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Abstract

Simvastatin reduces pulmonary arterial pressure and right ventricular hypertrophy in animal
models of pulmonary arterial hypertension (PAH) and is thought to restore endothelial dys-
function. In vivo effects of drugs are complicated by several factors and little is known of the
direct effects of statins on pulmonary arteries. This study investigated the direct effects of
simvastatin on pulmonary arteries isolated from rats with or without monocrotaline-induced
PAH. Simvastatin suppressed contractions evoked by the thromboxane A2 receptor agonist
U46619 (30 nM), the ay—adrenergic agonist phenylephrine (5 uM) and KCI (50 mM) by
~50% in healthy and diseased arteries, but did not reduce contraction evoked by sarco/
endoplasmic reticulum ATPase blockers. It relaxed hypertensive arteries in the absence of
stimulation. Removing the endothelium or inhibiting eNOS did not prevent the inhibition by
simvastatin. Inhibiting RhoA/rho kinase (ROCK) with Y27632 (10 uM) suppressed contrac-
tions to U46619 and phenylephrine by ~80% and prevented their inhibition by simvastatin.
Y27632 reduced KCl-induced contraction by ~30%, but did not prevent simvastatin inhibi-
tion. Simvastatin suppressed Ca®* entry into smooth muscle cells, as detected by Mn®*
quench of fura-2 fluorescence. The calcium antagonist, nifedipine (1 uM), almost abolished
K*-induced contraction with less effect against U46619 and phenylephrine. We conclude
that simvastatin relaxes pulmonary arteries by acting on smooth muscle to interfere with sig-
nalling through G-protein coupled receptors and voltage-dependent Ca®* entry. Its actions
likely include inhibition of ROCK-dependent Ca®* sensitisation and voltage-gated Ca®*
channels. These are likely to contribute to the beneficial effects of simvastatin in animal
models of PAH.
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Introduction

Statins have protective effects on the cardiovascular system independently of their cholesterol-
lowering action [1]. An oral dose of serivastatin enhanced systemic, endothelium-dependent
vasodilation in patients with normal serum cholesterol levels within 3h [2], the time required
to reach peak plasma concentrations [3]. Endothelial nitric oxide synthase (eNOS) activity
increased within 30 min of statin exposure in vitro [4]. Such rapid effects likely involve post-
translational activation of the eNOS protein. By inhibiting HMG-CoA reductase, statins pre-
vent the synthesis of mevalonate and downstream isoprenoid intermediates required for acti-
vation of the RhoA Rho kinase (ROCK) signalling pathway [1]. In endothelial cells, ROCK is a
negative regulator of the protein kinase Akt, which phosphorylates and activates eNOS [5].
Statins can therefore enhance eNOS activity by removing RhoA/ROCK inhibition of Akt.

Statins also inhibit RhoA/ROCK activity in vascular smooth muscle [1,6-8], where it plays
a key role in sensitising the contractile machinery to Ca®" and promoting contraction [9].
Consequently ROCK inhibitors suppress the effects of vasoconstrictors [10,11]. Additional
actions of simvastatin could contribute to its vasodilator effect. For example, it was found to
inhibit Ca** channels in rat basilar artery [12] and cardiac [13] myocytes and to interfere with
sarcoplasmic reticulum (SR) Ca** handling in aortic muscle [14]. This may be why simvastatin
suppressed Ca>" signalling in basilar arteries [12] and cultured arterial smooth muscle cells
[8,15]. Simvastatin was alternatively proposed to suppress mesenteric artery constriction by
stimulating AMP-activated protein kinase (AMPK) to phosphorylate eNOS and enhance con-
stitutive eNOS activity [16].

Less is known about the effects of statins on the pulmonary circulation, although they atten-
uate pulmonary arterial hypertension (PAH) in animal models. Simvastatin reduced pulmo-
nary arterial pressure and right ventricular hypertrophy in rats with PAH, caused by
monocrotaline (MCT) injection [17] or chronic exposure to hypoxia with or without blockade
of the vascular endothelial growth factor receptor [18-20]. The beneficial effects were attrib-
uted to improved endothelial function, reduced inflammation and reduced smooth muscle cell
proliferation. Restoration of endothelium-dependent relaxation may be due to stabilization of
eNOS mRNA and increased eNOS protein [7,20,21]. Our knowledge of statin effects on the
pulmonary circulation has mainly come from in vivo studies with chronic statin treatment,
where they are influenced by indirect actions on the heart, nervous system or other organs, as
well as compensatory changes in the vasculature or drug metabolites. This study aimed to
determine the direct effects of simvastatin applied acutely to pulmonary artery (PA) and to
assess the relative contributions of endothelial and smooth muscle actions. The monocrotaline
rat model of pulmonary hypertension was employed to determine how disease status affects
simvastatin action.

Materials and methods

Animal studies are reported according to ARRIVE and BJP guidelines [22]. Work was con-
ducted with the authority of a licence granted under the UK Animals (Scientific Procedures)
Act 1986 and adhered to the guidelines of Directive 2010/63/EU of the European Parliament
on the protection of animals used for scientific purposes.

Monocrotaline model of pulmonary arterial hypertension

As our understanding of statin effects in PAH is derived mainly from studies on the rat mono-
crotaline model, we used this model to assess how disease-associated changes in artery func-
tion influence simvastatin action. Animals were maintained in controlled temperature and
light conditions with free access to food and water. Male Wistar rats (Charles River, UK)
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randomly received a single intraperitoneal injection of MCT (60 mg. kg ™) or an equivalent
volume of 0.9% saline and were weighed and observed daily. On the day of injection, the con-
trol (saline-injected) and MCT rats weighed 236 + 3 g (n = 30) and 235 + 3 g (n = 30), respec-
tively. Animals were sacrificed by cervical dislocation four weeks after MCT injection or
earlier if they showed signs of clinical deterioration, such as reduced movement, increased
respiratory rate, piloerection, or >10 g weight loss over 2 days. At termination, the MCT rats
had gained less weight (305 + 4 g) than the time-matched controls (367 + 5 g). Lungs and heart
were excised into physiological salt solution (PSS) containing (in mM): 120 NaCl, 5 KCI, 1
MgCl,, 0.5 NaH,POy,, 0.5 KH,POy,, 10 4-(2-hydroxyethyl)piperazine-1-ethanesulphonic acid
(HEPES), 5 glucose and 1.8 CaCl,, pH adjusted to 7.4 with NaOH. The ileum with attached
mesentery was removed and stored separately in PSS. The right ventricle (RV) was separated
from the left ventricle plus interventricular septum (LV+S) and each weighed separately. The
development of RV hypertrophy, and hence PAH, was confirmed by a higher RV/(LV+-
septum) weight ratio in the MCT rats (0.6 + 0.01) compared with the controls (0.4 + 0.02).

