activity.
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Figure 5.13. Figure 4: Effect of 10 µM complex III inhibitor,
myxothiazol, on KATP channel activity (NPo): KATP channel activity after
10 min of 10 µM myxothiazol (myxo) perifusion dissolved in DMSO
compared to the KATP channel basal activity (NPo) from a cell-attached
patch on isolated β-cells. * indicates P<0.05, Student’s unpaired t-test of 9
different patches.

5.5.2. Effects of simvastatin on mitochondrial potential in B-cell:
In the current study, the distribution and subsequent quenching of the
fluorescent lipophilic cation Rh123 was used to monitor changes in
mitochondrial potential (Δψm). In the presence of 5 mM glucose, FCCP, a
proton ionophore, dissipated m and increases Rh123 fluorescence. On
the other hand, FCCP had negligible effect on Rh123 fluorescence in the
absence of glucose. This suggests that β-cell mitochondrial potential is
depolarized in the absence of glucose. Furthermore, the mitochondrial
potential is restored as the glucose concentration is increased (figure 5.14
at second 1000). Thus, the effect of simvastatin or pravastatin on β-cell
mitochondrial potential was examined in 5 mM glucose (figure 5.15 & 5.16
respectively). Simvastatin (10 µM & 3 µM) caused depolarization of Δψm as
evidenced by a 94% & 76% increase in Rh123 fluorescence respectively
(figure 5.17 & 5.18). DMSO, as a solvent control, had no effect on
mitochondrial potential (figure 5.14). By contrast, the water soluble statin
(pravastatin, 10 µM) had no effect on mitochondrial potential (figure 5.16
& 5.17).
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Figure 5.14. Representative effect of DMSO on Rh 123
fluorescence: Rh 123 fluorescence traces for 4 primary β-cells examined
the effects of DMSO, applied at 200s, as a solvent control on the
mitochondrial potential. DMSO clearly had no effect on the mitochondrial
potential. At 1000s, superfusion of β- cells with glucose-free HANKS for
one minute, caused increase in the fluorescence signal due to
mitochondrial depolarization. After few seconds superfusion of HANKS with
glucose resulted in reversal of the basal Rh123 signal due to mitochondrial
repolarization with subsequent RH123 quenching. At the end of the
recording, at 1150s, FCCP 1 µM is added as positive control to get the
maximum fluorescence.
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Figure 5.15. Representative effect of simvastatin on Rh 123
fluorescence: The trace for 3 single pancreatic β-cells isolated from mice,
examined the effects of 10 µM simvastatin on the mitochondrial potential.
Simvastatin was applied for the duration of the bars, at 620s, FCCP 1 µM
was perfused as positive control to get the maximum fluorescence.

Figure 5.16. Representative effect of pravastatin on Rh 123
fluorescence: The trace for 5 single pancreatic β-cells isolated from mice,
examined the effects of 10 µM pravastatin on the mitochondrial potential.
Pravastatin was applied at the point indicated on the trace in the presence
of 5 mM glucose. At 1150s, FCCP 1 µM was perfused as a positive control
to get the maximum fluorescence.

Figure 5.17. effect of simvastatin 10 µM on mitochondrial potential.
Cumulative fluorescence data from pancreatic β-cells loaded with Rh123 in
the presence of simvastatin (10 µM), pravastatin (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 cells and are mean ± SEM from n=7
separate experiments. *** indicates p<0.001, one-way ANOVA, followed
by Tukey's multiple comparisons test.
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Figure 5.18. effect of simvastatin 3 µM on mitochondrial potential.
Cumulative fluorescence data from pancreatic β-cells loaded with Rh123 in
the presence of 3 µM simvastatin or vehicle control (0.1% v/v DMSO).
Data are expressed as a percentage of the response to 1 µM FCCP and are
mean ± SEM from n=14 separate experiments Student’s unpaired t-test.
**** indicates p<0.0001.

5.5.3. Effects of simvastatin on superoxide generation in MIN6:
Mitochondria are the most important cellular source of ROS in β-cells
principally through complexes I and III of the respiratory chain (Chen et
al., 2003, Muller et al., 2004). Results in the previous section have shown
that simvastatin depolarizes the mitochondria in pancreatic β-cells. Thus,
the effects of simvastatin on superoxide generation were examined. MIN6
cells were used as a model for pancreatic β-cells. Figure (5.19) are
representative images showing the increase in superoxide production in
the mitochondria of MIN6 in the presence of 10 µM simvastatin or 1 µM
antimycin A. Quantitative data expressing changes in mean fluorescent
intensity of basal MitoSOX fluorescence following 10 µM simvastatin
exposure in comparison with 1 µM antimycin A is shown in (figure 5.20).

202

Figure 5.19. effect of simvastatin on superoxide production in
MIN6: Representative images showing the increase in superoxide
production in the mitochondria of MIN6 using Mitosox. A- basal
fluorescence in the presence of vehicle (0.1% DMSO), B- in the presence
of 10 µM simvastatin and C- in the presence of 1 µM antimycin A.

Figure 5.20. Effect of simvastatin and antimycin on mitochondrial
superoxide formation in β-cells (MIN6): Quantitative data expressing
changes in mean fluorescent intensity of basal MitoSOX fluorescence
following 10 µM simvastatin (statin) exposure in comparison with 1 µM
antimycin A measured by DMRB Fluorescence microscope Leica EM. Data
presented as average ± standard deviation of 124 cells from 4 different
repeats. ****P < 0.0001, one-way ANOVA followed by Tukey's multiple
comparisons test.
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5.6. Discussion
The statins, simvastatin and pravastatin are currently important drugs for
the treatment of hyperlipidaemia. The effects of these drugs on the early
steps of the insulin-secretory pathway in the pancreatic β-cells were
examined in the present study. The rationale for this investigation was a
recent meta-analysis of clinical data which highlighted an increased risk of
type II diabetes mellitus in hyperlipidaemic patients when administered
certain statins (Baker et al., 2010, Carter et al., 2013, Bang and Okin,
2014, Macedo et al., 2014). Primary pancreatic β-cells isolated from mice
were used for this investigation. The K ATP channel open probability (NPo),
open time and amplitude were investigated using cell-attached and insideout patch configuration. The effects of simvastatin on single channel
activity were analysed in the absence and the presence of 5 mM glucose.
KATP channels were blocked by glucose, consistent with the previously
documented effects of glucose on KATP channel kinetics i.e. decrease NPo
and amplitude (Ashcroft et al., 1984). This is due to the concomitant
increase in cell metabolism with subsequent raising of the ATP/ADP ratio
which inhibits KATP channels. Subsequently, simvastatin or pravastatin were
perifused at 10 µM concentrations. The experiments revealed that
simvastatin, but not pravastatin, inhibits channel activity (NPo). Further
analyses of the channel kinetics showed that simvastatin significantly
reduced channel amplitude and increased the open time of K ATP channels
(To).
In order to further investigate the action of simvastatin on β-cell function,
our study examined the effects of simvastatin on β-cell mitochondrial
membrane potential as possible target of statins. Simvastatin has been
previously shown to depolarize mitochondria in skeletal muscle (Sirvent et
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al., 2005b, Sirvent et al., 2012), liver cells (see appendix) (Abdoli et al.,
2013, Tolosa et al., 2014) and smooth muscle (chapter II). The present
study clearly shows that 10 µM simvastatin depolarizes the mitochondria
membrane potential in β-cells within 10 min of perifusion. Similar results of
mitochondrial depolarization were obtained with 3 µM simvastatin, however
longer perifusion period, around 20 min, was usually required in order to
depolarize the mitochondria at this concentration. The effect of 1 µM
simvastatin on mitochondrial membrane potential was also tried. At this
concentration

the

mitochondria

depolarized

after

about

30

min

of

continuous simvastatin perifusion. However, because of the continuous
bleaching of Rh123, the results failed to reach a significant effect. Thus,
our study confirms that simvastatin at 3 µM & 10 µM depolarizes the
mitochondria of the β-cell, which in turn may lower ATP concentration
provided by the oxidative phosphorylation. However the exact mechanism
of mitochondrial depolarization remains to be defined and further studies
are recommended to shed light on this proposal.
The

studies

with

excised

patches

demonstrate

that

the

effect

of

simvastatin on KATP channels is likely to be direct and independent of
changes in the mitochondria or other intracellular signalling. Accordingly, it
is clear that simvastatin acts on different targets in β-cells which exert
opposing effects, the first one is a direct inhibition of K ATP channel, and the
second effect is β-cell mitochondrial depolarization which gives the reason
behind the increase in KATP channel opening time (figure 5.21). A previous
study by Smith et al (1999) has shown that tolbutamide uncouples the βcell mitochondria and has a blocking effect of KATP channel (Smith et al.,
1999). The Seto et al study (2013) illustrated that simvastatin acutely
inhibits vascular KATP channel openings in coronary artery myocytes (Seto
et al., 2013), which was thought to be mediated via AMPK activation (Seto
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et al., 2013). The study by Zou et al demonstrated that respiratory chain
inhibition generate mitochondrial O2¯ which then leads to AMPK activation
(Zou et al., 2004). In fact, the AMPK activator, AICAR, inhibited KATP
opening in mouse pancreatic islets β-cells (Wang et al., 2005). However, it
is implausible that KATP channel inhibition by simvastatin in pancreatic βcells is mediated by AMPK phosphorylation since the inhibitory effect of
simvastatin was observed in excised patches, i.e., in the absence of
metabolic regulation. On the other hand, pravastatin, a hydrophilic statin
had no effect on either measurement. The latter evidence suggests that
statin action on β-cell function is related to the lipophilicity of these
compounds (Joshi et al., 1999).

The reduction in the amplitude suggests a direct block of KATP channels by
simvastatin. Results suggest also that simvastatin acts by interaction with
the SUR subunit of the KATP channels like e.g. tolbutamide which would
decrease NPo. In cell-attached patches the amplitude reduction appears
larger than inside-out patches. The latter suggests membrane potential
changes with cell depolarization due to block of K ATP channels by
simvastatin. However, KATP channel opening time appear to be increased
with simvastatin perifusion, although NPo decreased, this may be due to
inhibition of mitochondrial metabolism and reduced ATP generation.

The inhibition of KATP channels by simvastatin is likely to underlie the
increase in insulin secretion observed by previous in-vitro study after 24 h
incubation (Ishikawa et al., 2006) and in-vivo study after two months daily
administration of 20 mg (Koh et al., 2009, Moutzouri et al., 2011). On the
other hand, the block of KATP channels is unlikely to elicit exocytosis in βcells in a situation of a decreased ATP supply induced by mitochondrial
depolarization (Rustenbeck et al., 1997). The latter may explain the
impaired glycaemic control and insulin secretion after 12 months of 20 mg
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daily use (Bellia et al., 2012). In the pancreatic β-cell, mitochondrial
metabolism plays a pivotal role in the generation of signals coupling
glucose recognition to insulin secretion (Maechler, 2003, Maechler et al.,
2010). Glucose equilibrates across the plasma membrane through specific
transporters

thereby

initiating

glycolysis,

subsequently

mitochondrial

metabolism leads to an elevated intracellular [ATP]/[ADP] ratio which
promotes the closure of ATP-sensitive K+ channels (Ashcroft et al., 1984,
Koster et al., 2005, Remedi et al., 2006, McTaggart et al., 2010). Plasma
membrane depolarisation promotes Ca 2+ influx, which raises cytosolic Ca2+
and triggers insulin exocytosis (Eliasson et al., 2008). Besides the
importance for ATP generation, mitochondria promote the generation of
metabolite coupling factors, such as succinate, amplifying the action of
Ca2+ signal for sustained insulin secretion (Leibowitz et al., 2005).
Therefore, interfering with mitochondrial metabolism by blocking the
respiratory

chain

abolishes

glucose-stimulated

insulin

secretion

(MacDonald and Fahien, 1990, Wollheim, 2000, Martin and McGee, 2014,
Green et al., 2004).

Inhibition of KATP channels by simvastatin causes depolarization of the βcell membrane. In turn, this should trigger the opening of the voltagegated Ca2+ channels, eliciting Ca2+ influx, which should stimulate the
exocytosis of insulin-containing secretory granules (Bokvist et al., 1995,
Satin, 2000). Moreover, the elevation of cytosolic Ca 2+ is also a
prerequisite for sustained insulin secretion (Mears, 2004, Maechler et al.,
2006). Unfortunately, our study did not examine the effects of simvastatin
on Ca2+ influx in pancreatic β-cells. However, a previous study by Yada et
al, showed that lipophilic HMG-CoA reductase inhibitors inhibit glucoseinduced Ca2+ signalling and insulin secretion by blocking Ca2+ currents in
rat β-cells (Yada et al., 1999). Data have shown that mitochondria
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maintain Ca2+ oscillations (Straub et al., 2000, Camello-Almaraz et al.,
2002, Camello-Almaraz et al., 2006b). Furthermore, mitochondria could
act as a buffer of the localized increase in Ca2+ just beneath the plasma
membrane (Theler et al., 1992, Toescu et al., 1993, Tinel et al., 1999,
Rizzuto et al., 2012). Due to its localization in the vicinity of Ca 2+ release
or influx channels (Brini, 2003), the mitochondria have the ability to
rapidly accumulate and then release large quantities of Ca 2+ (Park et al.,
2001). A previous study by Li et al, in diabetic mice has demonstrated that
defective mitochondrial function in pancreatic β-cells is a key cause of
abnormal insulin secretion by altering Ca

2+

influx (Li et al., 2012).

Moreover, mitochondrial complex III block by antimycin A blocks the
increase in Ca2+ induced by succinate. On the other hand rotenone, a
mitochondrial complex I inhibitor, was without effect. Accordingly we may
suppose that simvastatin by blocking mitochondrial respiratory chain
downstream of complex II may lead to Ca 2+ desensitization (Maechler et
al., 1998). However, further studies are recommended to determine if this
is the case.
Simvastatin and ROS generation:
Significant increase in superoxide production was observed in MIN6 cells
after 2 h treatment with 10 µM simvastatin (figure 5.20). Similarly,
simvastatin (5 µM, 1 h) incubation induced human liver carcinoma cell
(HepG2) mitochondrial

depolarisation

with

a

significant

increase

in

mitochondrial superoxide (Tolosa et al., 2014). The exact relationship
between insulin secretion and reactive oxygen species generation in
pancreatic β cells is still debated (Sakai et al., 2003, Pi et al., 2007).
Superoxide O2¯ ions are normally converted by superoxide dismutase to
H2O2 that is then reduced to water by catalase or glutathione peroxidase.
ROS may have different actions according to cellular concentrations being
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either below or above a specific threshold, i.e. signalling or toxic effects.
Accumulated evidence suggests that small fluctuations in the steady state
concentration of ROS play an essential role in insulin secretion (Leloup et
al., 2009). However, exposure to oxidative stress is sufficient to impair
glucose stimulated insulin secretion in pancreatic islets (Maechler et al.,
1999, Sakai et al., 2003, Green et al., 2004, Li et al., 2009). In fact, βcells are characterized by relatively weak expression of free radicalquenching enzymes SOD, CAT, and GPx (Grankvist et al., 1981, Lenzen et
al., 1996). Thus, mitochondrial inner membrane components are at a high
risk for oxidative injuries, resulting in depolarized mitochondrial membrane
and impaired ATP production. Lastly, ROS alone cannot promote insulin
release since glucose induced elevations in ATP are necessary for glucosestimulated insulin secretion (Kajikawa et al., 2002).

In summary, although it is clear that statins have beneficial effects on
cardiovascular disease prevention; our study suggests that long-term use
of large doses of lipophilic simvastatin may have adverse effects on
glucose metabolism and insulin secretion by acting on K ATP channels and βcell mitochondrial potential. Therefore, patient blood glucose levels should
be monitored to reduce adverse events caused by simvastatin especially in
elderly patients (Sattar et al., 2010, Ma et al., 2012) and those using
intensive simvastatin dosing (Preiss et al., 2011, Rajpathak, 2012, Rocco,
2012). Aging per se is associated with a continuous decrease, 1% per
year, in basal insulin release beginning early in life (Iozzo et al., 1999,
Chiu et al., 2000). Thus, high-dose simvastatin may be detrimental in the
elderly, particularly with chronic treatment. Future research should focus
not only on determining the incidence of new-onset diabetes with various
statins, but also on clarifying the potential pharmacologic mechanism for
such a relationship.
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Figure 5.21. effect of simvastatin on pancreatic β-cell: The sites of
simvastatin action proposed by our study, as indicated by red arrow, are
mitochondrial depolarization. Furthermore simvastatin blocks K ATP
channels. Our proposal includes also ROS generation as a result of
mitochondrial inhibition, mitochondrial depolarization may inhibit Ca 2+
influx (as indicated by ?). However, more studies are recommended to
examine the effect of simvastatin on Ca2+ influx.

210

6. CHAPTER VI: DISCUSSION & CONCLUSION
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6.1. GENERAL DISCUSSION
6.1.1. Short term effect of Simvastatin in comparison with Lovastatin and
Pravastatin:
The benefits of long-term statin administration, i.e. lowering of serum
cholesterol and treatment of hypercholesterolemia, are well established as
the primary mechanism underlying therapeutic benefits in cardiovascular
diseases (Bestehorn et al., 1997, Pedersen et al., 2004). In recent years,
however, clinical and basic science research associated with statins showed
that statins might also exert early cholesterol independent effects by acting
on multiple targets (Wassmann et al., 2003, Takagi et al., 2006, Iida et al.,
2007). These cholesterol independent effects were collectively known as
pleiotropic effects (Bonetti et al., 2003). In fact, little has been addressed
with regard to the matter of how statins affect the coronary circulation.
Clinical studies have shown that patients with acute coronary syndrome
may benefit from early statins use (Laufs et al., 2001, Stenestrand et al.,
2001, Spin and Vagelos, 2003, de Lemos et al., 2004); however, it was not
investigated whether these positive results were related to the lipid
lowering effects of statins and/or specifically caused by the relatively early
pleiotropic

effects

of

statins

(Kirmizis

and

Chatzidimitriou,

2009,

Antoniades et al., 2011). Thus, the attention is now turning to the more
immediate therapeutic effects of statins in the management of acute
vascular conditions, which in turn would favour an immediate beginning of
statin therapy (Spin and Vagelos, 2003).
In order to assess the vascular pleiotropic of statins our research was
designed to study the very short-term effects of statins which appear over
a range of 1-2 hours after in vitro incubation. The existence of non-lipid
effects was further investigated by indirect evidence, such as studying
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statins with different pharmacokinetics profile and/or treating animals, with
different age and sex, obtained from local abattoir.
Currently

simvastatin,

pravastatin

and

lovastatin

are

approved

for

treatment of hypercholesterolemia in humans (Armitage, 2007). Despite
differences in their pharmacokinetic profiles (Joshi et al., 1999), all have
the characteristic in common of inhibition of enzyme HMG-CoA reductase
(Sirtori, 1990). Thus, in order to expand our knowledge concerning the
effects of statins on vascular contractility, we investigated the effects of
simvastatin and lovastatin, both available in the lactone prodrug form
(Schachter, 2005b), on the contraction of isolated porcine coronary rings
by U46619. The action of these inactive, lactone prodrugs was then
compared with that of pravastatin, available as the hydroxylated active
form. The ability of the lipophilic simvastatin to interfere with vascular tone
in vitro at bath concentrations nearly similar to the maximal therapeutic
concentrations (0·3–1 μmol/L) may thus have potential clinical significance
(Lilja et al., 1998). The hydrophilic pravastatin, with a lipid-lowering effect
similar to simvastatin, but without an in-vitro effect on coronary tone,
provides a suitable control for this non-lipid related effect of simvastatin.
Lovastatin, another example of a lipophilic statin, similarly depressed the
U46619-induced contraction of the coronary rings. The link between
lipophilicity and relaxation is supported by the lack of effect of pravastatin
on the coronary tone (Gryglewski et al., 2001, Mukai et al., 2003, Bergdahl
et al., 2003) (Lorkowska and Chlopicki, 2005).

6.1.2. Simvastatin induced relaxation of the coronary vessels precontracted
with U46619, ET-1 and KCl:
There is significant evidence that TXA2 plays a role in the cardiovascular
diseases such as sustained hypertension, cerebral vasospasm, unstable
angina, acute myocardial infarction, heart failure, and various thrombotic
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disorders (Tada et al., 1981, Houston et al., 1986, Mistry and Nasjletti,
1988, Sellers and Stallone, 2008). Thus pharmacological modulation of
TXA2 is of great clinical interest. Our results have clearly shown that
incubation with simvastatin attenuated U-46619, a TXA2 mimetic, mediated
vasoconstriction, independent of NO and PGI2 pathway inhibition. Previous
data have shown that simvastatin possesses a significant component of
vascular relaxation that is independent of endothelium NO (Alvarez De
Sotomayor et al., 2000, Mraiche et al., 2005). Similarly, chronic statin
treatment suppresses Rho-kinase-mediated rat aortic contraction via NO
independent mechanism (Budzyn et al., 2004). However, others have
shown that L-NAME incubation inhibits endothelium-dependent aortic
relaxation induced by simvastatin (de Sotomayor et al., 2005). The reason
could be related to different artery species (Christie et al., 1989).
The involvement of ET-1 in the development of hypertension, coronary
atherosclerosis and

endothelial

dysfunction

has been

suggested

by

previous studies (Lerman et al., 1995, Ikeda et al., 1997, Schiffrin, 2001,
Cediel et al., 2002, Iglarz and Schiffrin, 2003). Moreover, endothelin
antagonism prevents the development of endothelial dysfunction in
experimental hypercholesterolemia and hypertensive humans (Hopfner and
Gopalakrishnan, 1999, Schiffrin, 2001). This study has also demonstrated
that simvastatin inhibits ET-1 mediated coronary vasoconstriction. Both
ET-I and TXA2 induced contraction utilises extracellular Ca2+ entry through
the L-type Ca2+ channels in addition to Rho dependent Ca2+ sensitisation
(Egashira et al., 1990, Tosun et al., 1998b, Nobe and Paul, 2001).
Simvastatin, by inhibiting Ca2+ entry through the L-type Ca2+ channels,
shown by our results, is likely to be the main mechanism of inhibition of
the U-46619 and ET-1 contractions by simvastatin (Tesfamariam et al.,
1999, Kang et al., 2014).
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On the other hand, the depolarization of vascular smooth muscle cells,
regardless of the mechanism, would result in enhanced Ca 2+ permeability
which is a fundamental response of the vasculature to high blood pressure
(Van de Voorde et al., 1992). Moreover, enhanced vascular depolarization
is a stimulus for Ca2+ channel upregulation that may contribute to the
development of abnormal vascular tone (Harder et al., 1985, Van de
Voorde et al., 1992, Pesic et al., 2004). Simvastatin according to our study
inhibits Ca2+ influx in the depolarized vascular smooth muscle cells and
significantly relaxed the depolarized coronary vessels which in turn may
explain the clinically meaningful effect of simvastatin on blood pressure
(Strazzullo et al., 2007).
Our

data

also

demonstrated

that

simvastatin

can

attenuate

vasoconstriction independently of endothelial function, which is clinically
relevant given the prevalence of endothelial dysfunction amongst patients
with vascular diseases (Yasue et al., 2008). Collectively, these lipidindependent effects of simvastatin, which have been found in vitro using
animal tissue, could easily explain the substantial cardiovascular benefits
observed with simvastatin in clinical practice both in normo- and
hypercholesterolemic individuals (Bonetti et al., 2003, Koh et al., 2008,
Juncos et al., 2012).

6.1.3. Clinical significance of mitochondria and KATP channel inhibition
induced by simvastatin:
The aggregate of our results and of other experimental trials in vascular
smooth muscle and coronary segments support the notion that simvastatin
induce coronary relaxation by a mechanism/s other than KATP activation
furthermore, previous evidence suggests that simvastatin inhibits KATP
channel activation (Seto et al., 2013). Indeed, KATP channel activation is an
important mechanism in the hypotension characteristic of vasodilatory
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shock

e.g.

in

hypoxia,

septic

shock

due

to

lipopolysaccharide

administration, hemorrhagic shock, and cardiogenic shock. It is for this
reason simvastatin may be expected to reduce vasodilatation and
peripheral vascular resistance reduction in such cases (Landry and Oliver,
1992, Landry and Oliver, 2001). However, the inhibition of KATP channel
activation by simvastatin may interfere with β-adrenoceptor agonist
relaxation (Uhiara et al., 2009). Such issue requires more investigation to
determine the clinical significance of simvastatin interaction with βadrenoceptor agonist mediated relaxation in-vivo and other KATP channel
openers.
KATP

channels

may

also

be

an

effector

of

myocardial

ischemic

preconditioning, i.e. protection conferred by brief periods of ischaemia
against infarction produced by a subsequent long ischaemia (Hanley and
Daut, 2005, Zhao et al., 2006). This idea was reinforced by the findings
that KATP channel openers like cromakalin, bimakalim, or pinacidil could
also mimic myocardial protection (Critz et al., 1997). Several studies have
suggested that simvastatin may exert cardioprotective effects in animal
models via enhancement of endothelial NO release or K ATP channel
activation (Di Napoli et al., 2001, Zhao et al., 2006, Yang et al., 2007). In
fact, during ischaemia, mitochondria generate cytotoxic reactive oxygen
species that contribute to cardiomyocyte damage (Becker et al., 1999).
Two different studies by Bacher et al, and Lesnefsky et al, have shown that
inhibition of the mitochondrial electron transport chain with rotenone,
complex I inhibitor, or myxothiazol, complex III inhibitor, lessens damage
to mitochondria (Becker et al., 1999, Lesnefsky et al., 2004). Thus
simvastatin cardioprotective effects may be mediated at least in part
through

mitochondrial

inhibition. On

the

other

hand,

mitochondrial

membrane potential has a critical role in Ca2+ accumulation. Thus,
depolarization reduces the driving force for mitochondrial Ca 2+ uptake and
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thereby prevents mitochondrial Ca2+ overload as a mechanism of cellular
protection induced by simvastatin (Brennan et al., 2006). Further studies
are needed to determine the effect of simvastatin on K ATP in myocardial
ischaemic conditions and the role of ischaemic oxidant generation as vital
treatment strategies for ischaemia and reperfusion.
Mitochondrial complex I has a vital role in organic nitrate biotransformation
(Sydow et al., 2004). Findings presented by Garcia-Bou et al. suggest that
mitochondrial dysfunction results in the appearance of tolerance to nitrates
(Garcia-Bou et al., 2012).