Disease progression was monitored by echocardiography performed under 2% isoflurane
anaesthesia: parameters confirming the development of PAH are summarised in Fig 1 and
Table 1. Transthoracic echocardiographic images were acquired on an ACUSON Sequoia sys-
tem (Acuson Universal Diagnostics Solution, USA) with a 15 MHz 15L8 transducer. Two-
dimensional images were generated in B-mode from the parasternal short axis view and used
to measure right (RV) and left (LV) ventricle areas at the end of diastole. RV fractional short-
ening was measured from the difference in diameter of the right ventricle outflow tract
between end-diastole and end-systole. Pulsed-wave Doppler was used to measure PA accelera-
tion time (PAAT) and trans-mitral flow velocity. The latter parameter was measured as the
ratio of the peak velocity in early diastole (E) to the end diastolic flow velocity (A). RV stroke
volume and output were calculated from the PA flow velocity time integral, measured from
pulsed-wave Doppler traces. Tricuspid annular plane systolic excursion (TAPSE) was mea-
sured in M-mode from two-dimensional images of the lateral tricuspid annulus, as the total
displacement of the tricuspid annulus from end-diastole to end-systole.

At day 21 after MCT injection there was an increase in right ventricle cross-sectional area
at diastole, associated with a reduced cross-sectional area of the left ventricle (Fig 1A), presum-
ably due to the raised right ventricular pressure pushing the septum into the left ventricle. The
RV/LYV ratio was therefore increased (Table 1) in agreement with the increased RV/(LV+-
septum) weight ratio. Despite these changes, cardiac function appeared to be maintained at
day 21, as indicated by heart rate, trans-mitral flow velocity, RV fractional shortening, stroke
volume and output (Table 1). Impaired RV function was apparent in these markers at day 25,
although the reduction in TAPSE (Table 1) indicates some loss of function even at day 21.
TAPSE correlates well with RV ejection fraction and provides a sensitive and reliable marker
of RV function [23].

A decrease in PAAT and the appearance of a sharp peak, or notch, in the early systolic
phase of the PA flow waveform (Fig 1B) are established features of PAH [24, 25] and were
detected by day 21 (Fig 1B, Table 1). A strong correlation between PAAT and mean pulmo-
nary arterial pressure (mPAP) means that mPAP can be determined from the following equa-
tion: mPAP = 58.7 —(1.21 x PAAT) [24]. From the values of PAAT in Table 1, the mPAPs of
the rats employed in this study were estimated at 21 mmHg in control rats, increasing to 33
mmHg and 34.5 mmHg at 21 and 25 days following MCT injection, respectively.

The data confirm the presence of PAH by 21 days after MCT injection. Further characteri-
sation of PAH development in MCT-injected rats in our hands is published elsewhere [26].
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Fig 1. Confirmation of PAH by echocardiography. Echocardiographic images collected from rats immediately before injection (day 0), at 21 days
after injection and immediately prior to termination. A) Parasternal short-axis views with right ventricle outlined by dotted lines. B) Pulsed-wave
Doppler recordings of pulmonary outflow. Arrowheads indicate notching in the images from treated rats. C) M-mode imaging of the lateral tricuspid
annulus. TAPSE was measured as the total displacement of the annulus from end-diastole (marked by lower line) to end-systole (upper line).

https://doi.org/10.1371/journal.pone.0220473.9001

R e

Table 1. Echocardiographic Indicators of cardiac function and pulmonary arterial blood flow.

Property control MCT MCT

Day 21 Day 25
Heart Rate (beat per minute) 379+ 4 (6) 354+7(9) 338+ 11* (7)
RV/LV area ratio 0.4 +0.04 (6) 1.6 £ 0.2* (9) 1.3+ 0.2* (8)
RV fractional shortening (%) 44 + 3 (5) 41+3(7) 35+7(7)
PA acceleration time (ms) 31+1(12) 21 +2*%(9) 20 +2* (8)
Tricuspid valve flow velocity (E/A ratio) 0.7+ 0.1 (6) 0.5+ 0.1 (6) 0.6 +0.1(5)
RV stroke volume (ml) 0.53 + 0.1 (6) 0.45 +0.03 (9) 0.38 £ 0.04 (8)
RV output (ml/min) 199 + 24 (6) 161 % 13 (9) 130 + 15* (8)
TAPSE (mm) 2.6 £0.1(6) 1.9 £ 0.15" (9) 1.8+ 0.07* (8)

Measurements were made immediately before injection with MCT (control) and at 21 and 25 days after injection. Numbers of animals are indicated in parentheses.
*differs significantly from control, one-way ANOVA with Tukey’s multiple comparisons test.

https://doi.org/10.1371/journal.pone.0220473.t001
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Myograph protocols