Thus our results regarding mitochondrial

inhibition lead us to propose a possible interaction of simvastatin with
Glyceryl trinitrate (GTN). Such a possibility needs more investigation,
especially in patients receiving chronic treatment with GTN and in
comparison with hydrophilic statins. The latter have protective effects
against nitrate tolerance by counteracting NAD(P)H oxidase superoxide
production (Otto et al., 2006). Similarly, simvastatin-induced vascular
relaxation with subsequent blood pressure reduction in patients with
hypertension may be induced as a downstream effect of mitochondrial
depolarization. Previous studies have demonstrated that mitochondrial
depolarisation causes cerebral artery vasodilatation via activation of nitric
oxide synthase (Katakam et al., 2013, Katakam et al., 2014). This effect
may account for a part of the beneficial effects of simvastatin in the
prevention of cardiovascular disease (Jiang and Roman, 1997, Correa et
al., 2014, Juncos et al., 2012). In comparison to simvastatin, the
administration of pravastatin did not induce additional blood pressure
lowering effect in hypertensive patients (Mancia et al., 2010), which is
supported by the data presented here showing that pravastatin does not
produce relaxation of the coronary artery.
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6.1.4. Effect of Statins on Pancreatic β-cells.
It seems likely that the simvastatin effect on K ATP channels is not selective
for cardiovascular tissues. Our results clearly have shown that simvastatin
inhibits pancreatic β-cell KATP channels directly. ATP-sensitive K+ channels
play a major role in controlling β-cell membrane potential and thereby
insulin release (Cook and Hales, 1984, Miki et al., 1999), such effect would
explain the results of the increase in insulin secretion obtained by some invivo and in-vitro experiments (Ishikawa et al., 2006, Koh et al., 2009).
On the other hand, the present study clearly provides evidence for
mitochondrial depolarization by simvastatin in mice pancreatic β-cells.
Mitochondrial capacity is central to the key function of the pancreatic βcell-regulated

insulin

secretion

(Wollheim,

2000).

If

these

findings

translate to humans, then this could explain the glucose intolerance
induced by the lipophilic simvastatin (Szendroedi et al., 2012). In contrast,
pravastatin had no effect on the mitochondrial potential. Therefore, the
current results may explain the differential metabolic effects between
simvastatin and pravastatin in hypercholesterolemic patients, which in turn
may be clinically relevant in patients prone to metabolic diseases (Koh et
al., 2009, Koh et al., 2013). Studies have shown that thiazide diuretics and
β

blockers

exhibit

undesirable

glycaemic

effects,

thus

simvastatin

combination with such agents may be associated with an increased risk of
incident diabetes especially in elderly patients (Betteridge, 2005) and
those on prolonged intensive dose therapy (Preiss et al., 2011). The use of
pravastatin or alternate-day dosing may be helpful with fewer side effects
(Koh et al., 2009, Marcus et al., 2013). However we need to make greater
efforts to understand the relationship between statin use and diabetes in
clinical trials and as part of mechanistic exploration.
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6.1.5. Additional Benefits of Statins in Cardiovascular Disease
Proliferation and migration of vascular smooth muscle cells are pivotal
events in atherogenesis. In in vitro studies, the lipophilic simvastatin and
lovastatin, but not the hydrophilic pravastatin, may induce vascular
smooth muscle cell apoptosis in a dose-dependent manner (Guijarro et al.,
1999, Indolfi et al., 2000, Corpataux et al., 2005a, Corpataux et al.,
2005b). The difference might be attributed to differences in the ability of
the statins to penetrate the cell. Our study demonstrated that the lipophilic
simvastatin, but not the hydrophilic pravastatin, induced mitochondrial
depolarization in vascular smooth muscle cells, which may represent the
mechanism of simvastatin-induced smooth muscle cell apoptosis. Similar
data of smooth muscle cell apoptosis with lipophilic statins have been
provided by previous studies (Corsini et al., 1991, Guijarro et al., 1999,
Corpataux et al., 2005a). Furthermore simvastatin causes inhibition of
Ca2+ influx. In fact, in experimental atherosclerosis, there is increase in
calcium transport and subsequent treatment with Ca2+ channel blockers
was able to suppress such experimental atherosclerosis (Bangalore et al.,
2007, Martin-Ventura et al., 2008). Thus, simvastatin administration by
the inhibition of Ca2+ influx could have beneficial additive effects. In view
of the association of deranged Ca2+ homeostasis and atherosclerosis, there
may be additional benefits of simvastatin that is not related to the lipid
lowering effects. However, such effects may eventually lead to functional
abnormality and/or apoptosis after prolonged exposure (Dirks and Jones,
2006, Sung and Choi, 2012b, Salabei and Hill, 2013). Vascular smooth
muscle dysfunction may parallel the statin induced-myotoxicity observed in
skeletal

muscle,

which

is

manifested

as

muscle

weakness

and

rhabdomyolysis (Kang et al., 2014). In this context, potential beneficial
effects of statin in pathological settings like inhibition of smooth muscle
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proliferation in atherosclerosis could be detrimental

to the normal

vasculature.
As shown from our imaging and organ bath experiments, simvastatin
inhibits Ca2+ influx, thus simvastatin co-administered with other Ca2+
channel blockers like nifedipine may result in additive effects on the
haemodynamic parameters like heart rate, blood pressure and total
peripheral resistance, as suggested by other studies (Jasinska et al., 2006,
Clunn et al., 2010). In fact, the usefulness of the conventional L-type Ca2+
channel blockers are sometimes limited by their inability to dilate the
venous circulation with resultant ankle oedema as a side effect (Thakali et
al., 2010). Simvastatin may represent a useful combination therapy.
Further studies are aimed to ascertain whether these findings are
translatable to the clinical setting. On the other hand, the β-blocker
propranolol, like simvastatin, causes mitochondrial inhibition (Wagner et
al., 2008). Thus simvastatin and propranolol combination might increase
the risk for developing muscle myopathy.

6.1.6. Simvastatin concentrations used in the study
The effect of simvastatin observed in vitro might be of potential clinical
importance since the concentrations that induced coronary relaxation in
our experiments are within the maximum range encountered in plasma of
treated patients 0.03-1 µM (Lilja et al., 1998). However, for the majority of
studies investigating the mechanism of relaxation, higher concentrations of
simvastatin (3-10 μM) were used. These concentrations that we have used
are higher than would be expected in the plasma of patients. Since the
study aim was to determine the role of mitochondria and K ATP channels in
the acute coronary artery relaxation induced by simvastatin, accordingly
the exposure to simvastatin must be for short periods of time. For isolated
tissue bath experiments the exposure time was around 2-hours and for the
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imaging experiments the exposure time was usually less than 30- min to
avoid bleaching of the dye. In comparison, the long term therapeutic invivo use of simvastatin is sometimes maintained over several years.
Therefore, it can be argued that higher simvastatin concentrations were
needed to detect cellular responses over this short period. Indeed, the
higher concentration of simvastatin required to induce mitochondrial
depolarization of the smooth muscle cells in comparison to pancreatic Bcell may be related to the unusual rhodamine 123 retention of the smooth
muscle (Summerhayes et al., 1982).
Long-term exposure to statins may lead to accumulation within cells, such
that the intracellular concentration is greater than that measured in the
plasma. Previous studies have shown that statin-induced skeletal muscle
cytotoxicity is associated with intracellular accumulation (Kobayashi et al.,
2008), since the lipophilic statins enter the skeletal muscle by passive
diffusion, while on the other hand the transporters play less significant role
(Ohtawa et al., 1999). Sidaway et al. have demonstrated that the ratio of
simvastatin accumulation in gastrocnemius muscle relative to plasma was
higher than cerivastatin. They also proved that the hydrophilic rosuvastatin
had the lowest ratio of accumulation (Sidaway et al., 2009). In addition,
lipophilicity plays a major role in mitochondrial uptake i.e. lipophilic
molecules had higher uptake compared to hydrophilic molecules (Durazo et
al., 2011). Lipophilic compounds can easily pass through the mitochondrial
membrane and as the pH in the mitochondrial matrix is higher than the pH
in the cytosol, these lipophilic compounds can become charged. As a
consequence mitochondria can trap lipophilic compounds (Rashid and
Horobin, 1991). Our hypothesis is that lipophilic statins accumulate within
the mitochondria. Therefore, the concentration of statin within the
mitochondria may be higher than that measured in the plasma. The time
taken for uptake into the mitochondria would explain why the relaxation to
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lower concentrations of simvastatin (300 nM) was slow and reached
significance after around 145 minutes after addition. Further studies are
required to measure accumulation of statins within mitochondria.
Concomitant

administration

of

simvastatin

with

agents

that

inhibit

cytochrome P-450 isoenzyme CYP3A4, responsible for the metabolism of
simvastatin, for e.g. macrolide antibiotics like erythromycin, Ca 2+ channel
blockers like verapamil and diltiazem (Kantola et al., 1998), antifungal
agents like ketoconazole and itraconazole (Neuvonen et al., 1998), and
even grapefruit juice, taken daily, considerably increase simvastatin
plasma levels (Lilja et al., 1998, Lilja et al., 2004).

It is noteworthy to

mention that human smooth muscle cells are more sensitive to statins than
experimental animals, thus lower concentrations are required in human in
order to inhibit smooth muscle cell proliferation (Corsini et al., 1993).
Similarly, we might expect that lower concentrations might be required to
induce human coronary relaxation.
Further studies to investigate the outcomes of the current body of work in
isolated human vessels are needed to estimate the clinical significance of
the experimental results and whether these findings are translatable to the
clinical setting.
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6.2. General Conclusion
In summary, we have demonstrated that simvastatin alters mitochondrial
membrane potential in vascular smooth muscle cells and pancreatic βcells. The relaxation to simvastatin in the porcine coronary artery is
dependent, in part, upon mitochondrial activity. Alteration of mitochondrial
membrane potential by simvastatin may lead to inhibition of calcium influx,
hence stimulation of relaxation. How the mitochondria might regulate
influx of extracellular calcium through calcium channels is unknown. ROS
from the mitochondria into the cytosol can inhibit L-type calcium channels.
However, as mentioned, antioxidant treatment had no effect on the
relaxation to simvastatin. Mitochondria are able to regulate intracellular
calcium homeostasis through accumulation (McCarron et al., 2013). For
example, the reduction in intracellular calcium after depolarization in
colonic smooth muscle is thought to be due to, in part, uptake into
mitochondria (McCarron and Muir, 1999). Uptake of calcium into the
mitochondria is also thought to prevent calcium-induced inhibition of
voltage-gated calcium channels (Demaurex et al., 2009). On the other
hand, the effects on mitochondrial membrane potential in pancreatic β-cell
may be detrimental, particularly with chronic treatment due to the
increased risk of diabetes observed with lipophilic statins.

223

REFERENCES:
2012. important safety label changes to cholesterol-lowering statin drugs [Online].
Available: http://www.fda.gov/Drugs/DrugSafety/ucm293101.htm.
AALKJAER, C. & MULVANY, M. J. 1985. Effect of ouabain on tone, membrane
potential and sodium efflux compared with [3H]ouabain binding in rat
resistance vessels. J Physiol, 362, 215-31.
ABDOLI, N., HEIDARI, R., AZARMI, Y. & EGHBAL, M. A. 2013. Mechanisms of the
statins cytotoxicity in freshly isolated rat hepatocytes. J Biochem Mol Toxicol,
27, 287-94.
AIELLO, E. A., WALSH, M. P. & COLE, W. C. 1995. Phosphorylation by protein kinase A
enhances delayed rectifier K+ current in rabbit vascular smooth muscle cells.
Am J Physiol, 268, H926-34.
ALCON, S., MORALES, S., CAMELLO, P. J., HEMMING, J. M., JENNINGS, L., MAWE, G.
M. & POZO, M. J. 2001. A redox-based mechanism for the contractile and
relaxing effects of NO in the guinea-pig gall bladder. J Physiol, 532, 793-810.
ALVAREZ DE SOTOMAYOR, M. & ANDRIANTSITOHAINA, R. 2001. Simvastatin and
Ca(2+) signaling in endothelial cells: involvement of rho protein. Biochem
Biophys Res Commun, 280, 486-90.
ALVAREZ DE SOTOMAYOR, M., HERRERA, M. D., MARHUENDA, E. &
ANDRIANTSITOHAINA, R. 2000. Characterization of endothelial factors
involved in the vasodilatory effect of simvastatin in aorta and small
mesenteric artery of the rat. Br J Pharmacol, 131, 1179-87.
ALVAREZ DE SOTOMAYOR, M., PEREZ-GUERRERO, C., HERRERA, M. D. &
MARHUENDA, E. 1999. Effects of chronic treatment with simvastatin on
endothelial dysfunction in spontaneously hypertensive rats. J Hypertens, 17,
769-76.
ALVAREZ DE SOTOMAYOR, M., PEREZ-GUERRERO, C., HERRERA, M. D. &
MARHUENDA, E. 2001. Effect of simvastatin on vascular smooth muscle
responsiveness: involvement of Ca(2+) homeostasis. Eur J Pharmacol, 415,
217-24.
ANDREYEV, A. Y., KUSHNAREVA, Y. E. & STARKOV, A. A. 2005. Mitochondrial
metabolism of reactive oxygen species. Biochemistry (Mosc), 70, 200-14.
ANTONIADES, C., BAKOGIANNIS, C., LEESON, P., GUZIK, T. J., ZHANG, M. H.,
TOUSOULIS, D., ANTONOPOULOS, A. S., DEMOSTHENOUS, M., MARINOU, K.,
HALE, A., PASCHALIS, A., PSARROS, C., TRIANTAFYLLOU, C., BENDALL, J.,
CASADEI, B., STEFANADIS, C. & CHANNON, K. M. 2011. Rapid, direct effects
of statin treatment on arterial redox state and nitric oxide bioavailability in
human atherosclerosis via tetrahydrobiopterin-mediated endothelial nitric
oxide synthase coupling. Circulation, 124, 335-45.
ARCHER, S. L., HUANG, J. M., HAMPL, V., NELSON, D. P., SHULTZ, P. J. & WEIR, E. K.
1994. Nitric oxide and cGMP cause vasorelaxation by activation of a
charybdotoxin-sensitive K channel by cGMP-dependent protein kinase. Proc
Natl Acad Sci U S A, 91, 7583-7.
ARENA, J. P. & KASS, R. S. 1989. Enhancement of potassium-sensitive current in heart
cells by pinacidil. Evidence for modulation of the ATP-sensitive potassium
channel. Circ Res, 65, 436-45.
ARMITAGE, J. 2007. The safety of statins in clinical practice. Lancet, 370, 1781-90.

224

ARNOLD, W. P., MITTAL, C. K., KATSUKI, S. & MURAD, F. 1977. Nitric oxide activates
guanylate cyclase and increases guanosine 3':5'-cyclic monophosphate levels
in various tissue preparations. Proc Natl Acad Sci U S A, 74, 3203-7.
ASHCROFT, F. M. 1988. Adenosine 5'-triphosphate-sensitive potassium channels.
Annu Rev Neurosci, 11, 97-118.
ASHCROFT, F. M., HARRISON, D. E. & ASHCROFT, S. J. 1984. Glucose induces closure
of single potassium channels in isolated rat pancreatic beta-cells. Nature,
312, 446-8.
ASHCROFT, F. M. & KAKEI, M. 1989. ATP-sensitive K+ channels in rat pancreatic betacells: modulation by ATP and Mg2+ ions. J Physiol, 416, 349-67.
ASZTALOS, B. F., HORVATH, K. V., MCNAMARA, J. R., ROHEIM, P. S., RUBINSTEIN, J. J.
& SCHAEFER, E. J. 2002. Comparing the effects of five different statins on the
HDL subpopulation profiles of coronary heart disease patients.
Atherosclerosis, 164, 361-9.
AUCHAMPACH, J. A., GROVER, G. J. & GROSS, G. J. 1992. Blockade of ischaemic
preconditioning in dogs by the novel ATP dependent potassium channel
antagonist sodium 5-hydroxydecanoate. Cardiovasc Res, 26, 1054-62.
BADIMON, L. & VILAHUR, G. 2012. LDL-cholesterol versus HDL-cholesterol in the
atherosclerotic plaque: inflammatory resolution versus thrombotic chaos.
Ann N Y Acad Sci, 1254, 18-32.
BAILEY, S. R., MITRA, S., FLAVAHAN, S. & FLAVAHAN, N. A. 2005. Reactive oxygen
species from smooth muscle mitochondria initiate cold-induced constriction
of cutaneous arteries. Am J Physiol Heart Circ Physiol, 289, H243-50.
BAKER, W. L., TALATI, R., WHITE, C. M. & COLEMAN, C. I. 2010. Differing effect of
statins on insulin sensitivity in non-diabetics: a systematic review and metaanalysis. Diabetes Res Clin Pract, 87, 98-107.
BANG, C. N. & OKIN, P. M. 2014. Statin treatment, new-onset diabetes, and other
adverse effects: a systematic review. Curr Cardiol Rep, 16, 461.
BANGALORE, S., KAMALAKKANNAN, G., PARKAR, S. & MESSERLI, F. H. 2007. Fixeddose combinations improve medication compliance: a meta-analysis. Am J
Med, 120, 713-9.
BARACCA, A., SGARBI, G., SOLAINI, G. & LENAZ, G. 2003. Rhodamine 123 as a probe
of mitochondrial membrane potential: evaluation of proton flux through F(0)
during ATP synthesis. Biochim Biophys Acta, 1606, 137-46.
BARLOW, R. S., EL-MOWAFY, A. M. & WHITE, R. E. 2000. H(2)O(2) opens BK(Ca)
channels via the PLA(2)-arachidonic acid signaling cascade in coronary artery
smooth muscle. Am J Physiol Heart Circ Physiol, 279, H475-83.
BARLOW, R. S. & WHITE, R. E. 1998. Hydrogen peroxide relaxes porcine coronary
arteries by stimulating BKCa channel activity. Am J Physiol, 275, H1283-9.
BARRON, J. T., GU, L. & PARRILLO, J. E. 2000. NADH/NAD redox state of cytoplasmic
glycolytic compartments in vascular smooth muscle. Am J Physiol Heart Circ
Physiol, 279, H2872-8.
BASTIAANSE, E. M., ATSMA, D. E., KUIJPERS, M. M. & VAN DER LAARSE, A. 1994.
Simvastatin-sodium delays cell death of anoxic cardiomyocytes by inhibition
of the Na+/Ca2+ exchanger. FEBS Lett, 343, 151-4.
BECKER, L. B., VANDEN HOEK, T. L., SHAO, Z. H., LI, C. Q. & SCHUMACKER, P. T. 1999.
Generation of superoxide in cardiomyocytes during ischemia before
reperfusion. Am J Physiol, 277, H2240-6.
BEECH, D. J., ZHANG, H., NAKAO, K. & BOLTON, T. B. 1993. K channel activation by
nucleotide diphosphates and its inhibition by glibenclamide in vascular
smooth muscle cells. Br J Pharmacol, 110, 573-82.
225

BELLIA, A., RIZZA, S., LOMBARDO, M. F., DONADEL, G., FABIANO, R., ANDREADI, K.,
QUON, M. J., SBRACCIA, P., FEDERICI, M., TESAURO, M., CARDILLO, C. &
LAURO, D. 2012. Deterioration of glucose homeostasis in type 2 diabetic
patients one year after beginning of statins therapy. Atherosclerosis, 223,
197-203.
BERETTA, S., PASTORI, C., SALA, G., PIAZZA, F., FERRARESE, C., CATTALINI, A., DE
CURTIS, M. & LIBRIZZI, L. 2011. Acute lipophilicity-dependent effect of
intravascular simvastatin in the early phase of focal cerebral ischemia.
Neuropharmacology, 60, 878-85.
BERGDAHL, A., PERSSON, E., HELLSTRAND, P. & SWARD, K. 2003. Lovastatin induces
relaxation and inhibits L-type Ca(2+) current in the rat basilar artery.
Pharmacol Toxicol, 93, 128-34.
BERNARDI, H., FOSSET, M. & LAZDUNSKI, M. 1988. Characterization, purification, and
affinity labeling of the brain [3H]glibenclamide-binding protein, a putative
neuronal ATP-regulated K+ channel. Proc Natl Acad Sci U S A, 85, 9816-20.
BERRIDGE, M. J., BOOTMAN, M. D. & RODERICK, H. L. 2003. Calcium signalling:
dynamics, homeostasis and remodelling. Nat Rev Mol Cell Biol, 4, 517-29.
BERRIDGE, M. J. & IRVINE, R. F. 1989. Inositol phosphates and cell signalling. Nature,
341, 197-205.
BERRIDGE, M. J., LIPP, P. & BOOTMAN, M. D. 2000. The versatility and universality of
calcium signalling. Nat Rev Mol Cell Biol, 1, 11-21.
BESTEHORN, H. P., RENSING, U. F., ROSKAMM, H., BETZ, P., BENESCH, L.,
SCHEMEITAT, K., BLUMCHEN, G., CLAUS, J., MATHES, P., KAPPENBERGER, L.,
WIELAND, H. & NEISS, A. 1997. The effect of simvastatin on progression of
coronary artery disease. The Multicenter coronary Intervention Study (CIS).
Eur Heart J, 18, 226-34.
BETTERIDGE, J. 2005. Benefits of lipid-lowering therapy in patients with type 2
diabetes mellitus. Am J Med, 118 Suppl 12A, 10-5.
BIALECKI, R. A., TULENKO, T. N. & COLUCCI, W. S. 1991. Cholesterol enrichment
increases basal and agonist-stimulated calcium influx in rat vascular smooth
muscle cells. J Clin Invest, 88, 1894-900.
BIRNBAUM, Y., YE, Y., ROSANIO, S., TAVACKOLI, S., HU, Z. Y., SCHWARZ, E. R. &
URETSKY, B. F. 2005. Prostaglandins mediate the cardioprotective effects of
atorvastatin against ischemia-reperfusion injury. Cardiovasc Res, 65, 345-55.
BITZUR, R., COHEN, H., KAMARI, Y. & HARATS, D. 2013. Intolerance to statins:
mechanisms and management. Diabetes Care, 36 Suppl 2, S325-30.
BLATTER, L. A. & WIER, W. G. 1994. Nitric oxide decreases [Ca2+]i in vascular smooth
muscle by inhibition of the calcium current. Cell Calcium, 15, 122-31.
BOKVIST, K., ELIASSON, L., AMMALA, C., RENSTROM, E. & RORSMAN, P. 1995. Colocalization of L-type Ca2+ channels and insulin-containing secretory
granules and its significance for the initiation of exocytosis in mouse
pancreatic B-cells. EMBO J, 14, 50-7.
BOLOTINA, V. M., NAJIBI, S., PALACINO, J. J., PAGANO, P. J. & COHEN, R. A. 1994.
Nitric oxide directly activates calcium-dependent potassium channels in
vascular smooth muscle. Nature, 368, 850-3.
BONETTI, P. O., LERMAN, L. O., NAPOLI, C. & LERMAN, A. 2003. Statin effects beyond
lipid lowering--are they clinically relevant? Eur Heart J, 24, 225-48.
BONEV, A. D. & NELSON, M. T. 1996. Vasoconstrictors inhibit ATP-sensitive K+
channels in arterial smooth muscle through protein kinase C. J Gen Physiol,
108, 315-23.

226

BOOTMAN, M. D., COLLINS, T. J., PEPPIATT, C. M., PROTHERO, L. S., MACKENZIE, L.,
DE SMET, P., TRAVERS, M., TOVEY, S. C., SEO, J. T., BERRIDGE, M. J.,
CICCOLINI, F. & LIPP, P. 2001. Calcium signalling--an overview. Semin Cell Dev
Biol, 12, 3-10.
BOUITBIR, J., CHARLES, A. L., ECHANIZ-LAGUNA, A., KINDO, M., DAUSSIN, F.,
AUWERX, J., PIQUARD, F., GENY, B. & ZOLL, J. 2012. Opposite effects of
statins on mitochondria of cardiac and skeletal muscles: a 'mitohormesis'
mechanism involving reactive oxygen species and PGC-1. Eur Heart J, 33,
1397-407.
BRANCHI, A., FIORENZA, A. M., ROVELLINI, A., TORRI, A., MUZIO, F., MACOR, S. &
SOMMARIVA, D. 1999. Lowering effects of four different statins on serum
triglyceride level. Eur J Clin Pharmacol, 55, 499-502.
BRANDES, R. P. 2005. Statin-mediated inhibition of Rho: only to get more NO? Circ
Res, 96, 927-9.
BRATZ, I. N., DICK, G. M., TUNE, J. D., EDWARDS, J. M., NEEB, Z. P., DINCER, U. D. &
STUREK, M. 2008. Impaired capsaicin-induced relaxation of coronary arteries
in a porcine model of the metabolic syndrome. Am J Physiol Heart Circ
Physiol, 294, H2489-96.
BRENNAN, J. P., SOUTHWORTH, R., MEDINA, R. A., DAVIDSON, S. M., DUCHEN, M. R.
& SHATTOCK, M. J. 2006. Mitochondrial uncoupling, with low concentration
FCCP, induces ROS-dependent cardioprotection independent of KATP
channel activation. Cardiovasc Res, 72, 313-21.
BRINI, M. 2003. Ca(2+) signalling in mitochondria: mechanism and role in physiology
and pathology. Cell Calcium, 34, 399-405.
BROPHY, C. M., BEALL, A., LAMB, S., DICKINSON, M. & WARE, D. J. 1997. Small heat
shock proteins and vasospasm in human umbilical artery smooth muscle. Biol
Reprod, 57, 1354-9.
BROWN, J. H., DEL RE, D. P. & SUSSMAN, M. A. 2006. The Rac and Rho hall of fame: a
decade of hypertrophic signaling hits. Circ Res, 98, 730-42.
BRUEGGEMANN, L. I., MARKUN, D. R., HENDERSON, K. K., CRIBBS, L. L. & BYRON, K. L.
2006. Pharmacological and electrophysiological characterization of storeoperated currents and capacitative Ca(2+) entry in vascular smooth muscle
cells. J Pharmacol Exp Ther, 317, 488-99.
BUBOLZ, A. H., LI, H., WU, Q. & LIU, Y. 2005. Enhanced oxidative stress impairs cAMPmediated dilation by reducing Kv channel function in small coronary arteries
of diabetic rats. Am J Physiol Heart Circ Physiol, 289, H1873-80.
BUBOLZ, A. H., MENDOZA, S. A., ZHENG, X., ZINKEVICH, N. S., LI, R., GUTTERMAN, D.
D. & ZHANG, D. X. 2012. Activation of endothelial TRPV4 channels mediates
flow-induced dilation in human coronary arterioles: role of Ca2+ entry and
mitochondrial ROS signaling. Am J Physiol Heart Circ Physiol, 302, H634-42.
BUDZYN, K., MARLEY, P. D. & SOBEY, C. G. 2004. Chronic mevastatin modulates
receptor-dependent vascular contraction in eNOS-deficient mice. Am J
Physiol Regul Integr Comp Physiol, 287, R342-8.
BUDZYN, K., MARLEY, P. D. & SOBEY, C. G. 2006. Targeting Rho and Rho-kinase in the
treatment of cardiovascular disease. Trends Pharmacol Sci, 27, 97-104.
BUHAESCU, I. & IZZEDINE, H. 2007. Mevalonate pathway: a review of clinical and
therapeutical implications. Clin Biochem, 40, 575-84.
BUTTGEREIT, F. & BRAND, M. D. 1995. A hierarchy of ATP-consuming processes in
mammalian cells. Biochem J, 312 ( Pt 1), 163-7.
BYRNE, C. D. & WILD, S. H. 2011. Increased risk of glucose intolerance and type 2
diabetes with statins. BMJ, 343, d5004.
227

CAI, H. 2005. Hydrogen peroxide regulation of endothelial function: origins,
mechanisms, and consequences. Cardiovasc Res, 68, 26-36.
CAMELLO-ALMARAZ, C., GOMEZ-PINILLA, P. J., POZO, M. J. & CAMELLO, P. J. 2006a.
Mitochondrial reactive oxygen species and Ca2+ signaling. Am J Physiol Cell
Physiol, 291, C1082-8.
CAMELLO-ALMARAZ, C., SALIDO, G. M., PARIENTE, J. A. & CAMELLO, P. J. 2002. Role
of mitochondria in Ca(2+) oscillations and shape of Ca(2+) signals in
pancreatic acinar cells. Biochem Pharmacol, 63, 283-92.
CAMELLO-ALMARAZ, M. C., POZO, M. J., MURPHY, M. P. & CAMELLO, P. J. 2006b.
Mitochondrial production of oxidants is necessary for physiological calcium
oscillations. J Cell Physiol, 206, 487-94.
CAMPBELL, J. D. & PAUL, R. J. 1992. The nature of fuel provision for the Na+,K(+)ATPase in porcine vascular smooth muscle. J Physiol, 447, 67-82.
CAMPBELL, K. P., LEUNG, A. T. & SHARP, A. H. 1988. The biochemistry and molecular
biology of the dihydropyridine-sensitive calcium channel. Trends Neurosci,
11, 425-30.
CAMPBELL, W. B., FALCK, J. R. & GAUTHIER, K. 2001. Role of epoxyeicosatrienoic
acids as endothelium-derived hyperpolarizing factor in bovine coronary
arteries. Med Sci Monit, 7, 578-84.
CARDACI, S., FILOMENI, G. & CIRIOLO, M. R. 2012. Redox implications of AMPKmediated signal transduction beyond energetic clues. J Cell Sci, 125, 2115-25.
CARRERAS, M. C., FRANCO, M. C., PERALTA, J. G. & PODEROSO, J. J. 2004. Nitric
oxide, complex I, and the modulation of mitochondrial reactive species in
biology and disease. Mol Aspects Med, 25, 125-39.
CARTER, A. A., GOMES, T., CAMACHO, X., JUURLINK, D. N., SHAH, B. R. & MAMDANI,
M. M. 2013. Risk of incident diabetes among patients treated with statins:
population based study. BMJ, 346, f2610.
CATTERALL, W. A. 2011. Voltage-gated calcium channels. Cold Spring Harb Perspect
Biol, 3, a003947.
CAUGHEY, G. E., CLELAND, L. G., PENGLIS, P. S., GAMBLE, J. R. & JAMES, M. J. 2001.
Roles of cyclooxygenase (COX)-1 and COX-2 in prostanoid production by
human endothelial cells: selective up-regulation of prostacyclin synthesis by
COX-2. J Immunol, 167, 2831-8.
CEDIEL, E., VAZQUEZ-CRUZ, B., NAVARRO-CID, J., DE LAS HERAS, N., SANZ-ROSA, D.,
CACHOFEIRO, V. & LAHERA, V. 2002. Role of endothelin-1 and thromboxane
A2 in renal vasoconstriction induced by angiotensin II in diabetes and
hypertension. Kidney Int Suppl, S2-7.
CHANDEL, N. S., MCCLINTOCK, D. S., FELICIANO, C. E., WOOD, T. M., MELENDEZ, J. A.,
RODRIGUEZ, A. M. & SCHUMACKER, P. T. 2000. Reactive oxygen species
generated at mitochondrial complex III stabilize hypoxia-inducible factor1alpha during hypoxia: a mechanism of O2 sensing. J Biol Chem, 275, 251308.
CHAPLIN, N. L. & AMBERG, G. C. 2012. Hydrogen peroxide mediates oxidantdependent stimulation of arterial smooth muscle L-type calcium channels.
Am J Physiol Cell Physiol, 302, C1382-93.
CHEN, C. W., CHEN, T. C., HUANG, K. Y., CHOU, P., CHEN, P. F. & LEE, C. C. 2013.
Differential impact of statin on new-onset diabetes in different age groups: a
population-based case-control study in women from an asian country. PLoS
One, 8, e71817.