Segments of pulmonary or mesenteric artery (~2 mm long, 0.5-1 mm outer diameter) were
dissected from lung and mesentery, respectively, and mounted in a small vessel myograph
(Danish Myo Technology, Aarhus, Denmark) under 4-5 mN tension, in PSS at 37°C and bub-
bled with air. To minimise animal use, multiple vessel segments from the 3 largest lung lobes
were used for different experiments performed simultaneously. Vessels were left for >20 min
to recover from dissection and stability checked by challenging three times with 50 mM KCI.
Simvastatin (5 uM) was added to some chambers for 1 hr before experiments started and
remained throughout the experiment. Vessel constriction was induced with 50 mM KCl, the
o, -adrenoceptor agonist phenylephrine (5 uM), the thromboxane A2 (TP) receptor agonist
9,11-dideoxy-9a,11a-methanoepoxy prostaglandin F,o (U46619, 30 nM) or inhibitors of the
sarco-endoplasmic reticulum ATPase (SERCA), thapsigargin (3 pM) and cyclopiazonic acid
(CPA, 30 uM). To investigate AMPK involvement in the effects of simvastatin, the cell-perme-
able inhibitor dorsomorphin (also known as compound C) was applied at 1 uM, a 10-fold
higher concentration than needed for 50% reduction of AMPK activity (109 nM) [27]. ROCK
activity was inhibited with Y27632 (trans-4-[(1R)-1-aminoethyl]-N-4-pyridinylcyclohexane-
carboxamide dihydrochloride) at 10 uM, a maximally effective concentration for ROCK inhi-
bition and relaxation of rat PA and aorta [11]. The calcium antagonist nifedipine was
employed at a concentration (1 uM) shown to maximally inhibit L-type Ca** channels in PA
smooth muscle cells [28].

Acetylcholine (ACh; 107*~10~> M) was applied to evoke endothelium-dependent relaxation
and sodium nitroprusside (SNP; 107°~10~° M) to deliver NO directly to smooth muscle: drugs
were applied to vessels constricted with 30 nM U46619 once tension reached a plateau. In
some experiments, endothelial function was blocked by passing distilled water through the
vessel lumen or applying N(G)-nitro-L-arginine methyl ester (L-NAME, 200 uM) to inhibit
eNOS activity. Loss of function was confirmed by the absence of vasodilation to 10 uM ACh.
Experiments employed intact arteries unless otherwise indicated.

Rho kinase activity

All arteries from all lung lobes were collected to provide sufficient protein for the measurement
of ROCK activity. Before dissecting the lungs, a 0.5 ml bubble of air was injected via the main
pulmonary artery to disrupt the endothelium, and washed through with PSS, although its
effectiveness could not be checked in all vessels. Arteries were divided into four groups and
incubated for 1 hour in 5 uM simvastatin or an equivalent volume of vehicle, with or without
the addition of 30 nM U46619, then snap frozen in liquid nitrogen. Tissue lysates were pre-
pared by homogenising arteries in solution containing 150 mM NaCl, 15 mM HEPES, 10 mM
EGTA (pH 7.5 with NaOH), cOmplete protease inhibitor cocktail (Roche, 1 tablet/ 30 ml) and
PhosSTOP phosphatase inhibitor cocktail (Roche, I tablet/10ml). Homogenates were centri-
fuged at 16,000g for 5 min at 5°C and the supernatant collected for analysis. ROCK activity
was determined using an immunoassay kit that measured phosphorylation of the Rho kinase-
specific substrate, MYPT-1 (Merck), according to the manufacturer’s instructions. Lysate
activity was measured by comparison to a ROCK2 standard provided in the kit and expressed
relative to total protein, measured using the Bio-Rad DC Protein Assay.

Ca*" influx

Pulmonary artery smooth muscle cells were isolated as previously described [29] then incu-
bated for 30 min at room temperature with the Ca**-sensitive fluorescent indicator fura-2 AM
(2 uM; Molecular Probes, Sunnyvale, CA). Fluorescence was excited in individual cells by
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illuminating alternatively at 340 nm and 380 nm (100Hz, 75W Xenon arc lamp) using a mono-
chromator-based fluorescence system (Optiscan, Cairn Research, Kent, UK), integrated with a
Nikon Eclipse inverted microscope. The fluorescence emitted at 510 nm was recorded using a
photomultiplier tube (Cairn Research) and pClamp software (Axon Instruments, Union City,
CA). Cells were incubated for 1 hour with vehicle or 5 uM simvastatin (during and after fura-2
loading) before experiments began. To evoke depolarisation and Ca** channel activation with-
out Ca** influx, cells were incubated with PSS modified to contain 50 mM K* and no added
Ca®*. Osmolarity was maintained by equimolar substitution of Na*. These conditions evoke
smooth muscle depolarisation to open Ca** channels while minimising Ca**-dependent fluo-
rescence. Cell fluorescence was recorded for 1 min before adding 1 mM MnCl,, allowing
Mn** to enter the cell and quench fura-2 fluorescence [30]. The rate of Mn** quenching was
measured from the fluorescence excited at 380 nm.

Data and statistical analysis

The data and statistical analyses comply with the recommendations on experimental design
and analysis in pharmacology [31]. Contraction amplitude was measured as the difference
between baseline and induced tension. Relaxation was measured as percent of the maintained
U46619-induced contraction. The maximum effect (E,,,,) and drug concentration producing
half of the E ., (EC5,) were estimated from individual concentration-response relationships.
Mean concentration-response relationships are plotted with nonlinear regression fits of the
Hill equation (GraphPad Prism, version 6) superimposed. Values are expressed as

mean + standard error of mean (S.E.M.) for the number of animals (n) used in each experi-
ment. Data were tested for normality using the Shapiro-Wilk and Kolmogorov-Smirnov tests
and comparisons made with parametric or non-parametric tests as appropriate. Significance
was corrected for multiple comparisons using the test recommended by Prism for each data
set. Tests used are indicated next to the comparisons made. P<0.05 was considered statistically
significant.

Drugs

U46619 was obtained from Enzo Life Sciences (Exeter, UK). All other drugs and reagents were
from Sigma-Aldrich (Dorset, UK).