228

CHEN, H., IKEDA, U., SHIMPO, M., IKEDA, M., MINOTA, S. & SHIMADA, K. 2000.
Fluvastatin upregulates inducible nitric oxide synthase expression in
cytokine-stimulated vascular smooth muscle cells. Hypertension, 36, 923-8.
CHEN, Q., VAZQUEZ, E. J., MOGHADDAS, S., HOPPEL, C. L. & LESNEFSKY, E. J. 2003.
Production of reactive oxygen species by mitochondria: central role of
complex III. J Biol Chem, 278, 36027-31.
CHEN, W., PENDYALA, S., NATARAJAN, V., GARCIA, J. G. & JACOBSON, J. R. 2008.
Endothelial cell barrier protection by simvastatin: GTPase regulation and
NADPH oxidase inhibition. Am J Physiol Lung Cell Mol Physiol, 295, L575-83.
CHERANOV, S. Y. & JAGGAR, J. H. 2004. Mitochondrial modulation of Ca2+ sparks and
transient KCa currents in smooth muscle cells of rat cerebral arteries. J
Physiol, 556, 755-71.
CHEUNG, B. M., LAUDER, I. J., LAU, C. P. & KUMANA, C. R. 2004. Meta-analysis of
large randomized controlled trials to evaluate the impact of statins on
cardiovascular outcomes. Br J Clin Pharmacol, 57, 640-51.
CHIU, K. C., LEE, N. P., COHAN, P. & CHUANG, L. M. 2000. Beta cell function declines
with age in glucose tolerant Caucasians. Clin Endocrinol (Oxf), 53, 569-75.
CHOI, H. C., SONG, P., XIE, Z., WU, Y., XU, J., ZHANG, M., DONG, Y., WANG, S., LAU, K.
& ZOU, M. H. 2008. Reactive nitrogen species is required for the activation of
the AMP-activated protein kinase by statin in vivo. J Biol Chem, 283, 2018697.
CHRISSOBOLIS, S. & SOBEY, C. G. 2002. Inhibitory effects of protein kinase C on
inwardly rectifying K+- and ATP-sensitive K+ channel-mediated responses of
the basilar artery. Stroke, 33, 1692-7.
CHRISTIE, M. I., GRIFFITH, T. M. & LEWIS, M. J. 1989. A comparison of basal and
agonist-stimulated release of endothelium-derived relaxing factor from
different arteries. Br J Pharmacol, 98, 397-406.
CLEMENT-CHOMIENNE, O., WALSH, M. P. & COLE, W. C. 1996. Angiotensin II
activation of protein kinase C decreases delayed rectifier K+ current in rabbit
vascular myocytes. J Physiol, 495 ( Pt 3), 689-700.
CLUNN, G. F., LYMN, J. S., SCHACHTER, M. & HUGHES, A. D. 1997. Differential effects
of lovastatin on mitogen induced calcium influx in human cultured vascular
smooth muscle cells. Br J Pharmacol, 121, 1789-95.
CLUNN, G. F., SEVER, P. S. & HUGHES, A. D. 2010. Calcium channel regulation in
vascular smooth muscle cells: synergistic effects of statins and calcium
channel blockers. Int J Cardiol, 139, 2-6.
COLLINS, P., GRIFFITH, T. M., HENDERSON, A. H. & LEWIS, M. J. 1986. Endotheliumderived relaxing factor alters calcium fluxes in rabbit aorta: a cyclic
guanosine monophosphate-mediated effect. J Physiol, 381, 427-37.
COLLINS, T. J., LIPP, P., BERRIDGE, M. J., LI, W. & BOOTMAN, M. D. 2000. Inositol
1,4,5-trisphosphate-induced Ca2+ release is inhibited by mitochondrial
depolarization. Biochem J, 347, 593-600.
COOK, D. L. & HALES, C. N. 1984. Intracellular ATP directly blocks K+ channels in
pancreatic B-cells. Nature, 311, 271-3.
CORPATAUX, J. M., NAIK, J., PORTER, K. E. & LONDON, N. J. 2005a. A comparison of
six statins on the development of intimal hyperplasia in a human vein culture
model. Eur J Vasc Endovasc Surg, 29, 177-81.
CORPATAUX, J. M., NAIK, J., PORTER, K. E. & LONDON, N. J. 2005b. The effect of six
different statins on the proliferation, migration, and invasion of human
smooth muscle cells. J Surg Res, 129, 52-6.

229

CORREA, V., JR., FUCHS, F. D., MOREIRA, L. B., GERHARDT, M., FUCHS, S. C.,
SLOCZINSKI, C. R., MONTEGGIA, R. G. & GUS, M. 2014. Blood pressurelowering effect of simvastatin: a placebo-controlled randomized clinical trial
with 24-h ambulatory blood pressure monitoring. J Hum Hypertens, 28, 62-7.
CORSINI, A., MAZZOTTI, M., RAITERI, M., SOMA, M. R., GABBIANI, G., FUMAGALLI, R.
& PAOLETTI, R. 1993. Relationship between mevalonate pathway and arterial
myocyte proliferation: in vitro studies with inhibitors of HMG-CoA reductase.
Atherosclerosis, 101, 117-25.
CORSINI, A., RAITERI, M., SOMA, M., FUMAGALLI, R. & PAOLETTI, R. 1991.
Simvastatin but not pravastatin inhibits the proliferation of rat aorta
myocytes. Pharmacol Res, 23, 173-80.
CRIBBS, L. L. 2001. Vascular smooth muscle calcium channels: could "T" be a target?
Circ Res, 89, 560-2.
CRIBBS, L. L. 2006. T-type Ca2+ channels in vascular smooth muscle: multiple
functions. Cell Calcium, 40, 221-30.
CRITZ, S. D., LIU, G. S., CHUJO, M. & DOWNEY, J. M. 1997. Pinacidil but not nicorandil
opens ATP-sensitive K+ channels and protects against simulated ischemia in
rabbit myocytes. J Mol Cell Cardiol, 29, 1123-30.
CULVER, A. L., OCKENE, I. S., BALASUBRAMANIAN, R., OLENDZKI, B. C., SEPAVICH, D.
M., WACTAWSKI-WENDE, J., MANSON, J. E., QIAO, Y., LIU, S., MERRIAM, P.
A., RAHILLY-TIERNY, C., THOMAS, F., BERGER, J. S., OCKENE, J. K., CURB, J. D.
& MA, Y. 2012. Statin use and risk of diabetes mellitus in postmenopausal
women in the Women's Health Initiative. Arch Intern Med, 172, 144-52.
DAI, Y. L., LUK, T. H., SIU, C. W., YIU, K. H., CHAN, H. T., LEE, S. W., LI, S. W., TAM, S.,
FONG, B., LAU, C. P. & TSE, H. F. 2010. Mitochondrial dysfunction induced by
statin contributes to endothelial dysfunction in patients with coronary artery
disease. Cardiovasc Toxicol, 10, 130-8.
DALSGAARD, T., KROIGAARD, C., BEK, T. & SIMONSEN, U. 2009. Role of calciumactivated potassium channels with small conductance in bradykinin-induced
vasodilation of porcine retinal arterioles. Invest Ophthalmol Vis Sci, 50, 381925.
DANSETTE, P. M., JAOEN, M. & PONS, C. 2000. HMG-CoA reductase activity in human
liver microsomes: comparative inhibition by statins. Exp Toxicol Pathol, 52,
145-8.
DATAR, R., KAESEMEYER, W. H., CHANDRA, S., FULTON, D. J. & CALDWELL, R. W.
2010. Acute activation of eNOS by statins involves scavenger receptor-B1, G
protein subunit Gi, phospholipase C and calcium influx. Br J Pharmacol, 160,
1765-72.
DAUNT, M., DALE, O. & SMITH, P. A. 2006. Somatostatin inhibits oxidative respiration
in pancreatic beta-cells. Endocrinology, 147, 1527-35.
DAUT, J., KLIEBER, H. G., CYRYS, S. & NOACK, T. 1994. KATP channels and basal
coronary vascular tone. Cardiovasc Res, 28, 811-7.
DAVIES, N. W. 1990. Modulation of ATP-sensitive K+ channels in skeletal muscle by
intracellular protons. Nature, 343, 375-7.
DAVIGNON, J. 2004. Beneficial cardiovascular pleiotropic effects of statins.
Circulation, 109, III39-43.
DAVIS, B., RAHMAN, A. & ARNER, A. 2012. AMP-activated kinase relaxes agonist
induced contractions in the mouse aorta via effects on PKC signaling and
inhibits NO-induced relaxation. Eur J Pharmacol, 695, 88-95.
DE LEMOS, J. A., BLAZING, M. A., WIVIOTT, S. D., LEWIS, E. F., FOX, K. A., WHITE, H.
D., ROULEAU, J. L., PEDERSEN, T. R., GARDNER, L. H., MUKHERJEE, R.,
230

RAMSEY, K. E., PALMISANO, J., BILHEIMER, D. W., PFEFFER, M. A., CALIFF, R.
M., BRAUNWALD, E. & INVESTIGATORS 2004. Early intensive vs a delayed
conservative simvastatin strategy in patients with acute coronary
syndromes: phase Z of the A to Z trial. JAMA, 292, 1307-16.
DE SOTOMAYOR, M. A., PEREZ-GUERRERO, C., HERRRERA, M. D., JIMENEZ, L.,
MARIN, R., MARHUENDA, E. & ANDRIANTSITOHAINA, R. 2005. Improvement
of age-related endothelial dysfunction by simvastatin: effect on NO and COX
pathways. Br J Pharmacol, 146, 1130-8.
DEGRAEVE, F., BOLLA, M., BLAIE, S., CREMINON, C., QUERE, I., BOQUET, P., LEVYTOLEDANO, S., BERTOGLIO, J. & HABIB, A. 2001. Modulation of COX-2
expression by statins in human aortic smooth muscle cells. Involvement of
geranylgeranylated proteins. J Biol Chem, 276, 46849-55.
DEKA, D. K. & BRADING, A. F. 2004. Nitric oxide activates glibenclamide-sensitive K+
channels in urinary bladder myocytes through a c-GMP-dependent
mechanism. Eur J Pharmacol, 492, 13-9.
DEMAUREX, N., POBURKO, D. & FRIEDEN, M. 2009. Regulation of plasma membrane
calcium fluxes by mitochondria. Biochim Biophys Acta, 1787, 1383-94.
DI NAPOLI, P., ANTONIO TACCARDI, A., GRILLI, A., SPINA, R., FELACO, M., BARSOTTI,
A. & DE CATERINA, R. 2001. Simvastatin reduces reperfusion injury by
modulating nitric oxide synthase expression: an ex vivo study in isolated
working rat hearts. Cardiovasc Res, 51, 283-93.
DIRKS, A. J. & JONES, K. M. 2006. Statin-induced apoptosis and skeletal myopathy.
Am J Physiol Cell Physiol, 291, C1208-12.
DOBRUCKI, L. W., KALINOWSKI, L., DOBRUCKI, I. T. & MALINSKI, T. 2001. Statinstimulated nitric oxide release from endothelium. Med Sci Monit, 7, 622-7.
DOGNE, J. M., HANSON, J. & PRATICO, D. 2005. Thromboxane, prostacyclin and
isoprostanes: therapeutic targets in atherogenesis. Trends Pharmacol Sci, 26,
639-44.
DOMOKI, F., KIS, B., GASPAR, T., SNIPES, J. A., BARI, F. & BUSIJA, D. W. 2010.
Rosuvastatin induces delayed preconditioning against L-glutamate
excitotoxicity in cultured cortical neurons. Neurochem Int, 56, 404-9.
DONG, H., WALDRON, G. J., COLE, W. C. & TRIGGLE, C. R. 1998. Roles of calciumactivated and voltage-gated delayed rectifier potassium channels in
endothelium-dependent vasorelaxation of the rabbit middle cerebral artery.
Br J Pharmacol, 123, 821-32.
DONG, H., WALDRON, G. J., GALIPEAU, D., COLE, W. C. & TRIGGLE, C. R. 1997.
NO/PGI2-independent vasorelaxation and the cytochrome P450 pathway in
rabbit carotid artery. Br J Pharmacol, 120, 695-701.
DORMUTH, C. R., FILION, K. B., PATERSON, J. M., JAMES, M. T., TEARE, G. F.,
RAYMOND, C. B., RAHME, E., TAMIM, H., LIPSCOMBE, L. & CANADIAN
NETWORK FOR OBSERVATIONAL DRUG EFFECT STUDIES, I. 2014. Higher
potency statins and the risk of new diabetes: multicentre, observational
study of administrative databases. BMJ, 348, g3244.
DORN, G. W., 2ND & BECKER, M. W. 1993. Thromboxane A2 stimulated signal
transduction in vascular smooth muscle. J Pharmacol Exp Ther, 265, 447-56.
DOUGHAN, A. K., HARRISON, D. G. & DIKALOV, S. I. 2008. Molecular mechanisms of
angiotensin II-mediated mitochondrial dysfunction: linking mitochondrial
oxidative damage and vascular endothelial dysfunction. Circ Res, 102, 48896.

231

DROUIN, A., THORIN-TRESCASES, N., HAMEL, E., FALCK, J. R. & THORIN, E. 2007.
Endothelial nitric oxide synthase activation leads to dilatory H2O2
production in mouse cerebral arteries. Cardiovasc Res, 73, 73-81.
DRUMMOND, G. R., CAI, H., DAVIS, M. E., RAMASAMY, S. & HARRISON, D. G. 2000.
Transcriptional and posttranscriptional regulation of endothelial nitric oxide
synthase expression by hydrogen peroxide. Circ Res, 86, 347-54.
DRUMMOND, R. M. & FAY, F. S. 1996. Mitochondria contribute to Ca2+ removal in
smooth muscle cells. Pflugers Arch, 431, 473-82.
DUARTE, J., PEREZ-PALENCIA, R., VARGAS, F., OCETE, M. A., PEREZ-VIZCAINO, F.,
ZARZUELO, A. & TAMARGO, J. 2001. Antihypertensive effects of the
flavonoid quercetin in spontaneously hypertensive rats. Br J Pharmacol, 133,
117-24.
DUCHEN, M. R. 1999. Contributions of mitochondria to animal physiology: from
homeostatic sensor to calcium signalling and cell death. J Physiol, 516 ( Pt 1),
1-17.
DUCHEN, M. R. 2004. Roles of mitochondria in health and disease. Diabetes, 53 Suppl
1, S96-102.
DUPUIS, J., TARDIF, J. C., CERNACEK, P. & THEROUX, P. 1999. Cholesterol reduction
rapidly improves endothelial function after acute coronary syndromes. The
RECIFE (reduction of cholesterol in ischemia and function of the
endothelium) trial. Circulation, 99, 3227-33.
DURAZO, S. A., KADAM, R. S., DRECHSEL, D., PATEL, M. & KOMPELLA, U. B. 2011.
Brain mitochondrial drug delivery: influence of drug physicochemical
properties. Pharm Res, 28, 2833-47.
EDWARDS, G., DORA, K. A., GARDENER, M. J., GARLAND, C. J. & WESTON, A. H. 1998.
K+ is an endothelium-derived hyperpolarizing factor in rat arteries. Nature,
396, 269-72.
EGASHIRA, K., PIPERS, F. S., RUSH, J. E. & MORGAN, J. P. 1990. Effects of calcium
channel blockers on coronary vasoconstriction induced by endothelin-1 in
closed chest pigs. J Am Coll Cardiol, 16, 1296-303.
ELIASSON, L., ABDULKADER, F., BRAUN, M., GALVANOVSKIS, J., HOPPA, M. B. &
RORSMAN, P. 2008. Novel aspects of the molecular mechanisms controlling
insulin secretion. J Physiol, 586, 3313-24.
ELMOSELHI, A., BUTCHER, A., SAMSON, S. E. & GROVER, A. K. 1994. Coronary artery
contractility, Na(+)-pump and oxygen radicals. Gen Physiol Biophys, 13, 24756.
ERDOS, B., SNIPES, J. A., TULBERT, C. D., KATAKAM, P., MILLER, A. W. & BUSIJA, D. W.
2006. Rosuvastatin improves cerebrovascular function in Zucker obese rats
by inhibiting NAD(P)H oxidase-dependent superoxide production. Am J
Physiol Heart Circ Physiol, 290, H1264-70.
ESCOBALES, N., CASTRO, M., ALTIERI, P. I. & SANABRIA, P. 1996a. Simvastatin
releases Ca2+ from a thapsigargin-sensitive pool and inhibits InsP3dependent Ca2+ mobilization in vascular smooth muscle cells. J Cardiovasc
Pharmacol, 27, 383-91.
ESCOBALES, N., CRESPO, M. J., ALTIERI, P. I. & FURILLA, R. A. 1996b. Inhibition of
smooth muscle cell calcium mobilization and aortic ring contraction by
lactone vastatins. J Hypertens, 14, 115-21.
FAROUQUE, H. M., WORTHLEY, S. G., MEREDITH, I. T., SKYRME-JONES, R. A. &
ZHANG, M. J. 2002. Effect of ATP-sensitive potassium channel inhibition on
resting coronary vascular responses in humans. Circ Res, 90, 231-6.

232

FEARON, I. M. 2006. OxLDL enhances L-type Ca2+ currents via
lysophosphatidylcholine-induced mitochondrial reactive oxygen species
(ROS) production. Cardiovasc Res, 69, 855-64.
FENG, J., DAMRAUER, S. M., LEE, M., SELLKE, F. W., FERRAN, C. & ABID, M. R. 2010.
Endothelium-dependent coronary vasodilatation requires NADPH oxidasederived reactive oxygen species. Arterioscler Thromb Vasc Biol, 30, 1703-10.
FERNANDEZ-TENORIO, M., PORRAS-GONZALEZ, C., CASTELLANO, A., DEL VALLERODRIGUEZ, A., LOPEZ-BARNEO, J. & URENA, J. 2011. Metabotropic
regulation of RhoA/Rho-associated kinase by L-type Ca2+ channels: new
mechanism for depolarization-evoked mammalian arterial contraction. Circ
Res, 108, 1348-57.
FERNIE, A. R., CARRARI, F. & SWEETLOVE, L. J. 2004. Respiratory metabolism:
glycolysis, the TCA cycle and mitochondrial electron transport. Curr Opin
Plant Biol, 7, 254-61.
FERRER-MARTINEZ, A., CASADO, F. J., FELIPE, A. & PASTOR-ANGLADA, M. 1996.
Regulation of Na+,K(+)-ATPase and the Na+/K+/Cl- co-transporter in the
renal epithelial cell line NBL-1 under osmotic stress. Biochem J, 319 ( Pt 2),
337-42.
FICHTLSCHERER, S., SCHMIDT-LUCKE, C., BOJUNGA, S., ROSSIG, L., HEESCHEN, C.,
DIMMELER, S. & ZEIHER, A. M. 2006. Differential effects of short-term lipid
lowering with ezetimibe and statins on endothelial function in patients with
CAD: clinical evidence for 'pleiotropic' functions of statin therapy. Eur Heart
J, 27, 1182-90.
FIKE, C. D., ASCHNER, J. L., KAPLOWITZ, M. R., ZHANG, Y. & MADDEN, J. A. 2013.
Reactive oxygen species scavengers improve voltage-gated K(+) channel
function in pulmonary arteries of newborn pigs with progressive hypoxiainduced pulmonary hypertension. Pulm Circ, 3, 551-63.
FISSLTHALER, B., POPP, R., KISS, L., POTENTE, M., HARDER, D. R., FLEMING, I. &
BUSSE, R. 1999. Cytochrome P450 2C is an EDHF synthase in coronary
arteries. Nature, 401, 493-7.
FLEMING, I., MICHAELIS, U. R., BREDENKOTTER, D., FISSLTHALER, B., DEHGHANI, F.,
BRANDES, R. P. & BUSSE, R. 2001. Endothelium-derived hyperpolarizing
factor synthase (Cytochrome P450 2C9) is a functionally significant source of
reactive oxygen species in coronary arteries. Circ Res, 88, 44-51.
FOSTER, D. B., HO, A. S., RUCKER, J., GARLID, A. O., CHEN, L., SIDOR, A., GARLID, K. D.
& O'ROURKE, B. 2012. Mitochondrial ROMK channel is a molecular
component of mitoK(ATP). Circ Res, 111, 446-54.
FRANSEN, P., VAN HOVE, C. E., VAN LANGEN, J., SCHRIJVERS, D. M., MARTINET, W.,
DE MEYER, G. R. & BULT, H. 2012. Contribution of transient and sustained
calcium influx, and sensitization to depolarization-induced contractions of
the intact mouse aorta. BMC Physiol, 12, 9.
FREED, J. K., BEYER, A. M., LOGIUDICE, J. A., HOCKENBERRY, J. C. & GUTTERMAN, D.
D. 2014. Ceramide changes the mediator of flow-induced vasodilation from
nitric oxide to hydrogen peroxide in the human microcirculation. Circ Res,
115, 525-32.
FREEMAN, D. J., NORRIE, J., SATTAR, N., NEELY, R. D., COBBE, S. M., FORD, I., ISLES,
C., LORIMER, A. R., MACFARLANE, P. W., MCKILLOP, J. H., PACKARD, C. J.,
SHEPHERD, J. & GAW, A. 2001. Pravastatin and the development of diabetes
mellitus: evidence for a protective treatment effect in the West of Scotland
Coronary Prevention Study. Circulation, 103, 357-62.

233

FREZZA, C., CIPOLAT, S. & SCORRANO, L. 2007. Organelle isolation: functional
mitochondria from mouse liver, muscle and cultured fibroblasts. Nat Protoc,
2, 287-95.
FRIEDRICH, T., VAN HEEK, P., LEIF, H., OHNISHI, T., FORCHE, E., KUNZE, B., JANSEN, R.,
TROWITZSCH-KIENAST, W., HOFLE, G., REICHENBACH, H. & ET AL. 1994. Two
binding sites of inhibitors in NADH: ubiquinone oxidoreductase (complex I).
Relationship of one site with the ubiquinone-binding site of bacterial
glucose:ubiquinone oxidoreductase. Eur J Biochem, 219, 691-8.
FUCHS, L. C., GIULUMIAN, A. D., KNOEPP, L., PIPKIN, W., DICKINSON, M., HAYLES, C.
& BROPHY, C. 2000. Stress causes decrease in vascular relaxation linked with
altered phosphorylation of heat shock proteins. Am J Physiol Regul Integr
Comp Physiol, 279, R492-8.
FURCHGOTT, R. F. 1999. Endothelium-derived relaxing factor: discovery, early
studies, and identification as nitric oxide. Biosci Rep, 19, 235-51.
FURCHGOTT, R. F. & ZAWADZKI, J. V. 1980. The obligatory role of endothelial cells in
the relaxation of arterial smooth muscle by acetylcholine. Nature, 288, 3736.
FUSI, F., SAPONARA, S., GAGOV, H. & SGARAGLI, G. 2001. 2,5-Di-t-butyl-1,4benzohydroquinone (BHQ) inhibits vascular L-type Ca(2+) channel via
superoxide anion generation. Br J Pharmacol, 133, 988-96.
GALTIER, F., MURA, T., RAYNAUD DE MAUVERGER, E., CHEVASSUS, H., FARRET, A.,
GAGNOL, J. P., COSTA, F., DUPUY, A., PETIT, P., CRISTOL, J. P., MERCIER, J. &
LACAMPAGNE, A. 2012. Effect of a high dose of simvastatin on muscle
mitochondrial metabolism and calcium signaling in healthy volunteers.
Toxicol Appl Pharmacol, 263, 281-6.
GANITKEVICH, V. & ISENBERG, G. 1990. Contribution of two types of calcium
channels to membrane conductance of single myocytes from guinea-pig
coronary artery. J Physiol, 426, 19-42.
GAO, N., HUANG, J., HE, W., ZHU, M., KAMM, K. E. & STULL, J. T. 2013. Signaling
through myosin light chain kinase in smooth muscles. J Biol Chem, 288, 7596605.
GAO, Q., ZHAO, X., AHMAD, M. & WOLIN, M. S. 2009. Mitochondrial-derived
hydrogen peroxide inhibits relaxation of bovine coronary arterial smooth
muscle to hypoxia through stimulation of ERK MAP kinase. American journal
of physiology. Heart and circulatory physiology, 297, H2262-9.
GARCIA-BOU, R., ROCHA, M., APOSTOLOVA, N., HERANCE, R., HERNANDEZ-MIJARES,
A. & VICTOR, V. M. 2012. Evidence for a relationship between mitochondrial
Complex I activity and mitochondrial aldehyde dehydrogenase during
nitroglycerin tolerance: effects of mitochondrial antioxidants. Biochim
Biophys Acta, 1817, 828-37.
GARCIA, M. J., REINOSO, R. F., SANCHEZ NAVARRO, A. & PROUS, J. R. 2003. Clinical
pharmacokinetics of statins. Methods Find Exp Clin Pharmacol, 25, 457-81.
GARLAND, C. J., PLANE, F., KEMP, B. K. & COCKS, T. M. 1995. Endothelium-dependent
hyperpolarization: a role in the control of vascular tone. Trends Pharmacol
Sci, 16, 23-30.
GAUTHIER, K. M., EDWARDS, E. M., FALCK, J. R., REDDY, D. S. & CAMPBELL, W. B.
2005. 14,15-epoxyeicosatrienoic acid represents a transferable endotheliumdependent relaxing factor in bovine coronary arteries. Hypertension, 45, 66671.
GELBAND, C. H. & HUME, J. R. 1992. Ionic currents in single smooth muscle cells of
the canine renal artery. Circ Res, 71, 745-58.
234

GHAFFARI, N., BALL, C., KENNEDY, J. A., STAFFORD, I. & BELTRAME, J. F. 2011. Acute
modulation of vasoconstrictor responses by pravastatin in small vessels. Circ
J, 75, 1506-14.
GHOSH, S., STANDEN, N. B. & GALINANES, M. 2000. Evidence for mitochondrial K ATP
channels as effectors of human myocardial preconditioning. Cardiovasc Res,
45, 934-40.
GIBSON, A., MCFADZEAN, I., WALLACE, P. & WAYMAN, C. P. 1998. Capacitative Ca2+
entry and the regulation of smooth muscle tone. Trends Pharmacol Sci, 19,
266-9.
GLITSCH, M. D., BAKOWSKI, D. & PAREKH, A. B. 2002. Store-operated Ca2+ entry
depends on mitochondrial Ca2+ uptake. EMBO J, 21, 6744-54.
GOLLASCH, M., BYCHKOV, R., RIED, C., BEHRENDT, F., SCHOLZE, S., LUFT, F. C. &
HALLER, H. 1995. Pinacidil relaxes porcine and human coronary arteries by
activating ATP-dependent potassium channels in smooth muscle cells. J
Pharmacol Exp Ther, 275, 681-92.
GOLLASCH, M., HAASE, H., RIED, C., LINDSCHAU, C., MORANO, I., LUFT, F. C. &
HALLER, H. 1998. L-type calcium channel expression depends on the
differentiated state of vascular smooth muscle cells. FASEB J, 12, 593-601.
GOLOVINA, V. A., PLATOSHYN, O., BAILEY, C. L., WANG, J., LIMSUWAN, A., SWEENEY,
M., RUBIN, L. J. & YUAN, J. X. 2001. Upregulated TRP and enhanced
capacitative Ca(2+) entry in human pulmonary artery myocytes during
proliferation. Am J Physiol Heart Circ Physiol, 280, H746-55.
GOTO, K., KASUYA, Y., MATSUKI, N., TAKUWA, Y., KURIHARA, H., ISHIKAWA, T.,
KIMURA, S., YANAGISAWA, M. & MASAKI, T. 1989. Endothelin activates the
dihydropyridine-sensitive, voltage-dependent Ca2+ channel in vascular
smooth muscle. Proc Natl Acad Sci U S A, 86, 3915-8.
GOUW, M. A., WILFFERT, B., WERMELSKIRCHEN, D. & VAN ZWIETEN, P. A. 1990.
Ca2+ influx insensitive to organic Ca2+ entry blockers contributes to
noradrenaline-induced contractions of the isolated guinea pig aorta.
Pharmacology, 40, 277-87.
GRAIER, W. F., HOLZMANN, S., HOEBEL, B. G., KUKOVETZ, W. R. & KOSTNER, G. M.
1996. Mechanisms of L-NG nitroarginine/indomethacin-resistant relaxation
in bovine and porcine coronary arteries. Br J Pharmacol, 119, 1177-86.
GRANKVIST, K., MARKLUND, S. L. & TALJEDAL, I. B. 1981. CuZn-superoxide dismutase,
Mn-superoxide dismutase, catalase and glutathione peroxidase in pancreatic
islets and other tissues in the mouse. Biochem J, 199, 393-8.
GREEN, K., BRAND, M. D. & MURPHY, M. P. 2004. Prevention of mitochondrial
oxidative damage as a therapeutic strategy in diabetes. Diabetes, 53 Suppl 1,
S110-8.
GRIBBLE, F. M., TUCKER, S. J., HAUG, T. & ASHCROFT, F. M. 1998. MgATP activates
the beta cell KATP channel by interaction with its SUR1 subunit. Proc Natl
Acad Sci U S A, 95, 7185-90.
GROSS, G. J. & PEART, J. N. 2003. KATP channels and myocardial preconditioning: an
update. Am J Physiol Heart Circ Physiol, 285, H921-30.
GRYGLEWSKI, R. J., URACZ, W., SWIES, J., CHLOPICKI, S., MARCINKIEWICZ, E.,
LOMNICKA, M. & MADEJ, J. 2001. Comparison of endothelial pleiotropic
actions of angiotensin converting enzyme inhibitors and statins. Ann N Y
Acad Sci, 947, 229-45; discussion 245-6.
GUCLU, F., OZMEN, B., HEKIMSOY, Z. & KIRMAZ, C. 2004. Effects of a statin group
drug, pravastatin, on the insulin resistance in patients with metabolic
syndrome. Biomed Pharmacother, 58, 614-8.
235

GUIJARRO, C., BLANCO-COLIO, L. M., MASSY, Z. A., O'DONNELL, M. P., KASISKE, B. L.,
KEANE, W. F. & EGIDO, J. 1999. Lipophilic statins induce apoptosis of human
vascular smooth muscle cells. Kidney Int Suppl, 71, S88-91.
GUNASEKAR, P. G., BOROWITZ, J. L. & ISOM, G. E. 1998. Cyanide-induced generation
of oxidative species: involvement of nitric oxide synthase and
cyclooxygenase-2. J Pharmacol Exp Ther, 285, 236-41.
GUPTA, A., GUYOMARD, V., ZAMAN, M. J., REHMAN, H. U. & MYINT, P. K. 2010.
Systematic review on evidence of the effectiveness of cholesterol-lowering
drugs. Adv Ther, 27, 348-64.
GUTERBAUM, T. J., BRAUNSTEIN, T. H., FOSSUM, A., HOLSTEIN-RATHLOU, N. H.,
TORP-PEDERSEN, C. T. & DOMINGUEZ, H. 2013. Endothelial nitric oxide
synthase phosphorylation at Threonine 495 and mitochondrial reactive
oxygen species formation in response to a high H(2)O(2) concentration. J
Vasc Res, 50, 410-20.
GUTTERMAN, D. D. 2005. Mitochondria and reactive oxygen species: an evolution in
function. Circ Res, 97, 302-4.
GUTTERMAN, D. D., MIURA, H. & LIU, Y. 2005. Redox modulation of vascular tone:
focus of potassium channel mechanisms of dilation. Arterioscler Thromb Vasc
Biol, 25, 671-8.
GUZY, R. D., HOYOS, B., ROBIN, E., CHEN, H., LIU, L., MANSFIELD, K. D., SIMON, M. C.,
HAMMERLING, U. & SCHUMACKER, P. T. 2005. Mitochondrial complex III is
required for hypoxia-induced ROS production and cellular oxygen sensing.
Cell Metab, 1, 401-8.
HAN, D., WILLIAMS, E. & CADENAS, E. 2001. Mitochondrial respiratory chaindependent generation of superoxide anion and its release into the
intermembrane space. Biochem J, 353, 411-6.
HANLEY, P. J. & DAUT, J. 2005. K(ATP) channels and preconditioning: a reexamination of the role of mitochondrial K(ATP) channels and an overview of
alternative mechanisms. J Mol Cell Cardiol, 39, 17-50.
HAO, L., NISHIMURA, T., WO, H. & FERNANDEZ-PATRON, C. 2006. Vascular responses
to alpha1-adrenergic receptors in small rat mesenteric arteries depend on
mitochondrial reactive oxygen species. Arterioscler Thromb Vasc Biol, 26,
819-25.
HARDER, D. R., SMEDA, J. & LOMBARD, J. 1985. Enhanced myogenic depolarization in
hypertensive cerebral arterial muscle. Circ Res, 57, 319-22.
HARRIS, M. B., BLACKSTONE, M. A., SOOD, S. G., LI, C., GOOLSBY, J. M., VENEMA, V.
J., KEMP, B. E. & VENEMA, R. C. 2004. Acute activation and phosphorylation
of endothelial nitric oxide synthase by HMG-CoA reductase inhibitors. Am J
Physiol Heart Circ Physiol, 287, H560-6.
HASEGAWA, M., KUSUHARA, H., SUGIYAMA, D., ITO, K., UEDA, S., ENDOU, H. &
SUGIYAMA, Y. 2002. Functional involvement of rat organic anion transporter
3 (rOat3; Slc22a8) in the renal uptake of organic anions. J Pharmacol Exp
Ther, 300, 746-53.
HATEFI, Y. 1985. The mitochondrial electron transport and oxidative phosphorylation
system. Annu Rev Biochem, 54, 1015-69.
HAWKINS, B. J., MADESH, M., KIRKPATRICK, C. J. & FISHER, A. B. 2007. Superoxide
flux in endothelial cells via the chloride channel-3 mediates intracellular
signaling. Mol Biol Cell, 18, 2002-12.
HAYABUCHI, Y., NAKAYA, Y., MATSUOKA, S. & KURODA, Y. 1998. Endotheliumderived hyperpolarizing factor activates Ca2+-activated K+ channels in

236

porcine coronary artery smooth muscle cells. J Cardiovasc Pharmacol, 32,
642-9.
HEAPS, C. L. & BOWLES, D. K. 2002. Gender-specific K(+)-channel contribution to
adenosine-induced relaxation in coronary arterioles. J Appl Physiol (1985),
92, 550-8.
HEINKE, S., SCHWARZ, G., FIGULLA, H. R. & HEINEMANN, S. H. 2004. The influence of
statins on the free intracellular calcium concentration in human umbilical
vein endothelial cells. BMC Cardiovasc Disord, 4, 4.
HENQUIN, J. C. 2000. Triggering and amplifying pathways of regulation of insulin
secretion by glucose. Diabetes, 49, 1751-60.
HERNANDEZ-PERERA, O., PEREZ-SALA, D., NAVARRO-ANTOLIN, J., SANCHEZPASCUALA, R., HERNANDEZ, G., DIAZ, C. & LAMAS, S. 1998. Effects of the 3hydroxy-3-methylglutaryl-CoA reductase inhibitors, atorvastatin and
simvastatin, on the expression of endothelin-1 and endothelial nitric oxide
synthase in vascular endothelial cells. J Clin Invest, 101, 2711-9.
HERNANDEZ-PRESA, M. A., MARTIN-VENTURA, J. L., ORTEGO, M., GOMEZHERNANDEZ, A., TUNON, J., HERNANDEZ-VARGAS, P., BLANCO-COLIO, L. M.,
MAS, S., APARICIO, C., ORTEGA, L., VIVANCO, F., GERIQUE, J. G., DIAZ, C.,
HERNANDEZ, G. & EGIDO, J. 2002. Atorvastatin reduces the expression of
cyclooxygenase-2 in a rabbit model of atherosclerosis and in cultured
vascular smooth muscle cells. Atherosclerosis, 160, 49-58.
HILL-EUBANKS, D. C., WERNER, M. E., HEPPNER, T. J. & NELSON, M. T. 2011. Calcium
signaling in smooth muscle. Cold Spring Harb Perspect Biol, 3, a004549.
HILL, B. J., KATWA, L. C., WAMHOFF, B. R. & STUREK, M. 2000. Enhanced
endothelin(A) receptor-mediated calcium mobilization and contraction in
organ cultured porcine coronary arteries. J Pharmacol Exp Ther, 295, 484-91.
HIRST, J. 2010. Towards the molecular mechanism of respiratory complex I. Biochem
J, 425, 327-39.
HOOL, L. C. 2006. Reactive oxygen species in cardiac signalling: from mitochondria to
plasma membrane ion channels. Clin Exp Pharmacol Physiol, 33, 146-51.
HOPFNER, R. L. & GOPALAKRISHNAN, V. 1999. Endothelin: emerging role in diabetic
vascular complications. Diabetologia, 42, 1383-94.
HORMAN, S., MOREL, N., VERTOMMEN, D., HUSSAIN, N., NEUMANN, D., BEAULOYE,
C., EL NAJJAR, N., FORCET, C., VIOLLET, B., WALSH, M. P., HUE, L. & RIDER, M.
H. 2008. AMP-activated protein kinase phosphorylates and desensitizes
smooth muscle myosin light chain kinase. J Biol Chem, 283, 18505-12.
HOROBIN, R. W., TRAPP, S. & WEISSIG, V. 2007. Mitochondriotropics: a review of
their mode of action, and their applications for drug and DNA delivery to
mammalian mitochondria. J Control Release, 121, 125-36.
HOUSTON, D. S., SHEPHERD, J. T. & VANHOUTTE, P. M. 1986. Aggregating human
platelets cause direct contraction and endothelium-dependent relaxation of
isolated canine coronary arteries. Role of serotonin, thromboxane A2, and
adenine nucleotides. J Clin Invest, 78, 539-44.
HSIEH, C. C., YEN, M. H., YEN, C. H. & LAU, Y. T. 2001. Oxidized low density
lipoprotein induces apoptosis via generation of reactive oxygen species in
vascular smooth muscle cells. Cardiovasc Res, 49, 135-45.
HUANG, A., SUN, D., JACOBSON, A., CARROLL, M. A., FALCK, J. R. & KALEY, G. 2005.
Epoxyeicosatrienoic acids are released to mediate shear stress-dependent
hyperpolarization of arteriolar smooth muscle. Circ Res, 96, 376-83.
ICHIKI, T., TAKEDA, K., TOKUNOU, T., IINO, N., EGASHIRA, K., SHIMOKAWA, H.,
HIRANO, K., KANAIDE, H. & TAKESHITA, A. 2001. Downregulation of
237

angiotensin II type 1 receptor by hydrophobic 3-hydroxy-3-methylglutaryl
coenzyme A reductase inhibitors in vascular smooth muscle cells. Arterioscler
Thromb Vasc Biol, 21, 1896-901.
IESAKI, T. & WOLIN, M. S. 2000. Thiol oxidation activates a novel redox-regulated
coronary vasodilator mechanism involving inhibition of Ca2+ influx.
Arterioscler Thromb Vasc Biol, 20, 2359-65.
IGLARZ, M. & SCHIFFRIN, E. L. 2003. Role of endothelin-1 in hypertension. Curr
Hypertens Rep, 5, 144-8.
IGNARRO, L. J., BUGA, G. M., WOOD, K. S., BYRNS, R. E. & CHAUDHURI, G. 1987.
Endothelium-derived relaxing factor produced and released from artery and
vein is nitric oxide. Proc Natl Acad Sci U S A, 84, 9265-9.
IIDA, K., GOLAND, S., AKIMA, T., LUO, H., BIRNBAUM, Y. & SIEGEL, R. J. 2007. Effect of
a single 20-mg tablet of Atorvastatin on brachial artery blood flow in
normolipidemic male smokers versus nonsmokers. Am J Cardiol, 100, 881-4.
IKEDA, U., YAMAMOTO, K., MAEDA, Y., SHIMPO, M., KANBE, T. & SHIMADA, K. 1997.
Endothelin-1 inhibits nitric oxide synthesis in vascular smooth muscle cells.
Hypertension, 29, 65-9.
INDOLFI, C., CIOPPA, A., STABILE, E., DI LORENZO, E., ESPOSITO, G., PISANI, A.,
LECCIA, A., CAVUTO, L., STINGONE, A. M., CHIEFFO, A., CAPOZZOLO, C. &
CHIARIELLO, M. 2000. Effects of hydroxymethylglutaryl coenzyme A
reductase inhibitor simvastatin on smooth muscle cell proliferation in vitro
and neointimal formation in vivo after vascular injury. J Am Coll Cardiol, 35,
214-21.
INOUE, I., NAGASE, H., KISHI, K. & HIGUTI, T. 1991. ATP-sensitive K+ channel in the
mitochondrial inner membrane. Nature, 352, 244-7.
IOZZO, P., BECK-NIELSEN, H., LAAKSO, M., SMITH, U., YKI-JARVINEN, H. &
FERRANNINI, E. 1999. Independent influence of age on basal insulin
secretion in nondiabetic humans. European Group for the Study of Insulin
Resistance. J Clin Endocrinol Metab, 84, 863-8.
IRVINE, J. C., FAVALORO, J. L. & KEMP-HARPER, B. K. 2003. NO- activates soluble
guanylate cyclase and Kv channels to vasodilate resistance arteries.
Hypertension, 41, 1301-7.
ISHIKAWA, M., OKAJIMA, F., INOUE, N., MOTOMURA, K., KATO, T., TAKAHASHI, A.,
OIKAWA, S., YAMADA, N. & SHIMANO, H. 2006. Distinct effects of
pravastatin, atorvastatin, and simvastatin on insulin secretion from a betacell line, MIN6 cells. J Atheroscler Thromb, 13, 329-35.
ISHIKAWA, S., KAWASUMI, M. & SAITO, T. 1995. Simvastatin inhibits the cellular
signaling and proliferative action of arginine vasopressin in cultured rat
glomerular mesangial cells. Endocrinology, 136, 1954-61.
ISHIKAWA, T., HUME, J. R. & KEEF, K. D. 1993. Regulation of Ca2+ channels by cAMP
and cGMP in vascular smooth muscle cells. Circ Res, 73, 1128-37.
ISTVAN, E. S. 2002. Structural mechanism for statin inhibition of 3-hydroxy-3methylglutaryl coenzyme A reductase. Am Heart J, 144, S27-32.
ISTVAN, E. S. & DEISENHOFER, J. 2001. Structural mechanism for statin inhibition of
HMG-CoA reductase. Science, 292, 1160-4.
JACKSON, W. F. 1998. Potassium channels and regulation of the microcirculation.
Microcirculation, 5, 85-90.
JANSSEN, L. J., NETHERTON, S. J. & WALTERS, D. K. 2000. Ca(2+)-dependent K(+)
channels and Na(+)-K(+)-ATPase mediate H(2)O(2)- and superoxide-induced
relaxations in canine trachealis. J Appl Physiol (1985), 88, 745-52.

238

JASINSKA, M., OWCZAREK, J. & ORSZULAK-MICHALAK, D. 2006. Influence of
simvastatin at high dose and nifedipine on hemodynamic parameters in
rabbits. Pharmacol Rep, 58, 48-59.
JEPPS, T. A., CHADHA, P. S., DAVIS, A. J., HARHUN, M. I., COCKERILL, G. W., OLESEN, S.
P., HANSEN, R. S. & GREENWOOD, I. A. 2011. Downregulation of Kv7.4
channel activity in primary and secondary hypertension. Circulation, 124,
602-11.
JIANG, J. & ROMAN, R. J. 1997. Lovastatin prevents development of hypertension in
spontaneously hypertensive rats. Hypertension, 30, 968-74.
JOHNSON, L. V., WALSH, M. L., BOCKUS, B. J. & CHEN, L. B. 1981. Monitoring of
relative mitochondrial membrane potential in living cells by fluorescence
microscopy. J Cell Biol, 88, 526-35.
JOHNSON, L. V., WALSH, M. L. & CHEN, L. B. 1980. Localization of mitochondria in
living cells with rhodamine 123. Proc Natl Acad Sci U S A, 77, 990-4.
JONES, S. P., TESHIMA, Y., AKAO, M. & MARBAN, E. 2003a. Simvastatin attenuates
oxidant-induced mitochondrial dysfunction in cardiac myocytes. Circ Res, 93,
697-9.
JONES, S. P., TESHIMA, Y., AKAO, M. & MARBAN, E. 2003b. Simvastatin attenuates
oxidant-induced mitochondrial dysfunction in cardiac myocytes. Circulation
research, 93, 697-9.
JORGE, P. A., ALMEIDA, E. A., OZAKI, M. R., JORGE, M. & CARNEIRO, A. 2005. [Effects
of atorvastatin, fluvastatin, pravastatin, and simvastatin on endothelial
function,
lipid
peroxidation,
and
aortic
atherosclerosis
in
hypercholesterolemic rabbits]. Arq Bras Cardiol, 84, 314-9.
JOSHI, H. N., FAKES, M. G. & SERAJUDDIN, A. T. M. 1999. Differentiation of 3Hydroxy-3-methylglutaryl-coenzyme A Reductase Inhibitors by Their Relative
Lipophilicity. Pharmacy and Pharmacology Communications, 5, 269-271.
JUKEMA, J. W., CANNON, C. P., DE CRAEN, A. J., WESTENDORP, R. G. & TROMPET, S.
2012. The controversies of statin therapy: weighing the evidence. J Am Coll
Cardiol, 60, 875-81.
JUNCOS, L. I., JUNCOS, L. A. & GARCIA, N. H. 2012. The antihypertensive actions of
statins: modulation by salt intake. Am J Hypertens, 25, 1140-8.
KAESEMEYER, W. H., CALDWELL, R. B., HUANG, J. & CALDWELL, R. W. 1999.
Pravastatin sodium activates endothelial nitric oxide synthase independent
of its cholesterol-lowering actions. J Am Coll Cardiol, 33, 234-41.
KAJIKAWA, M., FUJIMOTO, S., TSUURA, Y., MUKAI, E., TAKEDA, T., HAMAMOTO, Y.,
TAKEHIRO, M., FUJITA, J., YAMADA, Y. & SEINO, Y. 2002. Ouabain suppresses
glucose-induced mitochondrial ATP production and insulin release by
generating reactive oxygen species in pancreatic islets. Diabetes, 51, 2522-9.
KAKEI, M., KELLY, R. P., ASHCROFT, S. J. & ASHCROFT, F. M. 1986. The ATP-sensitivity
of K+ channels in rat pancreatic B-cells is modulated by ADP. FEBS Lett, 208,
63-6.
KALINOWSKI, L., DOBRUCKI, I. T. & MALINSKI, T. 2002. Cerivastatin potentiates nitric
oxide release and enos expression through inhibition of isoprenoids
synthesis. J Physiol Pharmacol, 53, 585-95.
KALSNER, S. 1997. Vasodilator action of calcium antagonists in coronary arteries in
vitro. J Pharmacol Exp Ther, 281, 634-42.
KAMISHIMA, T., DAVIES, N. W. & STANDEN, N. B. 2000. Mechanisms that regulate
[Ca2+]i following depolarization in rat systemic arterial smooth muscle cells.
J Physiol, 522 Pt 2, 285-95.

239

KAMISHIMA, T. & QUAYLE, J. M. 2002. Mitochondrial Ca2+ uptake is important over
low [Ca2+]i range in arterial smooth muscle. Am J Physiol Heart Circ Physiol,
283, H2431-9.
KANG, S., WOO, H. H., KIM, K., LIM, K. M., NOH, J. Y., LEE, M. Y., BAE, Y. M., BAE, O.
N. & CHUNG, J. H. 2014. Dysfunction of vascular smooth muscle and vascular
remodeling by simvastatin. Toxicol Sci, 138, 446-556.
KANTOLA, T., KIVISTO, K. T. & NEUVONEN, P. J. 1998. Erythromycin and verapamil
considerably increase serum simvastatin and simvastatin acid
concentrations. Clin Pharmacol Ther, 64, 177-82.
KARAKI, H., OZAKI, H., HORI, M., MITSUI-SAITO, M., AMANO, K., HARADA, K.,
MIYAMOTO, S., NAKAZAWA, H., WON, K. J. & SATO, K. 1997. Calcium
movements, distribution, and functions in smooth muscle. Pharmacol Rev,
49, 157-230.
KATAKAM, P. V., GORDON, A. O., SURE, V. N., RUTKAI, I. & BUSIJA, D. W. 2014.
Diversity of Mitochondria-Dependent Dilator Mechanisms in Vascular
Smooth Muscle of Cerebral Arteries from Normal and Insulin Resistant rats.
Am J Physiol Heart Circ Physiol.
KATAKAM, P. V., WAPPLER, E. A., KATZ, P. S., RUTKAI, I., INSTITORIS, A., DOMOKI, F.,
GASPAR, T., GROVENBURG, S. M., SNIPES, J. A. & BUSIJA, D. W. 2013.
Depolarization of mitochondria in endothelial cells promotes cerebral artery
vasodilation by activation of nitric oxide synthase. Arterioscler Thromb Vasc
Biol, 33, 752-9.
KIMURA, H. 2011. Hydrogen sulfide: its production, release and functions. Amino
Acids, 41, 113-21.
KIRMIZIS, D. & CHATZIDIMITRIOU, D. 2009. Pleiotropic vasoprotective effects of
statins: the chicken or the egg? Drug Des Devel Ther, 3, 191-204.
KIRSCHSTEIN, T., REHBERG, M., BAJORAT, R., TOKAY, T., PORATH, K. & KOHLING, R.
2009. High K+-induced contraction requires depolarization-induced Ca2+
release from internal stores in rat gut smooth muscle. Acta Pharmacol Sin,
30, 1123-31.
KLEIN, W. 1987. Long-term treatment of hypertension with the calcium channel
blocker diltiazem. Clin Cardiol, 10, 358-60.
KNOEPP, L., BEALL, A., WOODRUM, D., MONDY, J. S., SHAVER, E., DICKINSON, M. &
BROPHY, C. M. 2000. Cellular stress inhibits vascular smooth muscle
relaxation. J Vasc Surg, 31, 343-53.
KNOT, H. J., STANDEN, N. B. & NELSON, M. T. 1998. Ryanodine receptors regulate
arterial diameter and wall [Ca2+] in cerebral arteries of rat via Ca2+dependent K+ channels. J Physiol, 508 ( Pt 1), 211-21.
KOBAYASHI, M., CHISAKI, I., NARUMI, K., HIDAKA, K., KAGAWA, T., ITAGAKI, S.,
HIRANO, T. & ISEKI, K. 2008. Association between risk of myopathy and
cholesterol-lowering effect: a comparison of all statins. Life Sci, 82, 969-75.
KOGA, T., FUKUDA, K., SHIMADA, Y., FUKAMI, M., KOIKE, H. & TSUJITA, Y. 1992.
Tissue selectivity of pravastatin sodium, lovastatin and simvastatin. The
relationship between inhibition of de novo sterol synthesis and active drug
concentrations in the liver, spleen and testis in rat. Eur J Biochem, 209, 3159.
KOGA, Y. & IKEBE, M. 2008. A novel regulatory mechanism of myosin light chain
phosphorylation via binding of 14-3-3 to myosin phosphatase. Mol Biol Cell,
19, 1062-71.