Results
PAH and simvastatin inhibit contraction

PAs from control and MCT-treated rats contracted upon application of U46619 (30 uM), in
the absence or presence of 5 pM simvastatin (Fig 2A and 2B). Contraction amplitude was simi-
lar in control and MCT vessels but halved by simvastatin (Table 2). Contractions to phenyl-
ephrine (5 uM) and KCI (50 mM) were reduced in MCT vessels compared with the controls,
but in both cases contraction was ~50% smaller after simvastatin treatment (Table 2). In con-
trast, contractions of mesenteric artery to KCl and phenylephrine were unaltered in rats with
PAH (Table 2). Fig 2C and 2D show that simvastatin reduced the maximum contractile
responses to U46619 and phenylephrine with little effect on sensitivity. U46619 evoked up to
3.7 £ 0.2 mN before simvastatin treatment and 2.2 + 0.5 mN (n = 4, p<0.05 by unpaired t-test)
after treatment, with respective ECs, values of 31 + 5 nM and 61 + 20 nM. The maximum con-
traction to phenylephrine dropped from 2.2 + 0.1 mN (control) to 1.0 + 0.4 mN (n =4,
p<0.05) after simvastatin treatment, with ECs, values of 112 + 8 nM and 187 + 59 nM,
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Fig 2. Simvastatin inhibits pulmonary artery reactivity. A, B) Original records of tension developed by pulmonary arteries in response to 30 nM U46619, followed
by increasing concentrations of ACh (10 nM- 10 uM). Records from paired vessels treated with vehicle (left) or 5 uM simvastatin (right) from control (A) and MCT-
treated (B) rats. C,D) Concentration response curves for U46619 and phenylephrine acting on control vessels, under control conditions and after incubation for 1
hour with 5 uM simvastatin. Points and bars represent mean + s.e.m of vessels from 4 animals.

https://doi.org/10.1371/journal.pone.0220473.9002

respectively. Simvastatin (5 uM) had no effect on baseline tension when applied to control ves-
sels, but in vessels from MCT rats it produced a concentration-dependent loss of tone (Fig 3).
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Table 2. PAH and simvastatin inhibit pulmonary artery contraction.

Contraction (mN)

KCl U46619 phenylephrine
artery condition simvastatin mean * s.e.m. n mean * s.e.m. n mean * s.e.m. n
pulmonary +E control - 5.0+0.5 23 3.9+03 26 3.5+04 20
+ 2.4+04" 20 2.0+0.2" 28 1.9 +0.3* 19
MCT - 27404 18 34+03 27 1.8 +0.4" 12
+ 0.8 +0.2* 17 1.1+0.1* 30 1.1+0.3 10
pulmonary -E control - 52+0.3 9 33+0.7 9 4.5+0.5 9
+ 2.2+0.3" 9 1.7 +0.4* 9 2.7+0.4" 9
Mesenteric control - 6+1.6 4 11+2.8 4
MCT - 6+2.3 4 11+5 4

Contractile responses of pulmonary and mesenteric arteries from control and MCT-treated rats to 50 mM KCI, 30 nM U46619 and 5 uM phenylephrine, tested in the
absence or presence of 5 uM simvastatin. Responses of intact (E+) pulmonary arteries to each stimulus, compared by two-way ANOVA and Tukey’s multiple
comparisons test. Mesenteric and endothelium-denuded (E-) pulmonary arteries analysed by unpaired t-test.

*differ significantly from the equivalent data in the absence of simvastatin.

*differ significantly from the equivalent control data. n = number of animals.

https://doi.org/10.1371/journal.pone.0220473.t002

Removing the endothelium did not prevent simvastatin from inhibiting KCl, U46619 or
phenylephrine contractions, which were all roughly halved (Table 2). L-NAME (200 uM) also
had no effect; simvastatin reduced the KCl response by 59 + 10% (n = 5) in its presence and
60 £ 12% (n = 5) in its absence. Adding L-NAME raised baseline tone in control vessels by
1.4 £ 0.3 mN (n = 35) and in MCT vessels by 1.3 + 0.2 mN (n = 33), but after simvastatin treat-
ment L-NAME evoked contraction of only 0.20 £ 0.05 mN (n = 15) in control vessels (signifi-
cantly less than control, one-way ANOVA with Tukey’s multiple comparisons test) and

Bl vehicle [Jsimvastatin

— 0.5
0.1uM TuM 2.5uM 5uM Y27632 nifedipine

@
—-0.5 @
* =
1.0 o
A 2,
S5uM —-1.5 g
simvastatin "5?
0.3 mN —-20Z2

—-2.5

10 min

Fig 3. Effects of simvastatin, ROCK and calcium-channel block on basal tone of diseased arteries. Trace is original record of baseline tension before and during
the application of 5 M simvastatin. Histogram shows the mean change in tension following application of simvastatin (0.1-5 uM) or vehicle (n = 4), 10 uM Y27632
(n=10) or 1 uM nifedipine (n = 5) to arteries from MCT rats at resting tension. *differs significantly from time-matched control (2-way repeated measures (RM)
ANOVA and Sidak multiple comparisons test of each simvastatin concentration versus the vehicle control); *differs significantly from 5 M simvastatin (one-way
ANOVA with Tukey multiple comparisons test, each group compared with every other group).

https://doi.org/10.1371/journal.pone.0220473.9003
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0.9 £ 0.3 mN (n = 10) in MCT vessels. The inhibitory effect of simvastatin on vasoconstrictor
responses was also unaffected by the AMPK inhibitor dorsomorphin (1 uM). U46619 evoked
0.9 + 0.3 mN (n = 4) of tension in simvastatin-treated vessels before adding dorsomorphin and
0.9 £ 0.4 mN (n = 4) in its presence. KCl evoked 1.1 £ 0.3 mN (n = 4) in simvastatin-treated
vessels before applying dorsomorphin and 1.3 + 0.3 mN (n = 4) after its addition. Dorsomor-
phin had no effect in the absence of simvastatin.