240

KOH, K. K., QUON, M. J., HAN, S. H., AHN, J. Y., JIN, D. K., KIM, H. S., KIM, D. S. & SHIN,
E. K. 2005. Vascular and metabolic effects of combined therapy with ramipril
and simvastatin in patients with type 2 diabetes. Hypertension, 45, 1088-93.
KOH, K. K., QUON, M. J., HAN, S. H., LEE, Y., KIM, S. J., PARK, J. B. & SHIN, E. K. 2009.
Differential metabolic effects of pravastatin and simvastatin in
hypercholesterolemic patients. Atherosclerosis, 204, 483-90.
KOH, K. K., QUON, M. J., SAKUMA, I., HAN, S. H., CHOI, H., LEE, K. & SHIN, E. K. 2013.
Differential metabolic effects of rosuvastatin and pravastatin in
hypercholesterolemic patients. Int J Cardiol, 166, 509-15.
KOH, K. K., QUON, M. J. & WACLAWIW, M. A. 2008. Are statins effective for
simultaneously treating dyslipidemias and hypertension? Atherosclerosis,
196, 1-8.
KOH, K. K., SAKUMA, I. & QUON, M. J. 2011. Differential metabolic effects of distinct
statins. Atherosclerosis, 215, 1-8.
KOMAI, T., SHIGEHARA, E., TOKUI, T., KOGA, T., ISHIGAMI, M., KUROIWA, C. &
HORIUCHI, S. 1992. Carrier-mediated uptake of pravastatin by rat
hepatocytes in primary culture. Biochem Pharmacol, 43, 667-70.
KONO, Y., FUKUDA, S., SHIMADA, K., NAKANISHI, K., OTSUKA, K., KUBO, T., JISSHO, S.,
TAGUCHI, H., YOSHIKAWA, J. & YOSHIYAMA, M. 2013. Very rapid effect of
pitavastatin on microvascular function in comparison to rosuvastatin:
reactive hyperemia peripheral arterial tonometric study. Drug Des Devel
Ther, 7, 369-74.
KOSTER, J. C., PERMUTT, M. A. & NICHOLS, C. G. 2005. Diabetes and insulin secretion:
the ATP-sensitive K+ channel (K ATP) connection. Diabetes, 54, 3065-72.
KOSTIS, W. J., CHENG, J. Q., DOBRZYNSKI, J. M., CABRERA, J. & KOSTIS, J. B. 2012.
Meta-analysis of statin effects in women versus men. J Am Coll Cardiol, 59,
572-82.
KUBOTA, Y., HASHITANI, H., FUKUTA, H., KUBOTA, H., KOHRI, K. & SUZUKI, H. 2003.
Role of mitochondria in the generation of spontaneous activity in detrusor
smooth muscles of the Guinea pig bladder. J Urol, 170, 628-33.
KUGA, T., KOBAYASHI, S., HIRAKAWA, Y., KANAIDE, H. & TAKESHITA, A. 1996. Cell
cycle--dependent expression of L- and T-type Ca2+ currents in rat aortic
smooth muscle cells in primary culture. Circ Res, 79, 14-9.
KUGA, T., SADOSHIMA, J., TOMOIKE, H., KANAIDE, H., AKAIKE, N. & NAKAMURA, M.
1990. Actions of Ca2+ antagonists on two types of Ca2+ channels in rat aorta
smooth muscle cells in primary culture. Circ Res, 67, 469-80.
KUHLMANN, C. R., GAST, C., LI, F., SCHAFER, M., TILLMANNS, H., WALDECKER, B. &
WIECHA, J. 2004. Cerivastatin activates endothelial calcium-activated
potassium channels and thereby modulates endothelial nitric oxide
production and cell proliferation. J Am Soc Nephrol, 15, 868-75.
KUKOVETZ, W. R., HOLZMANN, S., WURM, A. & POCH, G. 1979. Prostacyclin
increases cAMP in coronary arteries. J Cyclic Nucleotide Res, 5, 469-76.
KUREISHI, Y., LUO, Z., SHIOJIMA, I., BIALIK, A., FULTON, D., LEFER, D. J., SESSA, W. C.
& WALSH, K. 2000. The HMG-CoA reductase inhibitor simvastatin activates
the protein kinase Akt and promotes angiogenesis in normocholesterolemic
animals. Nat Med, 6, 1004-10.
KWAK, H. B., THALACKER-MERCER, A., ANDERSON, E. J., LIN, C. T., KANE, D. A., LEE,
N. S., CORTRIGHT, R. N., BAMMAN, M. M. & NEUFER, P. D. 2012. Simvastatin
impairs ADP-stimulated respiration and increases mitochondrial oxidative
stress in primary human skeletal myotubes. Free Radic Biol Med, 52, 198207.
241

LANDRY, D. W. & OLIVER, J. A. 1992. The ATP-sensitive K+ channel mediates
hypotension in endotoxemia and hypoxic lactic acidosis in dog. J Clin Invest,
89, 2071-4.
LANDRY, D. W. & OLIVER, J. A. 2001. The pathogenesis of vasodilatory shock. N Engl J
Med, 345, 588-95.
LANE, K. T. & BEESE, L. S. 2006. Thematic review series: lipid posttranslational
modifications. Structural biology of protein farnesyltransferase and
geranylgeranyltransferase type I. J Lipid Res, 47, 681-99.
LARSEN, B. T., BUBOLZ, A. H., MENDOZA, S. A., PRITCHARD, K. A., JR. & GUTTERMAN,
D. D. 2009. Bradykinin-induced dilation of human coronary arterioles
requires NADPH oxidase-derived reactive oxygen species. Arterioscler
Thromb Vasc Biol, 29, 739-45.
LARSEN, S., STRIDE, N., HEY-MOGENSEN, M., HANSEN, C. N., BANG, L. E.,
BUNDGAARD, H., NIELSEN, L. B., HELGE, J. W. & DELA, F. 2013. Simvastatin
effects on skeletal muscle: relation to decreased mitochondrial function and
glucose intolerance. J Am Coll Cardiol, 61, 44-53.
LAUFS, U., LA FATA, V., PLUTZKY, J. & LIAO, J. K. 1998. Upregulation of endothelial
nitric oxide synthase by HMG CoA reductase inhibitors. Circulation, 97, 112935.
LAUFS, U., WASSMANN, S., HILGERS, S., RIBAUDO, N., BOHM, M. & NICKENIG, G.
2001. Rapid effects on vascular function after initiation and withdrawal of
atorvastatin in healthy, normocholesterolemic men. Am J Cardiol, 88, 13067.
LEDOUX, J., WERNER, M. E., BRAYDEN, J. E. & NELSON, M. T. 2006. Calcium-activated
potassium channels and the regulation of vascular tone. Physiology
(Bethesda), 21, 69-78.
LEE, K. Y. & CHOI, H. C. 2013. Acetylcholine-induced AMP-activated protein kinase
activation attenuates vasoconstriction through an LKB1-dependent
mechanism in rat aorta. Vascul Pharmacol, 59, 96-102.
LEE, S. B., BAE, I. H., BAE, Y. S. & UM, H. D. 2006. Link between mitochondria and
NADPH oxidase 1 isozyme for the sustained production of reactive oxygen
species and cell death. J Biol Chem, 281, 36228-35.
LEFROY, D. C., CRAKE, T., UREN, N. G., DAVIES, G. J. & MASERI, A. 1993. Effect of
inhibition of nitric oxide synthesis on epicardial coronary artery caliber and
coronary blood flow in humans. Circulation, 88, 43-54.
LEIBOWITZ, G., KHALDI, M. Z., SHAUER, A., PARNES, M., OPRESCU, A. I., CERASI, E.,
JONAS, J. C. & KAISER, N. 2005. Mitochondrial regulation of insulin
production in rat pancreatic islets. Diabetologia, 48, 1549-59.
LELOUP, C., TOURREL-CUZIN, C., MAGNAN, C., KARACA, M., CASTEL, J., CARNEIRO, L.,
COLOMBANI, A. L., KTORZA, A., CASTEILLA, L. & PENICAUD, L. 2009.
Mitochondrial reactive oxygen species are obligatory signals for glucoseinduced insulin secretion. Diabetes, 58, 673-81.
LENNERNAS, H. & FAGER, G. 1997. Pharmacodynamics and pharmacokinetics of the
HMG-CoA reductase inhibitors. Similarities and differences. Clin
Pharmacokinet, 32, 403-25.
LENZEN, S., DRINKGERN, J. & TIEDGE, M. 1996. Low antioxidant enzyme gene
expression in pancreatic islets compared with various other mouse tissues.
Free Radic Biol Med, 20, 463-6.
LERMAN, A., HOLMES, D. R., JR., BELL, M. R., GARRATT, K. N., NISHIMURA, R. A. &
BURNETT, J. C., JR. 1995. Endothelin in coronary endothelial dysfunction and
early atherosclerosis in humans. Circulation, 92, 2426-31.
242

LESNEFSKY, E. J., CHEN, Q., MOGHADDAS, S., HASSAN, M. O., TANDLER, B. & HOPPEL,
C. L. 2004. Blockade of electron transport during ischemia protects cardiac
mitochondria. J Biol Chem, 279, 47961-7.
LEUNG, F. P., YUNG, L. M., YAO, X., LAHER, I. & HUANG, Y. 2008. Store-operated
calcium entry in vascular smooth muscle. Br J Pharmacol, 153, 846-57.
LI, F., PORTERFIELD, D. M., ZHENG, X. Y., WANG, W. J., XU, Y. & ZHANG, Z. M. 2012.
Abnormal mitochondrial function impairs calcium influx in diabetic mouse
pancreatic beta cells. Chin Med J (Engl), 125, 502-10.
LI, H., GUTTERMAN, D. D., RUSCH, N. J., BUBOLZ, A. & LIU, Y. 2004. Nitration and
functional loss of voltage-gated K+ channels in rat coronary microvessels
exposed to high glucose. Diabetes, 53, 2436-42.
LI, N., BRUN, T., CNOP, M., CUNHA, D. A., EIZIRIK, D. L. & MAECHLER, P. 2009.
Transient oxidative stress damages mitochondrial machinery inducing
persistent beta-cell dysfunction. J Biol Chem, 284, 23602-12.
LIANTONIO, A., GIANNUZZI, V., CIPPONE, V., CAMERINO, G. M., PIERNO, S. &
CAMERINO, D. C. 2007. Fluvastatin and atorvastatin affect calcium
homeostasis of rat skeletal muscle fibers in vivo and in vitro by impairing the
sarcoplasmic reticulum/mitochondria Ca2+-release system. J Pharmacol Exp
Ther, 321, 626-34.
LIAO, J. K. & LAUFS, U. 2005. Pleiotropic effects of statins. Annu Rev Pharmacol
Toxicol, 45, 89-118.
LIBBY, P. 2001. Current concepts of the pathogenesis of the acute coronary
syndromes. Circulation, 104, 365-72.
LILJA, J. J., KIVISTO, K. T. & NEUVONEN, P. J. 1998. Grapefruit juice-simvastatin
interaction: effect on serum concentrations of simvastatin, simvastatin acid,
and HMG-CoA reductase inhibitors. Clin Pharmacol Ther, 64, 477-83.
LILJA, J. J., NEUVONEN, M. & NEUVONEN, P. J. 2004. Effects of regular consumption
of grapefruit juice on the pharmacokinetics of simvastatin. Br J Clin
Pharmacol, 58, 56-60.
LIOU, J., KIM, M. L., HEO, W. D., JONES, J. T., MYERS, J. W., FERRELL, J. E., JR. &
MEYER, T. 2005. STIM is a Ca2+ sensor essential for Ca2+-store-depletiontriggered Ca2+ influx. Curr Biol, 15, 1235-41.
LIU, M. Y. & COLOMBINI, M. 1992. Regulation of mitochondrial respiration by
controlling the permeability of the outer membrane through the
mitochondrial channel, VDAC. Biochim Biophys Acta, 1098, 255-60.
LIU, S., BECKMAN, J. S. & KU, D. D. 1994. Peroxynitrite, a product of superoxide and
nitric oxide, produces coronary vasorelaxation in dogs. J Pharmacol Exp Ther,
268, 1114-21.
LIU, Y., BUBOLZ, A. H., MENDOZA, S., ZHANG, D. X. & GUTTERMAN, D. D. 2011. H2O2
is the transferrable factor mediating flow-induced dilation in human
coronary arterioles. Circ Res, 108, 566-73.
LIU, Y. & GUTTERMAN, D. D. 2009. Vascular control in humans: focus on the coronary
microcirculation. Basic Res Cardiol, 104, 211-27.
LIU, Y., TERATA, K., RUSCH, N. J. & GUTTERMAN, D. D. 2001. High glucose impairs
voltage-gated K(+) channel current in rat small coronary arteries. Circ Res,
89, 146-52.
LIU, Y., ZHAO, H., LI, H., KALYANARAMAN, B., NICOLOSI, A. C. & GUTTERMAN, D. D.
2003. Mitochondrial sources of H2O2 generation play a key role in flowmediated dilation in human coronary resistance arteries. Circ Res, 93, 57380.

243

LOHN, M., FURSTENAU, M., SAGACH, V., ELGER, M., SCHULZE, W., LUFT, F. C.,
HALLER, H. & GOLLASCH, M. 2000. Ignition of calcium sparks in arterial and
cardiac muscle through caveolae. Circ Res, 87, 1034-9.
LOOMIS, E. D., SULLIVAN, J. C., OSMOND, D. A., POLLOCK, D. M. & POLLOCK, J. S.
2005. Endothelin mediates superoxide production and vasoconstriction
through activation of NADPH oxidase and uncoupled nitric-oxide synthase in
the rat aorta. J Pharmacol Exp Ther, 315, 1058-64.
LOPEZ-CANALES, J. S., LOPEZ-SANCHEZ, P., PEREZ-ALVAREZ, V. M., WENS-FLORES, I.,
POLANCO, A. C., CASTILLO-HENKEL, E. & CASTILLO-HENKEL, C. 2011. The
methyl ester of rosuvastatin elicited an endothelium-independent and 3hydroxy-3-methylglutaryl coenzyme A reductase-independent relaxant effect
in rat aorta. Braz J Med Biol Res, 44, 438-44.
LOPEZ, J., MENDOZA, R., CLEVA VILLANUEVA, G., MARTINEZ, G., CASTILLO, E. F. &
CASTILLO, C. 2008. Participation of K+ channels in the endotheliumdependent and endothelium-independent components of the relaxant effect
of rosuvastatin in rat aortic rings. J Cardiovasc Pharmacol Ther, 13, 207-13.
LORKOWSKA, B. & CHLOPICKI, S. 2005. Statins as coronary vasodilators in isolated
bovine coronary arteries--involvement of PGI2 and NO. Prostaglandins
Leukot Essent Fatty Acids, 72, 133-8.
LORKOWSKA, B., CHLOPICKI, S., MARCINKIEWICZ, E. & GRYGLEWSKI, R. J. 2004.
Statins rise cytoplasmic calcium level [Ca2+]i in cultured endothelial cells. Pol
J Pharmacol, 56, 313-8.
LORKOWSKA B, C. S. 2005. Statins as coronary vasodilators in isolated bovine
coronary arteries--involvement of PGI2 and NO. Prostaglandins Leukot
Essent Fatty Acids, 72, 133-8.
LOT, T. Y. & WILSON, V. G. 1994. Overnight storage of the porcine isolated splenic
artery enhances endothelium-dependent contractions to NG-nitro-L-arginine
methyl ester without impairing endothelium-dependent dilator function.
Naunyn Schmiedebergs Arch Pharmacol, 349, 95-100.
LOUTZENHISER, R. D. & PARKER, M. J. 1994. Hypoxia inhibits myogenic reactivity of
renal afferent arterioles by activating ATP-sensitive K+ channels. Circ Res, 74,
861-9.
LOWELL, B. B. & SHULMAN, G. I. 2005. Mitochondrial dysfunction and type 2
diabetes. Science, 307, 384-7.
LU, H., KOSHKIN, V., ALLISTER, E. M., GYULKHANDANYAN, A. V. & WHEELER, M. B.
2010. Molecular and metabolic evidence for mitochondrial defects
associated with beta-cell dysfunction in a mouse model of type 2 diabetes.
Diabetes, 59, 448-59.
LUCKHOFF, A., POHL, U., MULSCH, A. & BUSSE, R. 1988. Differential role of extra- and
intracellular calcium in the release of EDRF and prostacyclin from cultured
endothelial cells. Br J Pharmacol, 95, 189-96.
MA, T., CHANG, M. H., TIEN, L., LIOU, Y. S. & JONG, G. P. 2012. The long-term effect
of statins on the risk of new-onset diabetes mellitus in elderly Taiwanese
patients with hypertension and dyslipidaemia: a retrospective longitudinal
cohort study. Drugs Aging, 29, 45-51.
MA, Y., CULVER, A., ROSSOUW, J., OLENDZKI, B., MERRIAM, P., LIAN, B. & OCKENE, I.
2013. Statin therapy and the risk for diabetes among adult women: do the
benefits outweigh the risk? Ther Adv Cardiovasc Dis, 7, 41-4.
MAACK, C., KARTES, T., KILTER, H., SCHAFERS, H. J., NICKENIG, G., BOHM, M. &
LAUFS, U. 2003. Oxygen free radical release in human failing myocardium is

244

associated with increased activity of rac1-GTPase and represents a target for
statin treatment. Circulation, 108, 1567-74.
MABUCHI, H., HIGASHIKATA, T., KAWASHIRI, M., KATSUDA, S., MIZUNO, M.,
NOHARA, A., INAZU, A., KOIZUMI, J. & KOBAYASHI, J. 2005. Reduction of
serum ubiquinol-10 and ubiquinone-10 levels by atorvastatin in
hypercholesterolemic patients. J Atheroscler Thromb, 12, 111-9.
MACDONALD, M. J. & FAHIEN, L. A. 1990. Insulin release in pancreatic islets by a
glycolytic and a Krebs cycle intermediate: contrasting patterns of
glyceraldehyde phosphate and succinate. Arch Biochem Biophys, 279, 104-8.
MACEDO, A. F., DOUGLAS, I., SMEETH, L., FORBES, H. & EBRAHIM, S. 2014. Statins
and the risk of type 2 diabetes mellitus: cohort study using the UK clinical
practice pesearch datalink. BMC Cardiovasc Disord, 14, 85.
MACKENZIE, R. M., SALT, I. P., MILLER, W. H., LOGAN, A., IBRAHIM, H. A., DEGASPERI,
A., DYMOTT, J. A., HAMILTON, C. A., MURPHY, M. P., DELLES, C. &
DOMINICZAK, A. F. 2013. Mitochondrial reactive oxygen species enhance
AMP-activated protein kinase activation in the endothelium of patients with
coronary artery disease and diabetes. Clin Sci (Lond), 124, 403-11.
MAECHLER, P. 2003. Novel regulation of insulin secretion: the role of mitochondria.
Curr Opin Investig Drugs, 4, 1166-72.
MAECHLER, P., CAROBBIO, S. & RUBI, B. 2006. In beta-cells, mitochondria integrate
and generate metabolic signals controlling insulin secretion. Int J Biochem
Cell Biol, 38, 696-709.
MAECHLER, P., JORNOT, L. & WOLLHEIM, C. B. 1999. Hydrogen peroxide alters
mitochondrial activation and insulin secretion in pancreatic beta cells. J Biol
Chem, 274, 27905-13.
MAECHLER, P., KENNEDY, E. D., WANG, H. & WOLLHEIM, C. B. 1998. Desensitization
of mitochondrial Ca2+ and insulin secretion responses in the beta cell. J Biol
Chem, 273, 20770-8.
MAECHLER, P., LI, N., CASIMIR, M., VETTERLI, L., FRIGERIO, F. & BRUN, T. 2010. Role
of mitochondria in beta-cell function and dysfunction. Adv Exp Med Biol, 654,
193-216.
MALLI, R., FRIEDEN, M., OSIBOW, K., ZORATTI, C., MAYER, M., DEMAUREX, N. &
GRAIER, W. F. 2003. Sustained Ca2+ transfer across mitochondria is Essential
for mitochondrial Ca2+ buffering, sore-operated Ca2+ entry, and Ca2+ store
refilling. J Biol Chem, 278, 44769-79.
MANCIA, G., PARATI, G., REVERA, M., BILO, G., GIULIANO, A., VEGLIA, F., CREPALDI,
G. & ZANCHETTI, A. 2010. Statins, antihypertensive treatment, and blood
pressure control in clinic and over 24 hours: evidence from PHYLLIS
randomised double blind trial. BMJ, 340, c1197.
MANGAT, S., AGARWAL, S. & ROSENDORFF, C. 2007. Do statins lower blood
pressure? J Cardiovasc Pharmacol Ther, 12, 112-23.
MARCHE, P. & STEPIEN, O. 2000. Calcium antagonists and vascular smooth muscle
cell reactivity. Z Kardiol, 89 Suppl 2, 140-4.
MARCUS, F. I., BAUMGARTEN, A. J., FRITZ, W. L. & NOLAN, P. E., JR. 2013. Alternateday dosing with statins. Am J Med, 126, 99-104.
MARIN, J., ENCABO, A., BRIONES, A., GARCIA-COHEN, E. C. & ALONSO, M. J. 1999.
Mechanisms involved in the cellular calcium homeostasis in vascular smooth
muscle: calcium pumps. Life Sci, 64, 279-303.
MARTIN-VENTURA, J. L., MUNOZ-GARCIA, B., BLANCO-COLIO, L. M., MARTINCONEJERO, A., MADRIGAL-MATUTE, J., VEGA, M., ORTEGA, L., SERRANO, J. &
EGIDO, J. 2008. Treatment with amlodipine and atorvastatin has additive
245

effect on blood and plaque inflammation in hypertensive patients with
carotid atherosclerosis. Kidney Int Suppl, S71-4.
MARTIN, S. D. & MCGEE, S. L. 2014. The role of mitochondria in the aetiology of
insulin resistance and type 2 diabetes. Biochim Biophys Acta, 1840, 13031312.
MATOBA, T., SHIMOKAWA, H., KUBOTA, H., MORIKAWA, K., FUJIKI, T., KUNIHIRO, I.,
MUKAI, Y., HIRAKAWA, Y. & TAKESHITA, A. 2002. Hydrogen peroxide is an
endothelium-derived hyperpolarizing factor in human mesenteric arteries.
Biochem Biophys Res Commun, 290, 909-13.
MATOBA, T., SHIMOKAWA, H., MORIKAWA, K., KUBOTA, H., KUNIHIRO, I., URAKAMIHARASAWA, L., MUKAI, Y., HIRAKAWA, Y., AKAIKE, T. & TAKESHITA, A. 2003.
Electron spin resonance detection of hydrogen peroxide as an endotheliumderived hyperpolarizing factor in porcine coronary microvessels. Arterioscler
Thromb Vasc Biol, 23, 1224-30.
MATSUDA, T., TOYOHIRA, Y., UENO, S., TSUTSUI, M. & YANAGIHARA, N. 2008.
Simvastatin inhibits catecholamine secretion and synthesis induced by
acetylcholine via blocking Na+ and Ca2+ influx in bovine adrenal medullary
cells. J Pharmacol Exp Ther, 327, 130-6.
MATTIASSON, G. 2004. Analysis of mitochondrial generation and release of reactive
oxygen species. Cytometry A, 62, 89-96.
MAUERER, U. R., BOULPAEP, E. L. & SEGAL, A. S. 1998. Properties of an inwardly
rectifying ATP-sensitive K+ channel in the basolateral membrane of renal
proximal tubule. J Gen Physiol, 111, 139-60.
MCCARRON, J. G. & MUIR, T. C. 1999. Mitochondrial regulation of the cytosolic Ca2+
concentration and the InsP3-sensitive Ca2+ store in guinea-pig colonic
smooth muscle. J Physiol, 516 ( Pt 1), 149-61.
MCCARRON, J. G., OLSON, M. L. & CHALMERS, S. 2012. Mitochondrial regulation of
cytosolic Ca(2)(+) signals in smooth muscle. Pflugers Arch, 464, 51-62.
MCCARRON, J. G., OLSON, M. L., WILSON, C., SANDISON, M. E. & CHALMERS, S. 2013.
Examining the role of mitochondria in Ca(2)(+) signaling in native vascular
smooth muscle. Microcirculation, 20, 317-29.
MCGIRT, M. J., LYNCH, J. R., PARRA, A., SHENG, H., PEARLSTEIN, R. D., LASKOWITZ, D.
T., PELLIGRINO, D. A. & WARNER, D. S. 2002. Simvastatin increases
endothelial nitric oxide synthase and ameliorates cerebral vasospasm
resulting from subarachnoid hemorrhage. Stroke, 33, 2950-6.
MCTAGGART, J. S., CLARK, R. H. & ASHCROFT, F. M. 2010. The role of the KATP
channel in glucose homeostasis in health and disease: more than meets the
islet. J Physiol, 588, 3201-9.
MCTAGGART, S. J. 2006. Isoprenylated proteins. Cell Mol Life Sci, 63, 255-67.
MEARS, D. 2004. Regulation of insulin secretion in islets of Langerhans by
Ca(2+)channels. J Membr Biol, 200, 57-66.
MICHELAKIS, E. D., HAMPL, V., NSAIR, A., WU, X., HARRY, G., HAROMY, A., GURTU, R.
& ARCHER, S. L. 2002. Diversity in mitochondrial function explains
differences in vascular oxygen sensing. Circ Res, 90, 1307-15.
MIKI, T., NAGASHIMA, K. & SEINO, S. 1999. The structure and function of the ATPsensitive K+ channel in insulin-secreting pancreatic beta-cells. J Mol
Endocrinol, 22, 113-23.
MILLER, A. W., TULBERT, C. D. & BUSIJA, D. W. 2004. Rosuvastatin treatment
reverses impaired coronary artery vasodilation in fructose-fed, insulinresistant rats. Am J Physiol Regul Integr Comp Physiol, 287, R157-60.