As shown in Fig 4A, the ROCK inhibitor Y27632 (10 uM) caused pronounced (~80%) inhi-
bition of the contractile responses of control and MCT arteries to U46619 and phenylephrine.
Y27632 also reduced the contractile response to KCI, but by only 33 + 2% (n = 5) in control
arteries and 21 + 5% (n = 8) in MCT arteries. Although Y27632 inhibits endothelial and
smooth muscle ROCK, removing the endothelium had little effect on the results (S1 Fig).
Blocking ROCK activity with Y27632 prevented simvastatin (5 uM) from inhibiting contrac-
tion to phenylephrine and U46617, but not KCl (Fig 4B). U46619 did not evoke a detectable
increase in ROCK activity, but activity was suppressed by 5 pM simvastatin whether U46619
was present or not (Fig 4C).

In contrast to the effects of Y27632, the calcium antagonist, nifedipine (1 uM), almost abol-
ished the contraction to KCI (Fig 5A), confirming that it depended on voltage-gated Ca**
influx. Nifedipine was less effective in control vessels stimulated by PE or U46619, where it
caused around 50% inhibition, although its effects were enhanced in arteries from MCT rats
(Fig 5A). This differential sensitivity to nifedipine reflects the relative contribution of L-type
Ca** channels to contraction evoked by different stimuli and was essentially unchanged in ves-
sels denuded of endothelium (S1 Fig). In separate studies on isolated pulmonary artery smooth
muscle cells, simvastatin slowed the rate at which Mn** entered the cells and quenched fura-2
fluorescence (Fig 5B), implying that it inhibited Ca" influx. Neither Y7632 nor nifedipine
altered basal tension in control arteries, but when added to arteries from MCT-treated rats,
they both evoked relaxation that was larger than produced by 5 uM simvastatin (Fig 3).

Inhibition of SERCA by 3 uM thapsigargin (Fig 6A) or 30 uM CPA (Fig 6B) evoked a rise in
tension followed by decline to a lower level, which was usually sustained but sometimes rose
again to a higher level before being maintained. When applied during the more sustained
phase, the store-operated cation-channel blocker, 2-APB (20 uM), essentially abolished ten-
sion. The maximum tension developed by control arteries in response to thapsigargin or CPA
was 4.7 £ 0.7 mN (n = 23) and 6.6 + 1.2 mN (n = 12), respectively. Responses were reduced in
arteries from MCT rats, where thapsigargin evoked 1.1 + 0.3 mN (n = 17) of tension and CPA
evoked 2.4 + 0.3 mN (n = 23). As illustrated in Fig 6C, simvastatin did not significantly reduce
responses to thapsigargin or CPA in control or MCT vessels. Neither the early nor the sus-
tained phases of contraction were altered and 2-APB retained its ability to inhibit the sustained
contraction.

Effects of PAH and simvastatin on NO/cGMP-mediated vasodilation

Acetylcholine (ACh) evoked concentration-dependent relaxation of U46619-constricted ves-
sels from control animals (Fig 2A) but had little effect on MCT vessels (Fig 2B). Fig 7A com-
pares ACh concentration-relaxation curves from control and MCT arteries, with and without
simvastatin treatment. Control vessels relaxed with pECso = 6.9 £ 0.1 and E,,,x =71 £ 11%

(n = 6), values that were not significantly changed by simvastatin (pECsp = 6.7 £ 0.1, Ejax =

60 £ 11%, n = 6). In contrast, the maximum relaxation achieved by 10 uM ACh in MCT vessels
was only 7 £ 10% (n = 9), but it reached 34 + 4% (n = 6, P = 0.05, unpaired t-test) after simva-
statin treatment.
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2-way RM ANOVA with Tukey’s multiple comparisons test. B) Comparison of healthy vessel contraction to KCI, phenylephrine and U46619 in the presence
of 10 uM Y27632, before and after exposure to simvastatin. * differs significantly from KCI in Y27632 by paired t-test. C) ROCK activity in arteries from 9 rats
in the absence (con) or presence of 30 nM U46619 (U46), with or without the addition of 5 uM simvastatin (simv). *differs significantly from control and
U46619 alone by one-way ANOVA with Tukey’s multiple comparisons test.

https://doi.org/10.1371/journal.pone.0220473.9004

Relaxation to SNP was also reduced in MCT vessels, but not restored by simvastatin (Fig
7B). SNP relaxed control arteries with pECsy = 7.8 + 0.2 and E,;,,, = 87 + 4% (n = 6) at ~1 puM,
and following simvastatin treatment the values were unchanged (pECsq = 7.96 + 0.07, E .,y =
89 + 3%, n = 8). In MCT arteries, the SNP concentration-response curve was shifted to higher
concentrations. As the maximum was not always clear, sensitivity to SNP was compared in
control and MCT vessels using the SNP concentration that gave 50% reduction of the
U46619-induced tone: 15 + 0.4 nM (n = 6) in control vessels and 104 + 2 nM (n = 8) in MCT
vessels. Thus, there was a 7-fold loss of potency in vessels from MCT-treated rats (Mann-Whit-
ney U Test). Simvastatin significantly inhibited responses to SNP in MCT vessels (two-way
RM ANOVA), but only at SNP concentrations >100 nM.

Discussion

Exposure of rat pulmonary arteries to simvastatin caused pronounced inhibition of vasocon-
strictor responses to smooth muscle depolarisation (KCl), o;-adrenoceptor activation
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https://doi.org/10.1371/journal.pone.0220473.9005

(phenylephrine), TP receptor activation (U46619) and eNOS inhibition (L-NAME). Simva-
statin had the same effects on healthy and diseased vessels, except that it additionally reduced
basal tension in diseased arteries. The inhibition of vasoconstrictor responses did not require
an intact endothelium or functional eNOS, but resulted from direct interaction with smooth
muscle cells. The ability of Y27632 to both mimic and prevent the effects of simvastatin on
phenylephrine and U46619-induced contractions indicates the involvement of ROCK inhibi-
tion. This is supported by the loss of ROCK activity in simvastatin-treated arteries. The relative
resistance of KCl-induced contraction to Y27632, despite inhibition by simvastatin, implies an
additional action of simvastatin, independent of ROCK activity. The additional action could
be inhibition of L-type Ca®" channels, as suggested by simvastatin inhibition of Mn>*
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https://doi.org/10.1371/journal.pone.0220473.9006

quenching of fura-2 fluorescence. In contrast, simvastatin failed to inhibit contraction result-
ing from the blockade of SERCA (thapsigargin and CPA), which raises myocyte Ca>* concen-
tration via a mechanism that bypasses Ca®* channels or receptor activation [32].