246

MINAMI, K., FUKUZAWA, K. & NAKAYA, Y. 1993a. Protein kinase C inhibits the Ca(2+)activated K+ channel of cultured porcine coronary artery smooth muscle
cells. Biochem Biophys Res Commun, 190, 263-9.
MINAMI, K., FUKUZAWA, K., NAKAYA, Y., ZENG, X. R. & INOUE, I. 1993b. Mechanism
of activation of the Ca(2+)-activated K+ channel by cyclic AMP in cultured
porcine coronary artery smooth muscle cells. Life Sci, 53, 1129-35.
MINAMI, K., HIRATA, Y., TOKUMURA, A., NAKAYA, Y. & FUKUZAWA, K. 1995. Protein
kinase C-independent inhibition of the Ca(2+)-activated K+ channel by
angiotensin II and endothelin-1. Biochem Pharmacol, 49, 1051-6.
MING, X. F., VISWAMBHARAN, H., BARANDIER, C., RUFFIEUX, J., KAIBUCHI, K.,
RUSCONI, S. & YANG, Z. 2002. Rho GTPase/Rho kinase negatively regulates
endothelial nitric oxide synthase phosphorylation through the inhibition of
protein kinase B/Akt in human endothelial cells. Mol Cell Biol, 22, 8467-77.
MISTRY, M. & NASJLETTI, A. 1988. Prostanoids as mediators of prohypertensive and
antihypertensive mechanisms. Am J Med Sci, 295, 263-7.
MITCHELL, J. A., ALI, F., BAILEY, L., MORENO, L. & HARRINGTON, L. S. 2008. Role of
nitric oxide and prostacyclin as vasoactive hormones released by the
endothelium. Exp Physiol, 93, 141-7.
MIWA, S., KAWANABE, Y., OKAMOTO, Y. & MASAKI, T. 2005. Ca2+ entry channels
involved in endothelin-1-induced contractions of vascular smooth muscle
cells. J Smooth Muscle Res, 41, 61-75.
MIYOSHI, Y. & NAKAYA, Y. 1991. Angiotensin II blocks ATP-sensitive K+ channels in
porcine coronary artery smooth muscle cells. Biochem Biophys Res Commun,
181, 700-6.
MIYOSHI, Y., NAKAYA, Y., WAKATSUKI, T., NAKAYA, S., FUJINO, K., SAITO, K. & INOUE,
I. 1992. Endothelin blocks ATP-sensitive K+ channels and depolarizes smooth
muscle cells of porcine coronary artery. Circ Res, 70, 612-6.
MOOSMANG, S., SCHULLA, V., WELLING, A., FEIL, R., FEIL, S., WEGENER, J. W.,
HOFMANN, F. & KLUGBAUER, N. 2003. Dominant role of smooth muscle Ltype calcium channel Cav1.2 for blood pressure regulation. EMBO J, 22,
6027-34.
MORGAN, J. P. & MORGAN, K. G. 1984. Alteration of cytoplasmic ionized calcium
levels in smooth muscle by vasodilators in the ferret. J Physiol, 357, 539-51.
MORITOKI, H., HISAYAMA, T., TAKEUCHI, S., KONDOH, W., INOUE, S. & KIDA, K. 1996.
Inhibition by SK&F96365 of NO-mediated relaxation induced by Ca2(+) ATPase inhibitors in rat thoracic aorta. Br J Pharmacol, 117, 1544-8.
MOUTZOURI, E., LIBEROPOULOS, E., MIKHAILIDIS, D. P., KOSTAPANOS, M. S., KEI, A.
A., MILIONIS, H. & ELISAF, M. 2011. Comparison of the effects of simvastatin
vs. rosuvastatin vs. simvastatin/ezetimibe on parameters of insulin
resistance. Int J Clin Pract, 65, 1141-8.
MRAICHE, F., CENA, J., DAS, D. & VOLLRATH, B. 2005. Effects of statins on vascular
function of endothelin-1. Br J Pharmacol, 144, 715-26.
MUKAI, Y., SHIMOKAWA, H., MATOBA, T., HIROKI, J., KUNIHIRO, I., FUJIKI, T. &
TAKESHITA, A. 2003. Acute vasodilator effects of HMG-CoA reductase
inhibitors: involvement of PI3-kinase/Akt pathway and Kv channels. J
Cardiovasc Pharmacol, 42, 118-24.
MUKHOPADHYAY, P., RAJESH, M., YOSHIHIRO, K., HASKO, G. & PACHER, P. 2007.
Simple quantitative detection of mitochondrial superoxide production in live
cells. Biochem Biophys Res Commun, 358, 203-8.

247

MULLER, F. L., LIU, Y. & VAN REMMEN, H. 2004. Complex III releases superoxide to
both sides of the inner mitochondrial membrane. J Biol Chem, 279, 4906473.
MURPHY, M. P. & SMITH, R. A. 2000. Drug delivery to mitochondria: the key to
mitochondrial medicine. Adv Drug Deliv Rev, 41, 235-50.
NADANACIVA, S., BERNAL, A., AGGELER, R., CAPALDI, R. & WILL, Y. 2007a. Target
identification of drug induced mitochondrial toxicity using immunocapture
based OXPHOS activity assays. Toxicol In Vitro, 21, 902-11.
NADANACIVA, S., DYKENS, J. A., BERNAL, A., CAPALDI, R. A. & WILL, Y. 2007b.
Mitochondrial impairment by PPAR agonists and statins identified via
immunocaptured OXPHOS complex activities and respiration. Toxicol Appl
Pharmacol, 223, 277-87.
NAGAOKA, T., HEIN, T. W., YOSHIDA, A. & KUO, L. 2007. Simvastatin elicits dilation of
isolated porcine retinal arterioles: role of nitric oxide and mevalonate-rho
kinase pathways. Invest Ophthalmol Vis Sci, 48, 825-32.
NAGASHIMA, K., TAKAHASHI, A., IKEDA, H., HAMASAKI, A., KUWAMURA, N.,
YAMADA, Y. & SEINO, Y. 2004. Sulfonylurea and non-sulfonylurea
hypoglycemic agents: pharmachological properties and tissue selectivity.
Diabetes Res Clin Pract, 66 Suppl 1, S75-8.
NAKAGAWA, H., KARAKI, H., MURAKAMI, K. & URAKAWA, N. 1985. Effects of
antimycin A on vascular and intestinal smooth muscle contraction and
calcium movements. Arch Int Pharmacodyn Ther, 276, 92-105.
NAKATA, M., NAGASAKA, S., KUSAKA, I., MATSUOKA, H., ISHIBASHI, S. & YADA, T.
2006. Effects of statins on the adipocyte maturation and expression of
glucose transporter 4 (SLC2A4): implications in glycaemic control.
Diabetologia, 49, 1881-92.
NAKATA, S., TSUTSUI, M., SHIMOKAWA, H., YAMASHITA, T., TANIMOTO, A., TASAKI,
H., OZUMI, K., SABANAI, K., MORISHITA, T., SUDA, O., HIRANO, H., SASAGURI,
Y., NAKASHIMA, Y. & YANAGIHARA, N. 2007. Statin treatment upregulates
vascular neuronal nitric oxide synthase through Akt/NF-kappaB pathway.
Arterioscler Thromb Vasc Biol, 27, 92-8.
NAZAREWICZ, R. R., DIKALOVA, A. E., BIKINEYEVA, A. & DIKALOV, S. I. 2013. Nox2 as a
potential target of mitochondrial superoxide and its role in endothelial
oxidative stress. Am J Physiol Heart Circ Physiol, 305, H1131-40.
NELSON, M. T., PATLAK, J. B., WORLEY, J. F. & STANDEN, N. B. 1990. Calcium
channels, potassium channels, and voltage dependence of arterial smooth
muscle tone. Am J Physiol, 259, C3-18.
NEUVONEN, P. J., KANTOLA, T. & KIVISTO, K. T. 1998. Simvastatin but not pravastatin
is very susceptible to interaction with the CYP3A4 inhibitor itraconazole. Clin
Pharmacol Ther, 63, 332-41.
NG, L. L., DAVIES, J. E. & WOJCIKIEWICZ, R. J. 1994. 3-Hydroxy-3-methyl glutaryl
coenzyme A reductase inhibition modulates vasopressin-stimulated Ca2+
responses in rat A10 vascular smooth muscle cells. Circ Res, 74, 173-81.
NICHOLLS, D. G. 2005. Mitochondria and calcium signaling. Cell Calcium, 38, 311-7.
NISHIKAWA, Y. & OGAWA, S. 1997. Importance of nitric oxide in the coronary artery
at rest and during pacing in humans. J Am Coll Cardiol, 29, 85-92.
NOBE, K. & PAUL, R. J. 2001. Distinct pathways of Ca(2+) sensitization in porcine
coronary artery: effects of Rho-related kinase and protein kinase C inhibition
on force and intracellular Ca(2+). Circ Res, 88, 1283-90.
NOGUCHI, Y., NAKAMURA, S., YASUDA, T., KITAGAWA, M., KOHN, L. D., SAITO, Y. &
HIRAI, A. 1998. Newly synthesized Rho A, not Ras, is isoprenylated and
248

translocated to membranes coincident with progression of the G1 to S phase
of growth-stimulated rat FRTL-5 cells. J Biol Chem, 273, 3649-53.
NOHRIA, A., PRSIC, A., LIU, P. Y., OKAMOTO, R., CREAGER, M. A., SELWYN, A., LIAO, J.
K. & GANZ, P. 2009. Statins inhibit Rho kinase activity in patients with
atherosclerosis. Atherosclerosis, 205, 517-21.
NOMA, A. 1983. ATP-regulated K+ channels in cardiac muscle. Nature, 305, 147-8.
NORTHCOTT, C. A., POY, M. N., NAJJAR, S. M. & WATTS, S. W. 2002. Phosphoinositide
3-kinase mediates enhanced spontaneous and agonist-induced contraction
in aorta of deoxycorticosterone acetate-salt hypertensive rats. Circ Res, 91,
360-9.
NOWIS, D., MALENDA, A., FURS, K., OLESZCZAK, B., SADOWSKI, R., CHLEBOWSKA, J.,
FIRCZUK, M., BUJNICKI, J. M., STARUCH, A. D., ZAGOZDZON, R.,
GLODKOWSKA-MROWKA, E., SZABLEWSKI, L. & GOLAB, J. 2014. Statins
impair glucose uptake in human cells. BMJ Open Diabetes Res Care, 2,
e000017.
O'ROURKE, S. T. 1996. Effects of potassium channel blockers on resting tone in
isolated coronary arteries. J Cardiovasc Pharmacol, 27, 636-42.
OHASHI, M., FARACI, F. & HEISTAD, D. 2005. Peroxynitrite hyperpolarizes smooth
muscle and relaxes internal carotid artery in rabbit via ATP-sensitive K+
channels. Am J Physiol Heart Circ Physiol, 289, H2244-50.
OHTAWA, M., MASUDA, N., AKASAKA, I., NAKASHIMA, A., OCHIAI, K. & MORIYASU,
M. 1999. Cellular uptake of fluvastatin, an inhibitor of HMG-CoA reductase,
by rat cultured hepatocytes and human aortic endothelial cells. Br J Clin
Pharmacol, 47, 383-9.
OKABE, K., KITAMURA, K. & KURIYAMA, H. 1987. Features of 4-aminopyridine
sensitive outward current observed in single smooth muscle cells from the
rabbit pulmonary artery. Pflugers Arch, 409, 561-8.
OMAR, H. A., CHERRY, P. D., MORTELLITI, M. P., BURKE-WOLIN, T. & WOLIN, M. S.
1991. Inhibition of coronary artery superoxide dismutase attenuates
endothelium-dependent and -independent nitrovasodilator relaxation. Circ
Res, 69, 601-8.
OMORI, H., NAGASHIMA, H., TSURUMI, Y., TAKAGI, A., ISHIZUKA, N., HAGIWARA, N.,
KAWANA, M. & KASANUKI, H. 2002. Direct in vivo evidence of a vascular
statin: a single dose of cerivastatin rapidly increases vascular endothelial
responsiveness in healthy normocholesterolaemic subjects. Br J Clin
Pharmacol, 54, 395-9.
ORLOV, S. N., TREMBLAY, J. & HAMET, P. 1996. cAMP signaling inhibits
dihydropyridine-sensitive Ca2+ influx in vascular smooth muscle cells.
Hypertension, 27, 774-80.
OTTO, A., FONTAINE, J., TSCHIRHART, E., FONTAINE, D. & BERKENBOOM, G. 2006.
Rosuvastatin treatment protects against nitrate-induced oxidative stress in
eNOS knockout mice: implication of the NAD(P)H oxidase pathway. Br J
Pharmacol, 148, 544-52.
PAIN, T., YANG, X. M., CRITZ, S. D., YUE, Y., NAKANO, A., LIU, G. S., HEUSCH, G.,
COHEN, M. V. & DOWNEY, J. M. 2000. Opening of mitochondrial K(ATP)
channels triggers the preconditioned state by generating free radicals. Circ
Res, 87, 460-6.
PALMEIRA, C. M., MORENO, A. J., MADEIRA, V. M. & WALLACE, K. B. 1996.
Continuous monitoring of mitochondrial membrane potential in hepatocyte
cell suspensions. J Pharmacol Toxicol Methods, 35, 35-43.

249

PANDE, J., DIMMERS, G., AKOLKAR, G., SKELLEY, L., SAMSON, S. E. & GROVER, A. K.
2012. Store operated Ca2+ entry dependent contraction of coronary artery
smooth muscle: inhibition by peroxide pretreatment. Cell Calcium, 51, 14954.
PANG, H., GUO, Z., SU, W., XIE, Z., ETO, M. & GONG, M. C. 2005. RhoA-Rho kinase
pathway mediates thrombin- and U-46619-induced phosphorylation of a
myosin phosphatase inhibitor, CPI-17, in vascular smooth muscle cells. Am J
Physiol Cell Physiol, 289, C352-60.
PAREKH, A. B. 2003. Store-operated Ca2+ entry: dynamic interplay between
endoplasmic reticulum, mitochondria and plasma membrane. J Physiol, 547,
333-48.
PARIHAR, A., PARIHAR, M. S., ZENEBE, W. J. & GHAFOURIFAR, P. 2011. Statins lower
calcium-induced oxidative stress in isolated mitochondria. Hum Exp Toxicol.
PARK, K. M., TRUCILLO, M., SERBAN, N., COHEN, R. A. & BOLOTINA, V. M. 2008. Role
of iPLA2 and store-operated channels in agonist-induced Ca2+ influx and
constriction in cerebral, mesenteric, and carotid arteries. Am J Physiol Heart
Circ Physiol, 294, H1183-7.
PARK, K. S., JO, I., PAK, K., BAE, S. W., RHIM, H., SUH, S. H., PARK, J., ZHU, H., SO, I. &
KIM, K. W. 2002. FCCP depolarizes plasma membrane potential by activating
proton and Na+ currents in bovine aortic endothelial cells. Pflugers Arch,
443, 344-52.
PARK, M. K., ASHBY, M. C., ERDEMLI, G., PETERSEN, O. H. & TEPIKIN, A. V. 2001.
Perinuclear, perigranular and sub-plasmalemmal mitochondria have distinct
functions in the regulation of cellular calcium transport. EMBO J, 20, 186374.
PARKER, R. A., HUANG, Q. & TESFAMARIAM, B. 2003. Influence of 3-hydroxy-3methylglutaryl-CoA (HMG-CoA) reductase inhibitors on endothelial nitric
oxide synthase and the formation of oxidants in the vasculature.
Atherosclerosis, 169, 19-29.
PEARSON, J. T., JENKINS, M. J., EDGLEY, A. J., SONOBE, T., JOSHI, M., WADDINGHAM,
M. T., FUJII, Y., SCHWENKE, D. O., TSUCHIMOCHI, H., YOSHIMOTO, M.,
UMETANI, K., KELLY, D. J. & SHIRAI, M. 2013. Acute Rho-kinase inhibition
improves coronary dysfunction in vivo, in the early diabetic microcirculation.
Cardiovasc Diabetol, 12, 111.
PEARSON, P. J. & VANHOUTTE, P. M. 1993. Vasodilator and vasoconstrictor
substances produced by the endothelium. Rev Physiol Biochem Pharmacol,
122, 1-67.
PEDERSEN, T. R., KJEKSHUS, J., BERG, K., HAGHFELT, T., FAERGEMAN, O.,
FAERGEMAN, G., PYORALA, K., MIETTINEN, T., WILHELMSEN, L., OLSSON, A.
G., WEDEL, H. & SCANDINAVIAN SIMVASTATIN SURVIVAL STUDY, G. 2004.
Randomised trial of cholesterol lowering in 4444 patients with coronary
heart disease: the Scandinavian Simvastatin Survival Study (4S). 1994.
Atheroscler Suppl, 5, 81-7.
PERRY, S. W., NORMAN, J. P., BARBIERI, J., BROWN, E. B. & GELBARD, H. A. 2011.
Mitochondrial membrane potential probes and the proton gradient: a
practical usage guide. Biotechniques, 50, 98-115.
PESIC, A., MADDEN, J. A., PESIC, M. & RUSCH, N. J. 2004. High blood pressure
upregulates arterial L-type Ca2+ channels: is membrane depolarization the
signal? Circ Res, 94, e97-104.
PFEIFER, A., KLATT, P., MASSBERG, S., NY, L., SAUSBIER, M., HIRNEISS, C., WANG, G.
X., KORTH, M., ASZODI, A., ANDERSSON, K. E., KROMBACH, F., MAYERHOFER,
250

A., RUTH, P., FASSLER, R. & HOFMANN, F. 1998. Defective smooth muscle
regulation in cGMP kinase I-deficient mice. EMBO J, 17, 3045-51.
PI, J., BAI, Y., ZHANG, Q., WONG, V., FLOERING, L. M., DANIEL, K., REECE, J. M.,
DEENEY, J. T., ANDERSEN, M. E., CORKEY, B. E. & COLLINS, S. 2007. Reactive
oxygen species as a signal in glucose-stimulated insulin secretion. Diabetes,
56, 1783-91.
PIERNO, S., CAMERINO, G. M., CIPPONE, V., ROLLAND, J. F., DESAPHY, J. F., DE LUCA,
A., LIANTONIO, A., BIANCO, G., KUNIC, J. D., GEORGE, A. L., JR. & CONTE
CAMERINO, D. 2009. Statins and fenofibrate affect skeletal muscle chloride
conductance in rats by differently impairing ClC-1 channel regulation and
expression. Br J Pharmacol, 156, 1206-15.
POBURKO, D., LIAO, C. H., VAN BREEMEN, C. & DEMAUREX, N. 2009. Mitochondrial
regulation of sarcoplasmic reticulum Ca2+ content in vascular smooth
muscle cells. Circ Res, 104, 104-12.
POST, J. M., HUME, J. R., ARCHER, S. L. & WEIR, E. K. 1992. Direct role for potassium
channel inhibition in hypoxic pulmonary vasoconstriction. Am J Physiol, 262,
C882-90.
POTIER, M., GONZALEZ, J. C., MOTIANI, R. K., ABDULLAEV, I. F., BISAILLON, J. M.,
SINGER, H. A. & TREBAK, M. 2009. Evidence for STIM1- and Orai1-dependent
store-operated calcium influx through ICRAC in vascular smooth muscle cells:
role in proliferation and migration. FASEB J, 23, 2425-37.
PRATT, P. F., ROSOLOWSKY, M. & CAMPBELL, W. B. 1996. Mediators of arachidonic
acid-induced relaxation of bovine coronary artery. Hypertension, 28, 76-82.
PREISS, D., SESHASAI, S. R., WELSH, P., MURPHY, S. A., HO, J. E., WATERS, D. D.,
DEMICCO, D. A., BARTER, P., CANNON, C. P., SABATINE, M. S., BRAUNWALD,
E., KASTELEIN, J. J., DE LEMOS, J. A., BLAZING, M. A., PEDERSEN, T. R.,
TIKKANEN, M. J., SATTAR, N. & RAY, K. K. 2011. Risk of incident diabetes with
intensive-dose compared with moderate-dose statin therapy: a metaanalysis. JAMA, 305, 2556-64.
PULINA, M. V., ZULIAN, A., BERRA-ROMANI, R., BESKINA, O., MAZZOCCO-SPEZZIA, A.,
BARYSHNIKOV, S. G., PAPPARELLA, I., HAMLYN, J. M., BLAUSTEIN, M. P. &
GOLOVINA, V. A. 2010. Upregulation of Na+ and Ca2+ transporters in arterial
smooth muscle from ouabain-induced hypertensive rats. Am J Physiol Heart
Circ Physiol, 298, H263-74.
QAMIRANI, E., RAZAVI, H. M., WU, X., DAVIS, M. J., KUO, L. & HEIN, T. W. 2006.
Sodium azide dilates coronary arterioles via activation of inward rectifier K+
channels and Na+-K+-ATPase. Am J Physiol Heart Circ Physiol, 290, H1617-23.
QUINTERO, M., COLOMBO, S. L., GODFREY, A. & MONCADA, S. 2006. Mitochondria
as signaling organelles in the vascular endothelium. Proc Natl Acad Sci U S A,
103, 5379-84.
RAJPATHAK, S. N. 2012. Intensive statin therapy, compared with moderate dose,
increases risk of new onset diabetes but decreases risk of cardiovascular
events. Evid Based Med, 17, 55-6.
RAJPATHAK, S. N., KUMBHANI, D. J., CRANDALL, J., BARZILAI, N., ALDERMAN, M. &
RIDKER, P. M. 2009. Statin therapy and risk of developing type 2 diabetes: a
meta-analysis. Diabetes Care, 32, 1924-9.
RAPOPORT, R. M. & MURAD, F. 1983. Agonist-induced endothelium-dependent
relaxation in rat thoracic aorta may be mediated through cGMP. Circ Res, 52,
352-7.

251

RASHID, F. & HOROBIN, R. W. 1991. Accumulation of fluorescent non-cationic probes
in mitochondria of cultured cells: observations, a proposed mechanism, and
some implications. J Microsc, 163, 233-41.
RASHID, M., TAWARA, S., FUKUMOTO, Y., SETO, M., YANO, K. & SHIMOKAWA, H.
2009. Importance of Rac1 signaling pathway inhibition in the pleiotropic
effects of HMG-CoA reductase inhibitors. Circ J, 73, 361-70.
RATHORE, R., ZHENG, Y. M., NIU, C. F., LIU, Q. H., KORDE, A., HO, Y. S. & WANG, Y. X.
2008. Hypoxia activates NADPH oxidase to increase [ROS]i and [Ca2+]i
through the mitochondrial ROS-PKCepsilon signaling axis in pulmonary artery
smooth muscle cells. Free Radic Biol Med, 45, 1223-31.
RATTAN, S. 2010. 3-Hydroxymethyl coenzyme A reductase inhibition attenuates
spontaneous smooth muscle tone via RhoA/ROCK pathway regulated by
RhoA prenylation. Am J Physiol Gastrointest Liver Physiol, 298, G962-9.
RATZ, P. H., BERG, K. M., URBAN, N. H. & MINER, A. S. 2005. Regulation of smooth
muscle calcium sensitivity: KCl as a calcium-sensitizing stimulus. Am J Physiol
Cell Physiol, 288, C769-83.
REMBOLD, C. M., FOSTER, D. B., STRAUSS, J. D., WINGARD, C. J. & EYK, J. E. 2000.
cGMP-mediated phosphorylation of heat shock protein 20 may cause
smooth muscle relaxation without myosin light chain dephosphorylation in
swine carotid artery. J Physiol, 524 Pt 3, 865-78.
REMEDI, M. S., NICHOLS, C. G. & KOSTER, J. C. 2006. The mitochondria and insulin
release: Nnt just a passing relationship. Cell Metab, 3, 5-7.
REN, J., ALBINSSON, S. & HELLSTRAND, P. 2010. Distinct effects of voltage- and storedependent calcium influx on stretch-induced differentiation and growth in
vascular smooth muscle. J Biol Chem, 285, 31829-39.
RENAUD, J. F., SCHMID, A., ROMEY, G., NANO, J. L. & LAZDUNSKI, M. 1986.
Mevinolin, an inhibitor of cholesterol biosynthesis, drastically depresses
Ca2+ channel activity and uncouples excitation from contraction in cardiac
cells in culture. Proc Natl Acad Sci U S A, 83, 8007-11.
RESTINI, C. A., MOREIRA, J. E. & BENDHACK, L. M. 2006. Cross-talk between the
sarcoplasmic reticulum and the mitochondrial calcium handling systems may
play an important role in the regulation of contraction in anococcygeus
smooth muscle. Mitochondrion, 6, 71-81.
RIDKER, P. M., DANIELSON, E., FONSECA, F. A., GENEST, J., GOTTO, A. M., JR.,
KASTELEIN, J. J., KOENIG, W., LIBBY, P., LORENZATTI, A. J., MACFADYEN, J. G.,
NORDESTGAARD, B. G., SHEPHERD, J., WILLERSON, J. T., GLYNN, R. J. &
GROUP, J. S. 2008. Rosuvastatin to prevent vascular events in men and
women with elevated C-reactive protein. N Engl J Med, 359, 2195-207.
RIKITAKE, Y. & LIAO, J. K. 2005. Rho GTPases, statins, and nitric oxide. Circ Res, 97,
1232-5.
RIZZUTO, R., DE STEFANI, D., RAFFAELLO, A. & MAMMUCARI, C. 2012. Mitochondria
as sensors and regulators of calcium signalling. Nat Rev Mol Cell Biol, 13,
566-78.
RIZZUTO, R. & POZZAN, T. 2006. Microdomains of intracellular Ca2+: molecular
determinants and functional consequences. Physiol Rev, 86, 369-408.
ROBINSON, K. M., JANES, M. S. & BECKMAN, J. S. 2008. The selective detection of
mitochondrial superoxide by live cell imaging. Nat Protoc, 3, 941-7.
ROBINSON, K. M., JANES, M. S., PEHAR, M., MONETTE, J. S., ROSS, M. F., HAGEN, T.
M., MURPHY, M. P. & BECKMAN, J. S. 2006. Selective fluorescent imaging of
superoxide in vivo using ethidium-based probes. Proc Natl Acad Sci U S A,
103, 15038-43.
252