TP and o, -adrenergic receptors are G-protein coupled receptors (GPCRs). Both couple to
Gg/11 [33], which promotes the activation of RhoA [34,35] and downstream ROCK signalling.
U46619 did not induce a detectable increase in the ROCK activity of isolated pulmonary arter-
ies. ROCK is, however, expressed in all of the cells that comprise pulmonary arteries, including
smooth muscle, endothelium and fibroblasts [36,37]. Thus changes in smooth muscle ROCK
induced by TP receptor activation may not be large enough to detect above the background of
activity from other cells. It proved impossible to isolate the smooth muscle and retain sufficient

PLOS ONE | https://doi.org/10.1371/journal.pone.0220473  August 1,2019 12/17


https://doi.org/10.1371/journal.pone.0220473.g006
https://doi.org/10.1371/journal.pone.0220473

@ PLOS|ONE

Endothelium-independent pulmonary artery relaxation by simvastatin

A

100

8 100

% Relaxation
3 ~
o (4]

I I

N
03]
I

o
|

.5 Fis)
g
® 50
3
o
X 25
0
I
-8
e control

7 6 5 9 & 7 -6
log [ACh (M)] log [SNP (M)]

mMCT o control + simvastatin o MCT + simvastatin

Fig 7. Simvastatin improves endothelial function in PAH. Concentration-response relationships for PA relaxation induced by ACh (A) and
SNP (B) in arteries from control and MCT-treated rats, with and without simvastatin (5 tM) pre-treatment. Arteries were constricted with 30
nM U46629 until a stable plateau was reached then ACh (10 nM—10 pM) or SNP (1 nM—1 pM) was applied cumulatively. Relaxation was
measured as percent of U46619-induced tone. Data represent mean + s.e.m. of 6-9 animals. * differs significantly from the control response of
MCT vessels at the same dilator concentration (unpaired t-test).
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tissue for assaying ROCK activity. Although we tried to destroy the endothelium, its removal
from all vessels could not be verified. Our result does not therefore conflict with the established
ability of GPCRs to stimulate ROCK. Indeed, U46619 is known to stimulate the translocation
of RhoA to the membrane and activate ROCK in cultured rat pulmonary artery smooth muscle
cells [38]. By interfering with this pathway, simvastatin could inhibit RhoA/ROCK-dependent
Ca”"-sensitisation of the contractile proteins, which maintains contraction during agonist
stimulation [9]. Simvastatin must act on a pathway that is activated by GPCRys, as it failed to
inhibit Ca**-evoked contraction caused by inhibiting SERCA. Statins can disrupt GPCR sig-
nalling by interfering with the prenylation of Gy subunits [39] and this could also contribute
to the anti-contractile effect of simvastatin.

Ca**-sensitisation is less important for contraction mediated by smooth muscle depolarisa-
tion. This was confirmed by the smaller effect of Y27632 on responses to KCl compared with
receptor activation, in agreement with previous studies [10,11]. Additional mechanisms are
therefore needed to explain why simvastatin reduced responses to KCl as effectively as it
reduced GPCR-stimulated contraction. KClI contracts smooth muscle by depolarising the cell
membrane and stimulating Ca** influx through voltage-gated, L-type Ca®>* channels. Conse-
quently, the L-type Ca*"-channel blocker, nifedipine, almost abolished responses to KCI, while
reducing phenylephrine and U46619 contraction by only 50% in control arteries. Simvastatin
slowed the rate at which Mn** quenched fura-2 fluorescence in K*-depolarised pulmonary
artery smooth muscle cells. As Mn>* can only enter the cell to quench fluorescence when Ca>*
channels are open [30], this indicates that simvastatin inhibited Ca* influx. Thus, simvastatin
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most likely inhibited L-type Ca®* channels as reported previously for basilar artery smooth
muscle cells [12], cardiac myocytes [13] and pancreatic B-cells [40].

Simvastatin also inhibited contractile responses to L-NAME, which occur only in vessels
with an intact endothelium [41-44]. L-NAME blocks the constitutive release of NO from the
endothelium, which helps to maintain low resting tone by masking myogenic tone. The
response amplitude was similar in healthy and diseased vessels, although eNOS inhibition has
been reported to contract hypertensive arteries more effectively [41,42,44]. Both ROCK and
Ca®" entry through L-type channels have been shown to mediate contraction induced by
L-NAME [41,45], so inhibition of these pathways could explain the susceptibility to simva-
statin. In PAH, pulmonary arteries develop basal tension in the absence of stimulation, even
when the endothelium is intact [42,44]; this is not seen in healthy arteries and is a recognised
characteristic of PAH. The appearance of intrinsic tone in PAH is associated with progressive
smooth muscle depolarisation [44] and can be reversed by nifedipine [41] and inhibitors of
ROCK [46], implying the involvement of L-type Ca** channels and RhoA/ROCK-mediated
Ca®" sensitisation. Thus, nifedipine and Y27632 relaxed unstimulated arteries from MCT-
treated animals, while having no effect on healthy vessels. The raised basal tone in hypertensive
arteries was also suppressed by simvastatin, consistent with it inhibiting ROCK and Ca*"
channels.

We found no evidence that simvastatin suppressed contraction by stimulating AMPK and
constitutive eNOS activity, as proposed to explain similar actions on mesenteric arteries [16].
While simvastatin could employ different mechanisms in different vascular beds, it seems
unlikely. Although the earlier study found that dorsomorphin prevented simvastatin from
inhibiting contraction, the concentration employed was10-fold higher than used here and
100-fold higher than required for 50% block of AMPK [27]. Dorsomorphin is non-specific
above 1 uM and one of its many targets is the ROCK2 isoform [27,47]. Inhibition of ROCK
activity may therefore account for the ability of dorsomorphin to prevent simvastatin from
inhibiting mesenteric artery contraction.

Consistent with the findings of in vivo studies [], simvastatin exposure appeared to improve
the dysfunctional endothelium that developed in PAH [17-20], although the effect was small.
In this respect simvastatin affected diseased and healthy vessels differently. Healthy arteries
showed no sign of enhanced relaxation either to ACh or the endothelium-independent dilator
SNP. As simvastatin enhanced the relaxation of hypertensive arteries to ACh, but not SNP,
this effect must be due to an action on the endothelium. During acute exposure to simvastatin,
eNOS activity could be enhanced as a result of post-translational modification of the protein
[48]. Longer exposure may be needed to increase eNOS expression and significantly restore
endothelium-dependent dilation.

Conclusions

The main effect of acute simvastatin exposure is to promote vasodilation through a direct
interaction with smooth muscle. Simvastatin prevents vasoconstrictors from contracting
smooth muscle and relaxes hypertensive arteries even in the absence of a constrictor stimulus.
We propose that these effects are mediated by loss of ROCK-dependent Ca** sensitisation and
inhibition of Ca®" entry through L-type Ca>" channels.

Supporting information

S1 Fig. Effects of Y27632 and nifedipine on contraction of endothelium-denuded pulmo-
nary arteries.
(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0220473  August 1,2019 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220473.s001
https://doi.org/10.1371/journal.pone.0220473

@ PLOS|ONE

Endothelium-independent pulmonary artery relaxation by simvastatin

Acknowledgments

Dr. Anna Hemnes and Ms Niki Fortune (Vanderbilt University, USA) provided training in
echocardiography and Dr Elizabeth Cartwright (University of Manchester) helped with in vivo
work. We are grateful to Dr Holly Shiels and Ms Charlotte Marris for the loan and help with
their fura-2 rig.

Author Contributions

Conceptualization: Mais Absi, Alison M. Gurney.

Data curation: Alison M. Gurney.

Formal analysis: Mais Absi, Basma G. Eid, Alison M. Gurney.

Funding acquisition: George Hart, Alison M. Gurney.

Investigation: Mais Absi, Basma G. Eid, Alison M. Gurney.

Methodology: Mais Absi, Alison M. Gurney.

Project administration: Alison M. Gurney.

Supervision: Nick Ashton, George Hart, Alison M. Gurney.

Writing - original draft: Mais Absi, Alison M. Gurney.

Writing - review & editing: Nick Ashton, George Hart, Alison M. Gurney.

References

1.

10.

11.

Oesterle A, Laufs U, Liao JK. Pleiotropic effects of statins on the cardiovascular system. Circulation
Research. 2017; 120: 229-243. https://doi.org/10.1161/CIRCRESAHA.116.308537 PMID: 28057795

Omori H, Nagashima H, Tsurumi'Y, Takagi A, Ishizuka N, Hagiwara N, et al. 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. 2002; 54: 395-399. https://doi.org/10.
1046/j.1365-2125.2002.01677.x PMID: 12392587

Muck W. Clinical pharmacokinetics of cerivastatin. Clin Pharmacokinet. 2000; 39: 99—116. https://doi.
org/10.2165/00003088-200039020-00002 PMID: 10976657

Nakagami H, Jensen KS, Liao JK. A novel pleiotropic effect of statins: prevention of cardiac hypertrophy
by cholesterol-independent mechanisms. Ann Med. 2003; 35: 398—403. https://doi.org/10.1080/
07853890310001294 PMID: 14572163

Dimmeler S, Fleming |, Fisslthaler B, Hermann C, Busse R, Zeiher AM. Activation of nitric oxide
synthase in endothelial cells by Akt-dependent phosphorylation. Nature. 1999; 399: 601-605. https://
doi.org/10.1038/21224 PMID: 10376603

Mraiche F, Cena J, Das D, Vollrath B. Effects of statins on vascular function of endothelin-1. Br J Phar-
macol. 2005; 144: 715-726. https://doi.org/10.1038/sj.bjp.0706114 PMID: 15678081

Li X-L, Guan R-J, Li J-J. Attenuation of monocrotaline-induced pulmonary arterial hypertension in rats
by rosuvastatin. J Cardiovasc Pharmacol. 2012; 60: 219-226. https://doi.org/10.1097/FJC.
0b013e31825cce63 PMID: 22592772

Kang S, Woo HH, Kim K, Lim KM, Noh JY, Lee MY, et al. Dysfunction of vascular smooth muscle and
vascular remodeling by simvastatin. Toxicol Sci. 2014; 138: 446-556. https://doi.org/10.1093/toxsci/
kfu011 PMID: 24449418

Jernigan NL, Resta TC. Calcium homeostasis and sensitization in pulmonary arterial smooth muscle.
Microcirculation. 2014; 21: 259-271. https://doi.org/10.1111/micc.12096 PMID: 24118444

Robertson TP, Dipp M, Ward JP, Aaronson PI, Evans AM. Inhibition of sustained hypoxic vasoconstric-
tion by Y-27632 in isolated intrapulmonary arteries and perfused lung of the rat. Br J Pharmacol. 2000;
131: 5-9. https://doi.org/10.1038/sj.bjp.0703537 PMID: 10960061

Uehata M, Ishizaki T, Satoh H, Ono T, Kawahara T, Morishita T, et al. Calcium sensitization of smooth
muscle mediated by a Rho-associated protein kinase in hypertension. Nature. 1997; 389: 990—4.
https://doi.org/10.1038/40187 PMID: 9353125