ROCCO, M. B. 2012. Statins and diabetes risk: fact, fiction, and clinical implications.
Cleve Clin J Med, 79, 883-93.
ROGERS, P. A., DICK, G. M., KNUDSON, J. D., FOCARDI, M., BRATZ, I. N., SWAFFORD,
A. N., JR., SAITOH, S., TUNE, J. D. & CHILIAN, W. M. 2006. H2O2-induced
redox-sensitive coronary vasodilation is mediated by 4-aminopyridinesensitive K+ channels. Am J Physiol Heart Circ Physiol, 291, H2473-82.
ROSOLOWSKY, M. & CAMPBELL, W. B. 1993. Role of PGI2 and epoxyeicosatrienoic
acids in relaxation of bovine coronary arteries to arachidonic acid. Am J
Physiol, 264, H327-35.
ROSSONI, L. V., WAREING, M., WENCESLAU, C. F., AL-ABRI, M., COBB, C. & AUSTIN, C.
2011. Acute simvastatin increases endothelial nitric oxide synthase
phosphorylation via AMP-activated protein kinase and reduces contractility
of isolated rat mesenteric resistance arteries. Clin Sci (Lond), 121, 449-58.
ROULLET, J. B., XUE, H., PAPPU, A. S., ROULLET, C., HOLCOMB, S. & MCCARRON, D. A.
1993. Mevalonate availability and cardiovascular functions. Proc Natl Acad
Sci U S A, 90, 11728-32.
ROULLET, J. B., XUE, H., ROULLET, C. M., FLETCHER, W. S., CIPOLLA, M. J., HARKER, C.
T. & MCCARRON, D. A. 1995. Mevalonate availability affects human and rat
resistance vessel function. J Clin Invest, 96, 239-44.
ROWLANDS, D. J., CHAPPLE, S., SIOW, R. C. & MANN, G. E. 2011. Equol-stimulated
mitochondrial reactive oxygen species activate endothelial nitric oxide
synthase and redox signaling in endothelial cells: roles for F-actin and GPR30.
Hypertension, 57, 833-40.
RUBIN, L. J., MAGLIOLA, L., FENG, X., JONES, A. W. & HALE, C. C. 2005. Metabolic
activation of AMP kinase in vascular smooth muscle. J Appl Physiol (1985),
98, 296-306.
RUEGG, U. T., WALLNOFER, A., WEIR, S. & CAUVIN, C. 1989. Receptor-operated
calcium-permeable channels in vascular smooth muscle. J Cardiovasc
Pharmacol, 14 Suppl 6, S49-58.
RUSTENBECK, I., HERRMANN, C. & GRIMMSMANN, T. 1997. Energetic requirement of
insulin secretion distal to calcium influx. Diabetes, 46, 1305-11.
SADOWITZ, B., MAIER, K. G. & GAHTAN, V. 2010a. Basic science review: Statin
therapy--Part I: The pleiotropic effects of statins in cardiovascular disease.
Vasc Endovascular Surg, 44, 241-51.
SADOWITZ, B., SEYMOUR, K., COSTANZA, M. J. & GAHTAN, V. 2010b. Statin therapy-Part II: Clinical considerations for cardiovascular disease. Vasc Endovascular
Surg, 44, 421-33.
SAHNI, D., KAUR, G. D., JIT, H. & JIT, I. 2008. Anatomy & distribution of coronary
arteries in pig in comparison with man. Indian J Med Res, 127, 564-70.
SAIDA, K. & VAN BREEMEN, C. 1983. Mechanism of Ca++ antagonist-induced
vasodilation. Intracellular actions. Circ Res, 52, 137-42.
SAITOH, S., ZHANG, C., TUNE, J. D., POTTER, B., KIYOOKA, T., ROGERS, P. A.,
KNUDSON, J. D., DICK, G. M., SWAFFORD, A. & CHILIAN, W. M. 2006.
Hydrogen peroxide: a feed-forward dilator that couples myocardial
metabolism to coronary blood flow. Arterioscler Thromb Vasc Biol, 26, 261421.
SAKAI, K., MATSUMOTO, K., NISHIKAWA, T., SUEFUJI, M., NAKAMARU, K.,
HIRASHIMA, Y., KAWASHIMA, J., SHIROTANI, T., ICHINOSE, K., BROWNLEE, M.
& ARAKI, E. 2003. Mitochondrial reactive oxygen species reduce insulin
secretion by pancreatic beta-cells. Biochem Biophys Res Commun, 300, 21622.
253

SAKURADA, S., TAKUWA, N., SUGIMOTO, N., WANG, Y., SETO, M., SASAKI, Y. &
TAKUWA, Y. 2003. Ca2+-dependent activation of Rho and Rho kinase in
membrane depolarization-induced and receptor stimulation-induced
vascular smooth muscle contraction. Circ Res, 93, 548-56.
SALABEI, J. K. & HILL, B. G. 2013. Mitochondrial fission induced by platelet-derived
growth factor regulates vascular smooth muscle cell bioenergetics and cell
proliferation. Redox Biol, 1, 542-51.
SALINTHONE, S., TYAGI, M. & GERTHOFFER, W. T. 2008. Small heat shock proteins in
smooth muscle. Pharmacol Ther, 119, 44-54.
SAMAHA, F. F., HEINEMAN, F. W., INCE, C., FLEMING, J. & BALABAN, R. S. 1992. ATPsensitive potassium channel is essential to maintain basal coronary vascular
tone in vivo. Am J Physiol, 262, C1220-7.
SAMPSON, L. J., DAVIES, L. M., BARRETT-JOLLEY, R., STANDEN, N. B. & DART, C. 2007.
Angiotensin II-activated protein kinase C targets caveolae to inhibit aortic
ATP-sensitive potassium channels. Cardiovasc Res, 76, 61-70.
SAMPSON, U. K., LINTON, M. F. & FAZIO, S. 2011. Are statins diabetogenic? Curr Opin
Cardiol, 26, 342-7.
SANDOVAL-ACUNA, C., LOPEZ-ALARCON, C., ALIAGA, M. E. & SPEISKY, H. 2012.
Inhibition of mitochondrial complex I by various non-steroidal antiinflammatory drugs and its protection by quercetin via a coenzyme Q-like
action. Chem Biol Interact, 199, 18-28.
SATA, M. & NAGAI, R. 2002. Phosphatidylinositol 3-kinase: a key regulator of vascular
tone? Circ Res, 91, 273-5.
SATIN, L. S. 2000. Localized calcium influx in pancreatic beta-cells: its significance for
Ca2+-dependent insulin secretion from the islets of Langerhans. Endocrine,
13, 251-62.
SATOH, K., YAMATO, A., NAKAI, T., HOSHI, K. & ICHIHARA, K. 1995. Effects of 3hydroxy-3-methylglutaryl coenzyme A reductase inhibitors on mitochondrial
respiration in ischaemic dog hearts. Br J Pharmacol, 116, 1894-8.
SATTAR, N., PREISS, D., MURRAY, H. M., WELSH, P., BUCKLEY, B. M., DE CRAEN, A. J.,
SESHASAI, S. R., MCMURRAY, J. J., FREEMAN, D. J., JUKEMA, J. W.,
MACFARLANE, P. W., PACKARD, C. J., STOTT, D. J., WESTENDORP, R. G.,
SHEPHERD, J., DAVIS, B. R., PRESSEL, S. L., MARCHIOLI, R., MARFISI, R. M.,
MAGGIONI, A. P., TAVAZZI, L., TOGNONI, G., KJEKSHUS, J., PEDERSEN, T. R.,
COOK, T. J., GOTTO, A. M., CLEARFIELD, M. B., DOWNS, J. R., NAKAMURA, H.,
OHASHI, Y., MIZUNO, K., RAY, K. K. & FORD, I. 2010. Statins and risk of
incident diabetes: a collaborative meta-analysis of randomised statin trials.
Lancet, 375, 735-42.
SAUSBIER, M., SCHUBERT, R., VOIGT, V., HIRNEISS, C., PFEIFER, A., KORTH, M.,
KLEPPISCH, T., RUTH, P. & HOFMANN, F. 2000. Mechanisms of NO/cGMPdependent vasorelaxation. Circ Res, 87, 825-30.
SCADUTO, R. C., JR. & GROTYOHANN, L. W. 1999. Measurement of mitochondrial
membrane potential using fluorescent rhodamine derivatives. Biophys J, 76,
469-77.
SCHACHTER, M. 2005a. Chemical, pharmacokinetic and pharmacodynamic properties
of statins: an update. Fundamental & Clinical Pharmacology, 19, 117-125.
SCHACHTER, M. 2005b. Chemical, pharmacokinetic and pharmacodynamic properties
of statins: an update. Fundam Clin Pharmacol, 19, 117-25.
SCHAEFER, C. A., KUHLMANN, C. R., WEITERER, S., FEHSECKE, A., ABDALLAH, Y.,
SCHAEFER, C., SCHAEFER, M. B., MAYER, K., TILLMANNS, H. & ERDOGAN, A.

254

2006. Statins inhibit hypoxia-induced endothelial proliferation by preventing
calcium-induced ROS formation. Atherosclerosis, 185, 290-6.
SCHAEFER, E. J., MCNAMARA, J. R., TAYLER, T., DALY, J. A., GLEASON, J. L., SEMAN, L.
J., FERRARI, A. & RUBENSTEIN, J. J. 2004. Comparisons of effects of statins
(atorvastatin, fluvastatin, lovastatin, pravastatin, and simvastatin) on fasting
and postprandial lipoproteins in patients with coronary heart disease versus
control subjects. Am J Cardiol, 93, 31-9.
SCHIFFRIN, E. L. 2001. Role of endothelin-1 in hypertension and vascular disease. Am
J Hypertens, 14, 83S-89S.
SCHILLINGER, M., EXNER, M., MLEKUSCH, W., AMIGHI, J., SABETI, S., MUELLNER, M.,
RUMPOLD, H., WAGNER, O. & MINAR, E. 2004. Statin therapy improves
cardiovascular outcome of patients with peripheral artery disease. Eur Heart
J, 25, 742-8.
SCHUHMANN, K. & GROSCHNER, K. 1994. Protein kinase-C mediates dual modulation
of L-type Ca2+ channels in human vascular smooth muscle. FEBS Lett, 341,
208-12.
SCORNIK, F. S. & TORO, L. 1992. U46619, a thromboxane A2 agonist, inhibits KCa
channel activity from pig coronary artery. Am J Physiol, 262, C708-13.
SCRAGG, J. L., DALLAS, M. L., WILKINSON, J. A., VARADI, G. & PEERS, C. 2008. Carbon
monoxide inhibits L-type Ca2+ channels via redox modulation of key cysteine
residues by mitochondrial reactive oxygen species. J Biol Chem, 283, 244129.
SCRIPTURE, C. D. & PIEPER, J. A. 2001. Clinical pharmacokinetics of fluvastatin. Clin
Pharmacokinet, 40, 263-81.
SEIDLER, N. W., JONA, I., VEGH, M. & MARTONOSI, A. 1989. Cyclopiazonic acid is a
specific inhibitor of the Ca2+-ATPase of sarcoplasmic reticulum. J Biol Chem,
264, 17816-23.
SELLERS, M. M. & STALLONE, J. N. 2008. Sympathy for the devil: the role of
thromboxane in the regulation of vascular tone and blood pressure. Am J
Physiol Heart Circ Physiol, 294, H1978-86.
SEN, L., BIALECKI, R. A., SMITH, E., SMITH, T. W. & COLUCCI, W. S. 1992. Cholesterol
increases the L-type voltage-sensitive calcium channel current in arterial
smooth muscle cells. Circ Res, 71, 1008-14.
SENA, L. A. & CHANDEL, N. S. 2012. Physiological roles of mitochondrial reactive
oxygen species. Mol Cell, 48, 158-67.
SERGEANT, G. P., BRADLEY, E., THORNBURY, K. D., MCHALE, N. G. & HOLLYWOOD, M.
A. 2008. Role of mitochondria in modulation of spontaneous Ca2+ waves in
freshly dispersed interstitial cells of Cajal from the rabbit urethra. J Physiol,
586, 4631-42.
SESHIAH, P. N., WEBER, D. S., ROCIC, P., VALPPU, L., TANIYAMA, Y. & GRIENDLING, K.
K. 2002. Angiotensin II stimulation of NAD(P)H oxidase activity: upstream
mediators. Circ Res, 91, 406-13.
SETO, S. W., AU, A. L., LAM, T. Y., CHIM, S. S., LEE, S. M., WAN, S., TJIU, D. C.,
SHIGEMURA, N., YIM, A. P., CHAN, S. W., TSUI, S. K., LEUNG, G. P. & KWAN, Y.
W. 2007. Modulation by simvastatin of iberiotoxin-sensitive, Ca2+-activated
K+ channels of porcine coronary artery smooth muscle cells. Br J Pharmacol,
151, 987-97.
SETO, S. W., AU, A. L., POON, C. C., ZHANG, Q., LI, R. W., YEUNG, J. H., KONG, S. K.,
NGAI, S. M., WAN, S., HO, H. P., LEE, S. M., HOI, M. P., CHAN, S. W., LEUNG,
G. P. & KWAN, Y. W. 2013. Acute simvastatin inhibits K ATP channels of
porcine coronary artery myocytes. PLoS One, 8, e66404.
255

SHARIFI-SANJANI, M., ZHOU, X., ASANO, S., TILLEY, S., LEDENT, C., TENG, B., DICK, G.
M. & MUSTAFA, S. J. 2013. Interactions between A(2A) adenosine receptors,
hydrogen peroxide, and KATP channels in coronary reactive hyperemia. Am J
Physiol Heart Circ Physiol, 304, H1294-301.
SIDAWAY, J., WANG, Y., MARSDEN, A. M., ORTON, T. C., WESTWOOD, F. R., AZUMA,
C. T. & SCOTT, R. C. 2009. Statin-induced myopathy in the rat: relationship
between systemic exposure, muscle exposure and myopathy. Xenobiotica,
39, 90-8.
SILBERBERG, S. D. & VAN BREEMEN, C. 1992. A potassium current activated by
lemakalim and metabolic inhibition in rabbit mesenteric artery. Pflugers
Arch, 420, 118-20.
SIMSEK OZEK, N., BAL, I. B., SARA, Y., ONUR, R. & SEVERCAN, F. 2014. Structural and
functional characterization of simvastatin-induced myotoxicity in different
skeletal muscles. Biochim Biophys Acta, 1840, 406-15.
SIRTORI, C. R. 1990. Pharmacology and mechanism of action of the new HMG-CoA
reductase inhibitors. Pharmacol Res, 22, 555-63.
SIRVENT, P., BORDENAVE, S., VERMAELEN, M., ROELS, B., VASSORT, G., MERCIER, J.,
RAYNAUD, E. & LACAMPAGNE, A. 2005a. Simvastatin induces impairment in
skeletal muscle while heart is protected. Biochem Biophys Res Commun, 338,
1426-34.
SIRVENT, P., FABRE, O., BORDENAVE, S., HILLAIRE-BUYS, D., RAYNAUD DE
MAUVERGER, E., LACAMPAGNE, A. & MERCIER, J. 2012. Muscle
mitochondrial metabolism and calcium signaling impairment in patients
treated with statins. Toxicol Appl Pharmacol, 259, 263-8.
SIRVENT, P., MERCIER, J., VASSORT, G. & LACAMPAGNE, A. 2005b. Simvastatin
triggers mitochondria-induced Ca2+ signaling alteration in skeletal muscle.
Biochem Biophys Res Commun, 329, 1067-75.
SKOTTHEIM, I. B., GEDDE-DAHL, A., HEJAZIFAR, S., HOEL, K. & ASBERG, A. 2008. Statin
induced myotoxicity: the lactone forms are more potent than the acid forms
in human skeletal muscle cells in vitro. Eur J Pharm Sci, 33, 317-25.
SMIRNOV, S. V. & AARONSON, P. I. 1992. Ca(2+)-activated and voltage-gated K+
currents in smooth muscle cells isolated from human mesenteric arteries. J
Physiol, 457, 431-54.
SMITH, P. A., PROKS, P. & MOORHOUSE, A. 1999. Direct effects of tolbutamide on
mitochondrial function, intracellular Ca2+ and exocytosis in pancreatic betacells. Pflugers Arch, 437, 577-88.
SMITH, P. A., WILLIAMS, B. A. & ASHCROFT, F. M. 1994. Block of ATP-sensitive K+
channels in isolated mouse pancreatic beta-cells by 2,3-butanedione
monoxime. Br J Pharmacol, 112, 143-9.
SOHN, H. Y., KELLER, M., GLOE, T., MORAWIETZ, H., RUECKSCHLOSS, U. & POHL, U.
2000. The small G-protein Rac mediates depolarization-induced superoxide
formation in human endothelial cells. J Biol Chem, 275, 18745-50.
SONG, Y. & SIMARD, J. M. 1995. beta-Adrenoceptor stimulation activates largeconductance Ca2+-activated K+ channels in smooth muscle cells from basilar
artery of guinea pig. Pflugers Arch, 430, 984-93.
SONMEZ UYDES-DOGAN, B., TOPAL, G., TAKIR, S., ILKAY ALP, F., KALELI, D. &
OZDEMIR, O. 2005. Relaxant effects of pravastatin, atorvastatin and
cerivastatin on isolated rat aortic rings. Life Sci, 76, 1771-86.
SOTO, M. A., GONZALEZ, C., LISSI, E., VERGARA, C. & LATORRE, R. 2002. Ca(2+)activated K+ channel inhibition by reactive oxygen species. Am J Physiol Cell
Physiol, 282, C461-71.
256

SPIN, J. M. & VAGELOS, R. H. 2003. Early use of statins in acute coronary syndromes.
Curr Atheroscler Rep, 5, 44-51.
ST-PIERRE, J., BUCKINGHAM, J. A., ROEBUCK, S. J. & BRAND, M. D. 2002. Topology of
superoxide production from different sites in the mitochondrial electron
transport chain. J Biol Chem, 277, 44784-90.
STANCU, C. & SIMA, A. 2001. Statins: mechanism of action and effects. J Cell Mol
Med, 5, 378-87.
STANDEN, N. B. & QUAYLE, J. M. 1998. K+ channel modulation in arterial smooth
muscle. Acta Physiol Scand, 164, 549-57.
STARKOV, A. A. & FISKUM, G. 2001. Myxothiazol induces H(2)O(2) production from
mitochondrial respiratory chain. Biochem Biophys Res Commun, 281, 645-50.
STENESTRAND, U., WALLENTIN, L. & SWEDISH REGISTER OF CARDIAC INTENSIVE, C.
2001. Early statin treatment following acute myocardial infarction and 1-year
survival. JAMA, 285, 430-6.
STRAUB, S. V., GIOVANNUCCI, D. R. & YULE, D. I. 2000. Calcium wave propagation in
pancreatic acinar cells: functional interaction of inositol 1,4,5-trisphosphate
receptors, ryanodine receptors, and mitochondria. J Gen Physiol, 116, 54760.
STRAZZULLO, P., KERRY, S. M., BARBATO, A., VERSIERO, M., D'ELIA, L. & CAPPUCCIO,
F. P. 2007. Do statins reduce blood pressure?: a meta-analysis of
randomized, controlled trials. Hypertension, 49, 792-8.
SU, K. H., LIN, S. J., WEI, J., LEE, K. I., ZHAO, J. F., SHYUE, S. K. & LEE, T. S. 2014. The
essential role of transient receptor potential vanilloid 1 in simvastatininduced activation of endothelial nitric oxide synthase and angiogenesis.
Acta Physiol (Oxf), 212, 191-204.
SUKHIJA, R., PRAYAGA, S., MARASHDEH, M., BURSAC, Z., KAKAR, P., BANSAL, D.,
SACHDEVA, R., KESAN, S. H. & MEHTA, J. L. 2009. Effect of statins on fasting
plasma glucose in diabetic and nondiabetic patients. J Investig Med, 57, 4959.
SUMMERHAYES, I. C., LAMPIDIS, T. J., BERNAL, S. D., NADAKAVUKAREN, J. J.,
NADAKAVUKAREN, K. K., SHEPHERD, E. L. & CHEN, L. B. 1982. Unusual
retention of rhodamine 123 by mitochondria in muscle and carcinoma cells.
Proc Natl Acad Sci U S A, 79, 5292-6.
SUN, W., LEE, T. S., ZHU, M., GU, C., WANG, Y., ZHU, Y. & SHYY, J. Y. 2006. Statins
activate AMP-activated protein kinase in vitro and in vivo. Circulation, 114,
2655-62.
SUNG, J. Y. & CHOI, H. C. 2012a. Metformin-induced AMP-activated protein kinase
activation regulates phenylephrine-mediated contraction of rat aorta.
Biochem Biophys Res Commun, 421, 599-604.
SUNG, J. Y. & CHOI, H. C. 2012b. Nifedipine inhibits vascular smooth muscle cell
proliferation and reactive oxygen species production through AMP-activated
protein kinase signaling pathway. Vascul Pharmacol, 56, 1-8.
SUZUKI, K., NEMOTO, K., NINOMIYA, N., KUNO, M., KUBOTA, M. & YOKOTA, H. 2012.
Fasudil, a Rho-kinase inhibitor, attenuates lipopolysaccharide-induced
vascular hyperpermeability and colonic muscle relaxation in guinea pigs. J
Surg Res, 178, 352-7.
SUZUKI, M., LI, R. A., MIKI, T., UEMURA, H., SAKAMOTO, N., OHMOTO-SEKINE, Y.,
TAMAGAWA, M., OGURA, T., SEINO, S., MARBAN, E. & NAKAYA, H. 2001.
Functional roles of cardiac and vascular ATP-sensitive potassium channels
clarified by Kir6.2-knockout mice. Circ Res, 88, 570-7.

257

SUZUKI, Y., YEUNG, A. C. & IKENO, F. 2011. The representative porcine model for
human cardiovascular disease. J Biomed Biotechnol, 2011, 195483.
SWARD, K., DREJA, K., LINDQVIST, A., PERSSON, E. & HELLSTRAND, P. 2002. Influence
of mitochondrial inhibition on global and local [Ca(2+)](I) in rat tail artery.
Circ Res, 90, 792-9.
SYDOW, K., DAIBER, A., OELZE, M., CHEN, Z., AUGUST, M., WENDT, M., ULLRICH, V.,
MULSCH, A., SCHULZ, E., KEANEY, J. F., JR., STAMLER, J. S. & MUNZEL, T.
2004. Central role of mitochondrial aldehyde dehydrogenase and reactive
oxygen species in nitroglycerin tolerance and cross-tolerance. J Clin Invest,
113, 482-9.
SZABADKAI, G. & DUCHEN, M. R. 2008. Mitochondria: the hub of cellular Ca2+
signaling. Physiology (Bethesda), 23, 84-94.
SZENDROEDI, J., PHIELIX, E. & RODEN, M. 2012. The role of mitochondria in insulin
resistance and type 2 diabetes mellitus. Nat Rev Endocrinol, 8, 92-103.
TABET, F., SAVOIA, C., SCHIFFRIN, E. L. & TOUYZ, R. M. 2004. Differential calcium
regulation by hydrogen peroxide and superoxide in vascular smooth muscle
cells from spontaneously hypertensive rats. J Cardiovasc Pharmacol, 44, 2008.
TADA, M., KUZUYA, T., INOUE, M., KODAMA, K., MISHIMA, M., YAMADA, M., INUI, M.
& ABE, H. 1981. Elevation of thromboxane B2 levels in patients with classic
and variant angina Pectoris. Circulation, 64, 1107-15.
TAGUCHI, K., UEDA, M. & KUBO, T. 1997. Effects of cAMP and cGMP on L-type
calcium channel currents in rat mesenteric artery cells. Jpn J Pharmacol, 74,
179-86.
TAKAGI, A., TSURUMI, Y., ISHIZUKA, N., OMORI, H., ARAI, K., HAGIWARA, N. &
KASANUKI, H. 2006. Single administration of cerivastatin, an HMG-CoA
reductase inhibitor, improves the coronary flow velocity reserve: a
transthoracic Doppler echocardiography study. Heart Vessels, 21, 298-301.
TAKAGURI, A., SATOH, K., ITAGAKI, M., TOKUMITSU, Y. & ICHIHARA, K. 2008. Effects
of atorvastatin and pravastatin on signal transduction related to glucose
uptake in 3T3L1 adipocytes. J Pharmacol Sci, 107, 80-9.
TAKASE, T., OHTA, T., OGAWA, R., TSUJI, M., TAMURA, Y., KAZUKI, S. & MIYAMOTO,
T. 1999. Effect of ebselen on contractile responses in perfused rabbit basilar
artery. Neurosurgery, 44, 370-7; discussion 377-8.
TANG, X. D., GARCIA, M. L., HEINEMANN, S. H. & HOSHI, T. 2004. Reactive oxygen
species impair Slo1 BK channel function by altering cysteine-mediated
calcium sensing. Nat Struct Mol Biol, 11, 171-8.
TARASOV, A., DUSONCHET, J. & ASHCROFT, F. 2004. Metabolic regulation of the
pancreatic beta-cell ATP-sensitive K+ channel: a pas de deux. Diabetes, 53
Suppl 3, S113-22.
TAVACKOLI, S., ASHITKOV, T., HU, Z. Y., MOTAMEDI, M., URETSKY, B. F. & BIRNBAUM,
Y. 2004. Simvastatin-induced myocardial protection against ischemiareperfusion injury is mediated by activation of ATP-sensitive K+ channels.
Coron Artery Dis, 15, 53-8.
TAVINTHARAN, S., ONG, C. N., JEYASEELAN, K., SIVAKUMAR, M., LIM, S. C. & SUM, C.
F. 2007. Reduced mitochondrial coenzyme Q10 levels in HepG2 cells treated
with high-dose simvastatin: a possible role in statin-induced hepatotoxicity?
Toxicol Appl Pharmacol, 223, 173-9.
TAYLOR, C. W., BERRIDGE, M. J., COOKE, A. M. & POTTER, B. V. 1989. Inositol 1,4,5trisphosphorothioate, a stable analogue of inositol trisphosphate which
mobilizes intracellular calcium. Biochem J, 259, 645-50.
258

TERAMOTO, N. & BRADING, A. F. 1996. Activation by levcromakalim and metabolic
inhibition of glibenclamide-sensitive K channels in smooth muscle cells of pig
proximal urethra. Br J Pharmacol, 118, 635-42.
TESFAMARIAM, B., FROHLICH, B. H. & GREGG, R. E. 1999. Differential effects of
pravastatin, simvastatin, and atorvastatin on Ca2+ release and vascular
reactivity. J Cardiovasc Pharmacol, 34, 95-101.
THAKALI, K. M., KHARADE, S. V., SONKUSARE, S. K., RHEE, S. W., STIMERS, J. R. &
RUSCH, N. J. 2010. Intracellular Ca2+ silences L-type Ca2+ channels in
mesenteric veins: mechanism of venous smooth muscle resistance to
calcium channel blockers. Circ Res, 106, 739-47.
THELER, J. M., MOLLARD, P., GUERINEAU, N., VACHER, P., PRALONG, W. F.,
SCHLEGEL, W. & WOLLHEIM, C. B. 1992. Video imaging of cytosolic Ca2+ in
pancreatic beta-cells stimulated by glucose, carbachol, and ATP. J Biol Chem,
267, 18110-7.
THENGCHAISRI, N. & KUO, L. 2003. Hydrogen peroxide induces endotheliumdependent and -independent coronary arteriolar dilation: role of
cyclooxygenase and potassium channels. Am J Physiol Heart Circ Physiol, 285,
H2255-63.
THORN, M. B. 1953. Inhibition by malonate of succinic dehydrogenase in heartmuscle preparations. Biochem J, 54, 540-7.
TIEFENBACHER, C. P., FRIEDRICH, S., BLEEKE, T., VAHL, C., CHEN, X. & NIROOMAND,
F. 2004. ACE inhibitors and statins acutely improve endothelial dysfunction
of human coronary arterioles. Am J Physiol Heart Circ Physiol, 286, H1425-32.
TINEL, H., CANCELA, J. M., MOGAMI, H., GERASIMENKO, J. V., GERASIMENKO, O. V.,
TEPIKIN, A. V. & PETERSEN, O. H. 1999. Active mitochondria surrounding the
pancreatic acinar granule region prevent spreading of inositol trisphosphateevoked local cytosolic Ca(2+) signals. EMBO J, 18, 4999-5008.
TODOROVIC, S. M. & JEVTOVIC-TODOROVIC, V. 2011. T-type voltage-gated calcium
channels as targets for the development of novel pain therapies. Br J
Pharmacol, 163, 484-95.
TOESCU, E. C., GARDNER, J. M. & PETERSEN, O. H. 1993. Mitochondrial Ca2+ uptake
at submicromolar [Ca2+]i in permeabilised pancreatic acinar cells. Biochem
Biophys Res Commun, 192, 854-9.
TOKUBE, K., KIYOSUE, T. & ARITA, M. 1998. Effects of hydroxyl radicals on KATP
channels in guinea-pig ventricular myocytes. Pflugers Arch, 437, 155-7.
TOLOSA, L., CARMONA, A., CASTELL, J. V., GOMEZ-LECHON, M. J. & DONATO, M. T.
2014. High-content screening of drug-induced mitochondrial impairment in
hepatic cells: effects of statins. Arch Toxicol.
TONIOLO, A., BUCCELLATI, C., PINNA, C., GAION, R. M., SALA, A. & BOLEGO, C. 2013.
Cyclooxygenase-1 and prostacyclin production by endothelial cells in the
presence of mild oxidative stress. PLoS One, 8, e56683.
TOSUN, M., PAUL, R. J. & RAPOPORT, R. M. 1998a. Coupling of store-operated Ca++
entry to contraction in rat aorta. J Pharmacol Exp Ther, 285, 759-66.
TOSUN, M., PAUL, R. J. & RAPOPORT, R. M. 1998b. Role of extracellular Ca++ influx
via L-type and non-L-type Ca++ channels in thromboxane A2 receptormediated contraction in rat aorta. J Pharmacol Exp Ther, 284, 921-8.
TREASURE, C. B., KLEIN, J. L., WEINTRAUB, W. S., TALLEY, J. D., STILLABOWER, M. E.,
KOSINSKI, A. S., ZHANG, J., BOCCUZZI, S. J., CEDARHOLM, J. C. & ALEXANDER,
R. W. 1995. Beneficial effects of cholesterol-lowering therapy on the
coronary endothelium in patients with coronary artery disease. N Engl J Med,
332, 481-7.
259

TREBAK, M. 2012. STIM/Orai signalling complexes in vascular smooth muscle. J
Physiol, 590, 4201-8.
TSUCHIYA, M., HOSAKA, M., MORIGUCHI, T., ZHANG, S., SUDA, M., YOKOTAHASHIMOTO, H., SHINOZUKA, K. & TAKEUCHI, T. 2010. Cholesterol
biosynthesis pathway intermediates and inhibitors regulate glucosestimulated insulin secretion and secretory granule formation in pancreatic
beta-cells. Endocrinology, 151, 4705-16.
TURAN, A., EGAN, C., YOU, J., SESSLER, D. & ABDELMALAK, B. 2014. Effect of statins
on insulin requirements during non-cardiac surgery. Anaesth Intensive Care,
42, 350-5.
TURRENS, J. F. 2003. Mitochondrial formation of reactive oxygen species. J Physiol,
552, 335-44.
UEHATA, M., ISHIZAKI, T., SATOH, H., ONO, T., KAWAHARA, T., MORISHITA, T.,
TAMAKAWA, H., YAMAGAMI, K., INUI, J., MAEKAWA, M. & NARUMIYA, S.
1997. Calcium sensitization of smooth muscle mediated by a Rho-associated
protein kinase in hypertension. Nature, 389, 990-4.
UHIARA, C. O., ALEXANDER, S. P. & ROBERTS, R. E. 2009. Effect of inhibition of
extracellular signal-regulated kinase on relaxations to beta-adrenoceptor
agonists in porcine isolated blood vessels. Br J Pharmacol, 158, 1713-9.
UHIARA, C. O., ALEXANDER, S. P. & ROBERTS, R. E. 2012. Simvastatin evokes an
unpredicted inhibition of beta-adrenoceptor-mediated vasodilatation in
porcine coronary artery. Eur J Pharmacol, 690, 158-63.
URENA, J. & LOPEZ-BARNEO, J. 2012. Metabotropic regulation of RhoA/Rhoassociated kinase by L-type Ca2+ channels. Trends Cardiovasc Med, 22, 15560.
VAN DE VOORDE, J., VANHEEL, B. & LEUSEN, I. 1992. Endothelium-dependent
relaxation and hyperpolarization in aorta from control and renal
hypertensive rats. Circ Res, 70, 1-8.
VAN MEEL, J. C., TOWART, R., KAZDA, S., TIMMERMANS, P. B. & VAN ZWIETEN, P. A.
1983. Correlation between the inhibitory activities of calcium entry blockers
on vascular smooth muscle constriction in vitro after K+-depolarisation and
in vivo after alpha 2-adrenoceptor stimulation. Naunyn Schmiedebergs Arch
Pharmacol, 322, 34-7.
VAUGHAN, R. A., GARCIA-SMITH, R., BISOFFI, M., CONN, C. A. & TRUJILLO, K. A. 2013.
Ubiquinol rescues simvastatin-suppression of mitochondrial content,
function and metabolism: implications for statin-induced rhabdomyolysis.
Eur J Pharmacol, 711, 1-9.
VERKHOVSKY, M. I., JASAITIS, A., VERKHOVSKAYA, M. L., MORGAN, J. E. &
WIKSTROM, M. 1999. Proton translocation by cytochrome c oxidase. Nature,
400, 480-3.
VIOLA, H. M. & HOOL, L. C. 2010. Qo site of mitochondrial complex III is the source of
increased superoxide after transient exposure to hydrogen peroxide. J Mol
Cell Cardiol, 49, 875-85.
WAGNER, B. K., KITAMI, T., GILBERT, T. J., PECK, D., RAMANATHAN, A., SCHREIBER, S.
L., GOLUB, T. R. & MOOTHA, V. K. 2008. Large-scale chemical dissection of
mitochondrial function. Nat Biotechnol, 26, 343-51.
WAKATSUKI, T., NAKAYA, Y. & INOUE, I. 1992. Vasopressin modulates K(+)-channel
activities of cultured smooth muscle cells from porcine coronary artery. Am J
Physiol, 263, H491-6.

260

WALDRON, G. J., DONG, H., COLE, W. C. & TRIGGLE, C. R. 1996. Endotheliumdependent hyperpolarization of vascular smooth muscle: role for a non-nitric
oxide synthase product. Zhongguo Yao Li Xue Bao, 17, 3-7.
WAMBI-KIESSE, C. O. & KATUSIC, Z. S. 1999. Inhibition of copper/zinc superoxide
dismutase impairs NO.-mediated endothelium-dependent relaxations. Am J
Physiol, 276, H1043-8.
WANG, C. Z., WANG, Y., DI, A., MAGNUSON, M. A., YE, H., ROE, M. W., NELSON, D. J.,
BELL, G. I. & PHILIPSON, L. H. 2005. 5-amino-imidazole carboxamide riboside
acutely potentiates glucose-stimulated insulin secretion from mouse
pancreatic islets by KATP channel-dependent and -independent pathways.
Biochem Biophys Res Commun, 330, 1073-9.
WANG, K. L., LIU, C. J., CHAO, T. F., HUANG, C. M., WU, C. H., CHEN, S. J., CHEN, T. J.,
LIN, S. J. & CHIANG, C. E. 2012. Statins, risk of diabetes, and implications on
outcomes in the general population. J Am Coll Cardiol, 60, 1231-8.
WANG, L. & ASGHARNEJAD, M. 2000. Second-derivative UV spectrometric
determination of simvastatin in its tablet dosage form. J Pharm Biomed Anal,
21, 1243-8.
WANG, W., WANG, S., YAN, L., MADARA, P., DEL PILAR CINTRON, A., WESLEY, R. A. &
DANNER, R. L. 2000. Superoxide production and reactive oxygen species
signaling by endothelial nitric-oxide synthase. J Biol Chem, 275, 16899-903.
WASSMANN, S., FAUL, A., HENNEN, B., SCHELLER, B., BOHM, M. & NICKENIG, G.
2003. Rapid effect of 3-hydroxy-3-methylglutaryl coenzyme a reductase
inhibition on coronary endothelial function. Circ Res, 93, e98-103.
WASSMANN, S., LAUFS, U., MULLER, K., KONKOL, C., AHLBORY, K., BAUMER, A. T.,
LINZ, W., BOHM, M. & NICKENIG, G. 2002. Cellular antioxidant effects of
atorvastatin in vitro and in vivo. Arterioscler Thromb Vasc Biol, 22, 300-5.
WATERS, D., HIGGINSON, L., GLADSTONE, P., KIMBALL, B., LE MAY, M., BOCCUZZI, S.
J. & LESPERANCE, J. 1994. Effects of monotherapy with an HMG-CoA
reductase inhibitor on the progression of coronary atherosclerosis as
assessed by serial quantitative arteriography. The Canadian Coronary
Atherosclerosis Intervention Trial. Circulation, 89, 959-68.
WEBB, R. C. 2003. Smooth muscle contraction and relaxation. Adv Physiol Educ, 27,
201-6.
WEIR, C. J., GIBSON, I. F. & MARTIN, W. 1991. Effects of metabolic inhibitors on
endothelium-dependent and endothelium-independent vasodilatation of rat
and rabbit aorta. Br J Pharmacol, 102, 162-6.
WEIRICH, J., DUMONT, L. & FLECKENSTEIN-GRUN, G. 2005. Contribution of
capacitative and non-capacitative Ca2+-entry to M3-receptor-mediated
contraction of porcine coronary smooth muscle. Cell Calcium, 38, 457-67.
WEISSMANN, N., EBERT, N., AHRENS, M., GHOFRANI, H. A., SCHERMULY, R. T.,
HANZE, J., FINK, L., ROSE, F., CONZEN, J., SEEGER, W. & GRIMMINGER, F.
2003. Effects of mitochondrial inhibitors and uncouplers on hypoxic
vasoconstriction in rabbit lungs. Am J Respir Cell Mol Biol, 29, 721-32.
WHITE, D. G. & MARTIN, W. 1989. Differential control and calcium-dependence of
production of endothelium-derived relaxing factor and prostacyclin by pig
aortic endothelial cells. Br J Pharmacol, 97, 683-90.
WHITE, R., HO, W. S., BOTTRILL, F. E., FORD, W. R. & HILEY, C. R. 2001. Mechanisms
of anandamide-induced vasorelaxation in rat isolated coronary arteries. Br J
Pharmacol, 134, 921-9.
WIEDERKEHR, A. & WOLLHEIM, C. B. 2012. Mitochondrial signals drive insulin
secretion in the pancreatic beta-cell. Mol Cell Endocrinol, 353, 128-37.
261

WILSON, D. P., SUSNJAR, M., KISS, E., SUTHERLAND, C. & WALSH, M. P. 2005.
Thromboxane A2-induced contraction of rat caudal arterial smooth muscle
involves activation of Ca2+ entry and Ca2+ sensitization: Rho-associated
kinase-mediated phosphorylation of MYPT1 at Thr-855, but not Thr-697.
Biochem J, 389, 763-74.
WIND, S., BEUERLEIN, K., ARMITAGE, M. E., TAYE, A., KUMAR, A. H., JANOWITZ, D.,
NEFF, C., SHAH, A. M., WINGLER, K. & SCHMIDT, H. H. 2010. Oxidative stress
and endothelial dysfunction in aortas of aged spontaneously hypertensive
rats by NOX1/2 is reversed by NADPH oxidase inhibition. Hypertension, 56,
490-7.
WOJCICKA, G., JAMROZ-WISNIEWSKA, A., ATANASOVA, P., CHALDAKOV, G. N.,
CHYLINSKA-KULA, B. & BELTOWSKI, J. 2011. Differential effects of statins on
endogenous H2S formation in perivascular adipose tissue. Pharmacol Res,
63, 68-76.
WOLFRUM, S., JENSEN, K. S. & LIAO, J. K. 2003. Endothelium-dependent effects of
statins. Arterioscler Thromb Vasc Biol, 23, 729-36.
WOLIN, M. S. 2009. Reactive oxygen species and the control of vascular function. Am
J Physiol Heart Circ Physiol, 296, H539-49.
WOLLHEIM, C. B. 2000. Beta-cell mitochondria in the regulation of insulin secretion:
a new culprit in type II diabetes. Diabetologia, 43, 265-77.
WU, P. Y., LAI, B., DONG, Y., WANG, Z. M., LI, Z. C. & ZHENG, P. 2010. Different
oxidants and PKC isozymes mediate the opposite effect of inhibition of Q(i)
and Q(o) site of mitochondrial complex III on calcium currents in rat cortical
neurons. Biochim Biophys Acta, 1803, 1072-82.
WYATT, C. N. & BUCKLER, K. J. 2004. The effect of mitochondrial inhibitors on
membrane currents in isolated neonatal rat carotid body type I cells. J
Physiol, 556, 175-91.
XI, Q., CHERANOV, S. Y. & JAGGAR, J. H. 2005. Mitochondria-derived reactive oxygen
species dilate cerebral arteries by activating Ca2+ sparks. Circ Res, 97, 35462.
XING, X. Q., GAN, Y., WU, S. J., CHEN, P., ZHOU, R. & XIANG, X. D. 2007. Statins may
ameliorate pulmonary hypertension via RhoA/Rho-kinase signaling pathway.
Med Hypotheses, 68, 1108-13.
XU, S. Z. & BEECH, D. J. 2001. TrpC1 is a membrane-spanning subunit of storeoperated Ca(2+) channels in native vascular smooth muscle cells. Circ Res,
88, 84-7.
YADA, T., NAKATA, M., SHIRAISHI, T. & KAKEI, M. 1999. Inhibition by simvastatin, but
not pravastatin, of glucose-induced cytosolic Ca2+ signalling and insulin
secretion due to blockade of L-type Ca2+ channels in rat islet beta-cells. Br J
Pharmacol, 126, 1205-13.
YADA, T., SHIMOKAWA, H., HIRAMATSU, O., KAJITA, T., SHIGETO, F., GOTO, M.,
OGASAWARA, Y. & KAJIYA, F. 2003. Hydrogen peroxide, an endogenous
endothelium-derived hyperpolarizing factor, plays an important role in
coronary autoregulation in vivo. Circulation, 107, 1040-5.
YAMAMURA, H., OHYA, S., MURAKI, K. & IMAIZUMI, Y. 2012. Involvement of inositol
1,4,5-trisphosphate formation in the voltage-dependent regulation of the
Ca(2+) concentration in porcine coronary arterial smooth muscle cells. J
Pharmacol Exp Ther, 342, 486-96.
YANAGISAWA, T., YAMAGISHI, T. & OKADA, Y. 1993. Hyperpolarization induced by K+
channel openers inhibits Ca2+ influx and Ca2+ release in coronary artery.
Cardiovasc Drugs Ther, 7 Suppl 3, 565-74.
262

YANG, B., GWOZDZ, T., DUTKO-GWOZDZ, J. & BOLOTINA, V. M. 2012. Orai1 and
Ca2+-independent phospholipase A2 are required for store-operated IcatSOC current, Ca2+ entry, and proliferation of primary vascular smooth
muscle cells. Am J Physiol Cell Physiol, 302, C748-56.
YANG, Y., LI, P. Y., CHENG, J., CAI, F., LEI, M., TAN, X. Q., LI, M. L., LIU, Z. F. & ZENG, X.
R. 2013. IP3 decreases coronary artery tone via activating the BKCa channel
of coronary artery smooth muscle cells in pigs. Biochem Biophys Res
Commun, 439, 363-8.
YANG, Y., SHI, W., CUI, N., WU, Z. & JIANG, C. 2010. Oxidative stress inhibits vascular
K(ATP) channels by S-glutathionylation. J Biol Chem, 285, 38641-8.
YANG, Y. J., ZHAO, J. L., YOU, S. J., WU, Y. J., JING, Z. C., GAO, R. L. & CHEN, Z. J. 2007.
Post-infarction treatment with simvastatin reduces myocardial no-reflow by
opening of the KATP channel. Eur J Heart Fail, 9, 30-6.
YAO, Z. & GROSS, G. J. 1994. Effects of the KATP channel opener bimakalim on
coronary blood flow, monophasic action potential duration, and infarct size
in dogs. Circulation, 89, 1769-75.
YASUE, H., MIZUNO, Y., HARADA, E., ITOH, T., NAKAGAWA, H., NAKAYAMA, M.,
OGAWA, H., TAYAMA, S., HONDA, T., HOKIMOTO, S., OHSHIMA, S.,
HOKAMURA, Y., KUGIYAMA, K., HORIE, M., YOSHIMURA, M., HARADA, M.,
UEMURA, S., SAITO, Y. & INVESTIGATORS, S. 2008. Effects of a 3-hydroxy-3methylglutaryl coenzyme A reductase inhibitor, fluvastatin, on coronary
spasm after withdrawal of calcium-channel blockers. J Am Coll Cardiol, 51,
1742-8.
YASUI, S., MAWATARI, K., MORIZUMI, R., FURUKAWA, H., SHIMOHATA, T., HARADA,
N., TAKAHASHI, A. & NAKAYA, Y. 2012. Hydrogen peroxide inhibits insulininduced ATP-sensitive potassium channel activation independent of insulin
signaling pathway in cultured vascular smooth muscle cells. J Med Invest, 59,
36-44.
YOKOSHIKI, H., SUNAGAWA, M., SEKI, T. & SPERELAKIS, N. 1998. ATP-sensitive K+
channels in pancreatic, cardiac, and vascular smooth muscle cells. Am J
Physiol, 274, C25-37.
YOKOYAMA, K., ISHIBASHI, T., OHKAWARA, H., KIMURA, J., MATSUOKA, I.,
SAKAMOTO, T., NAGATA, K., SUGIMOTO, K., SAKURADA, S. & MARUYAMA, Y.
2002. HMG-CoA reductase inhibitors suppress intracellular calcium
mobilization and membrane current induced by lysophosphatidylcholine in
endothelial cells. Circulation, 105, 962-7.
YOON, J. S. & LEE, H. W. 2013. Diabetogenic effect of statins: a double-edged sword?
Diabetes Metab J, 37, 415-22.
ZELDIN, D. C. 2001. Epoxygenase pathways of arachidonic acid metabolism. J Biol
Chem, 276, 36059-62.
ZHANG, D. X. & GUTTERMAN, D. D. 2007. Mitochondrial reactive oxygen speciesmediated signaling in endothelial cells. Am J Physiol Heart Circ Physiol, 292,
H2023-31.
ZHANG, J., WIER, W. G. & BLAUSTEIN, M. P. 2002. Mg2+ blocks myogenic tone but
not K+-induced constriction: role for SOCs in small arteries. Am J Physiol
Heart Circ Physiol, 283, H2692-705.
ZHANG, W., WU, J., ZHOU, L., XIE, H. Y. & ZHENG, S. S. 2010. Fluvastatin, a lipophilic
statin, induces apoptosis in human hepatocellular carcinoma cells through
mitochondria-operated pathway. Indian J Exp Biol, 48, 1167-74.

263

ZHAO, J. L., YANG, Y. J., CUI, C. J., YOU, S. J. & GAO, R. L. 2006. Pretreatment with
simvastatin reduces myocardial no-reflow by opening mitochondrial K(ATP)
channel. Br J Pharmacol, 149, 243-9.
ZHENG, X. F., GUAN, Y. Y. & KWAN, C. Y. 1993. Cyclopiazonic acid causes
endothelium-dependent relaxation in rat aorta. Zhongguo Yao Li Xue Bao,
14, 21-6.
ZHOU, J., LI, W., XIE, Q., HOU, Y., ZHAN, S., YANG, X., XU, X., CAI, J. & HUANG, Z.
2014. Effects of simvastatin on glucose metabolism in mouse MIN6 cells. J
Diabetes Res, 2014, 376570.
ZHOU, L., AON, M. A., ALMAS, T., CORTASSA, S., WINSLOW, R. L. & O'ROURKE, B.
2010. A reaction-diffusion model of ROS-induced ROS release in a
mitochondrial network. PLoS Comput Biol, 6, e1000657.
ZHOU, Q., ZHOU, Y. & KUMMEROW, F. A. 2009. High-dose lovastatin decreased basal
prostacyclin production in cultured endothelial cells. Prostaglandins Other
Lipid Mediat, 89, 1-7.
ZHUGE, R., FOGARTY, K. E., BAKER, S. P., MCCARRON, J. G., TUFT, R. A., LIFSHITZ, L.
M. & WALSH, J. V., JR. 2004. Ca(2+) spark sites in smooth muscle cells are
numerous and differ in number of ryanodine receptors, large-conductance
K(+) channels, and coupling ratio between them. Am J Physiol Cell Physiol,
287, C1577-88.
ZOU, M. H., KIRKPATRICK, S. S., DAVIS, B. J., NELSON, J. S., WILES, W. G. T.,
SCHLATTNER, U., NEUMANN, D., BROWNLEE, M., FREEMAN, M. B. &
GOLDMAN, M. H. 2004. Activation of the AMP-activated protein kinase by
the anti-diabetic drug metformin in vivo. Role of mitochondrial reactive
nitrogen species. J Biol Chem, 279, 43940-51.

264

Appendix:

1. Effect of simvastatin on KATP channel activity in human aortic
smooth muscle cells
As described earlier with β-cells, patch clamp experiment performed on
smooth muscle cells isolated from PCA. The enzyme mixture consists
containing DTT (6.0 mg ml-1), papain (2.0 mg ml-1) collagense type II (7.5
mg ml-1) and bovine serum albumin (fatty-acid free; 2.0 mg ml-1) for 45 –
60 mins at 37ºC. In fact, it proved difficult to isolate healthy smooth
muscle cells and only a few cells stuck to the glass bottom. Furthermore,
attempts to generate seals using suction were frequently unsuccessful,
presumably due to a loss of cell membrane integrity during enzymatic
digestion. The decision was finally taken to abandon the isolation
procedure. As alternative, human aortic smooth muscle cells (Lonza;
passages 7 to 9) were grown on sterilized glass cover slips were used to
examine the effect of simvastatin on KATP channels in smooth muscle cells.
Results of 5 repeats show that simvastatin 10 µM significantly inhibits K ATP
channels (figure 1). However more experiments are recommended to
examine the effects in inside out patch and to compare the results with
DMSO as a solvent control.
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Figure 1. Effect of 10 µM simvastatin on KATP channel activity (NPo)
in human aortic smooth muscle cells: A- KATP channel activity after 15
min of 10 µM simvastatin (statin) perifusion dissolved in DMSO compared
to the KATP channel basal activity (NPo) prior to addition of simvastatin
from a cell-attached patch on human aortic smooth muscle in a glucosefree HANKS solution. * P< 0.05, Student’s unpaired t test of 5 different
experiments.

2. Macro scripts for Ca2+ image analysis
//calcium 27Feb2014//
draw -n ds -d 1 -w 1.5 -l -v 2;
draw -n de -d 1 -w 1.5 -l -v 3;
draw -n ks -d 1 -w 1.5 -l -v 4;
ds.hmove=1;
de.hmove=1;
ks.hmove=1;
layer -d;
worksheet -d B%[%h,>'A'];
%n=C%h;
%A=%h;
d=0;K=0;
ncs=wks.ncols;
nrs=xindex(wks.nrows,wcol(1));
xen=nrs-1;
//type %h %n $(i) $(ncs);//
//normalize//
// for(i=ncs;i>1;i--){
//

%A=%h!wks.col$(i).label$;

//

wcol(i)=100*wcol(i)/%a;

//check cells//
for(i=ncs;i>1;i--){
window -t plot calibrate1 %n;
layer -w %A i 1 i nrs 200;
getyesno (Use record) Y;
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layer -d;
if (y==0){
d=d+1;
del wcol(i);
}
else{
k=k+1;
};
};
//now form average//
ncs=wks.ncols;
nct=ncs+1;
tot=ncs-1;
worksheet -c average;
col(average)[nrs]=0;
wcol(nct)=0;
for(i=2;i<=ncs;i++){
wcol(nct)=wcol(nct)+wcol(i);
};
//calculate average and plot//
wcol(nct)=wcol(nct)/(ncs-2);
wks.col$(nct).label$=$(ncs-1);

%n=%h;
window -t plot calibrate2 G%nAverage;
layer -w %n nct 1 nct nrs 200;
de=xen-60;
//get timings//
getnumber
(50K start) Ks
(Drug start) Ds

267

(Drugend) De

(Measurement times);
layer -d;
kk=ds-180;
//find max and normalize//;
loop (n,2,ncs){
ym=0;
yn=ds-kk+1;
loop (m,kk,ds){
ym=ym+%(%n,n,m);
};
wcol(n)=100*yn*wcol(n)/ym;
};

ncc=wks.ncols-1;
nrs=wks.nrows;
d=0; k=0;
for(i=ncc;i>1;i--){
worksheet -s i 1 i xen;
worksheet -p 200 calcium1;
getyesno KEEP Y;
layer -d;
if (y==0){
del wcol(i);
d=d+1;
else{
k=k+1;

//now form average//
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ncs=wks.ncols-1;
nct=ncs+1;
col(average)[nrs]=0;
wcol(nct)=0;
for(i=2;i<=ncs;i++){
wcol(nct)=wcol(nct)+wcol(i);
};
//calculate average and plot//
wcol(nct)=wcol(nct)/(ncs-2);
wks.col$(nct).label$=$(ncs-2);

%n=%h;
worksheet -s 2 1 ncs xen;
worksheet -p 200 calcium1;
window -r %h G%n;

//draw limits and reset if necessary//
draw -n ds -d 1 -w 1.5 -l -v ds;
draw -n ks -d 1 -w 1.5 -l -v ks;
draw -n de -d 1 -w 1.5 -l -v de;
ds.hmove=1;
ks.hmove=1;
de.hmove=1;
//get timings//
getnumber
(50K start) Ks
(Drug start) Ds
(Drug end) De
(Measurement times);
draw -n ds -d 1 -w 1.5 -l -v ds;
draw -n ks -d 1 -w 1.5 -l -v ks;
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draw -n de -d 1 -w 1.5 -l -v de;
//output//
window -n n results;
type.notes$=results;
type.redirection=2;
type \n;
type Worksheet %n;
type Basal 50K drug;
type $(KS) $(DE);
type Cell\tarea\tbasal\t50K\tdrug;

loop (n,2,ncs){
Cbasal=0;c50k=0;cdrug=0;
loop (m,1,180){
Cbasal=Cbasal+%(%n,n,ks-m);
c50k=c50k+%(%n,n,ds-m);
cdrug=cdrug+%(%n,n,de-m);
Cbasal=Cbasal/180;
c50k=c50k/180;
cdrug=cdrug/180;
type $(n-1)\t%(n,@L)\t$(int(cbasal))\t$(int(c50k))\t$(int(cdrug));
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