PLOS ONE | https://doi.org/10.1371/journal.pone.0220473  August 1,2019 15/17


https://doi.org/10.1161/CIRCRESAHA.116.308537
http://www.ncbi.nlm.nih.gov/pubmed/28057795
https://doi.org/10.1046/j.1365-2125.2002.01677.x
https://doi.org/10.1046/j.1365-2125.2002.01677.x
http://www.ncbi.nlm.nih.gov/pubmed/12392587
https://doi.org/10.2165/00003088-200039020-00002
https://doi.org/10.2165/00003088-200039020-00002
http://www.ncbi.nlm.nih.gov/pubmed/10976657
https://doi.org/10.1080/07853890310001294
https://doi.org/10.1080/07853890310001294
http://www.ncbi.nlm.nih.gov/pubmed/14572163
https://doi.org/10.1038/21224
https://doi.org/10.1038/21224
http://www.ncbi.nlm.nih.gov/pubmed/10376603
https://doi.org/10.1038/sj.bjp.0706114
http://www.ncbi.nlm.nih.gov/pubmed/15678081
https://doi.org/10.1097/FJC.0b013e31825cce63
https://doi.org/10.1097/FJC.0b013e31825cce63
http://www.ncbi.nlm.nih.gov/pubmed/22592772
https://doi.org/10.1093/toxsci/kfu011
https://doi.org/10.1093/toxsci/kfu011
http://www.ncbi.nlm.nih.gov/pubmed/24449418
https://doi.org/10.1111/micc.12096
http://www.ncbi.nlm.nih.gov/pubmed/24118444
https://doi.org/10.1038/sj.bjp.0703537
http://www.ncbi.nlm.nih.gov/pubmed/10960061
https://doi.org/10.1038/40187
http://www.ncbi.nlm.nih.gov/pubmed/9353125
https://doi.org/10.1371/journal.pone.0220473

@ PLOS|ONE

Endothelium-independent pulmonary artery relaxation by simvastatin

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Bergdahl A, Persson E, Hellstrand P, Sward K. Lovastatin induces relaxation and inhibits L-type Cca®
current in the rat basilar artery. Pharmacol Toxicol. 2003; 93: 128-34. https://doi.org/10.1034/j.1600-
0773.2003.930304.x PMID: 12969437

Vaquero M, Caballero R, Gomez R, Nufiez L, Tamargo J, Delpdn E. Effects of atorvastatin and simva-
statin on atrial plateau currents. J Mol Cell Cardiol. 2007; 42: 931-945. https://doi.org/10.1016/j.yjmcc.
2007.03.807 PMID: 17466325

Tesfamariam B, Frohlich BH Gregg RE. Differential effects of pravastatin, simvastatin, and atorvastatin
on Ca®* release and vascular reactivity. J Cardiovasc Pharmacol. 1999; 34: 95-101. https://doi.org/10.
1097/00005344-199907000-00016 PMID: 10413074

Ng LL, Davies JE, Wojcikiewicz RJ. 3-Hydroxy-3-methyl glutaryl coenzyme A reductase inhibition mod-
ulates vasopressin-stimulated Ca®* responses in rat A10 vascular smooth muscle cells. Circ Res. 1994;
74:173-81. https://doi.org/10.1161/01.res.74.2.173 PMID: 8293556

Rossoni LV, Wareing M, Wenceslau CF, Al-Abri M, Cobb C, Austin C. Acute simvastatin increases
endothelial nitric oxide synthase phosphorylation via AMP-activated protein kinase and reduces con-
tractility of isolated rat mesenteric resistance arteries. Clin Sci. 2011; 121: 449-458. hitps://doi.org/10.
1042/CS20110259 PMID: 21671887

Nishimura T, Vaszar LT, Faul JL, Zhao G, Berry GJ, ShiL, et al. Simvastatin rescues rats from fatal pul-
monary hypertension by inducing apoptosis of neointimal smooth muscle cells. Circulation. 2003; 108:
1640-1645. https://doi.org/10.1161/01.CIR.0000087592.47401.37 PMID: 12963647

Girgis RE, Li D, Zhan X, Garcia JGN, Tuder RM, Hassoun PM, et al. Attenuation of chronic hypoxic pul-
monary hypertension by simvastatin. Am J Physiol. 2003; 285: H938-45. https://doi.org/10.1152/
ajpheart.01097.2002 PMID: 12750068

Taraseviciene-Stewart L, Scerbavicius R, Choe KH, Cool C, Wood K, Tuder RM, et al. Simvastatin
causes endothelial cell apoptosis and attenuates severe pulmonary hypertension. Am J Physiol. 2006;
291:L668-76. https://doi.org/10.1152/ajplung.00491.2005 PMID: 16698853

Zhao L, Sebkhi A, Ali O, Wojciak-Stothard B, Mamanova L, Yang Q, et al. Simvastatin and sildenafil
combine to attenuate pulmonary hypertension. Eur Respir J. 2009; 34: 948-957. https://doi.org/10.
1183/09031936.00143508 PMID: 19797670

Laufs U, La Fata V, Liao JK. Inhibition of 3-hydroxy-3-methylglutaryl (HMG)-CoA reductase blocks hyp-
oxia-mediated down-regulation of endothelial nitric oxide synthase. J Biol Chem. 1997; 272: 31725—
31729. https://doi.org/10.1074/jbc.272.50.31725 PMID: 9395516

McGrath JC, Lilley E. Implementing guidelines on reporting research using animals (ARRIVE etc.): New
requirements for publication in BJP. Br J Pharmacol 2015; 172: 3189-3193. https://doi.org/10.1111/
bph.12955 PMID: 25964986

Rudski L, Lai W, Afilalo J, Hua L, Handschumacher M, Chandrasekaran K, et al. Guidelines for the
echocardiographic assessment of the right heart in adults: A report from the American Society of Echo-
cardiography. J Am Soc Echocardiogr. 2010; 23: 685-713. https://doi.org/10.1016/j.echo.2010.05.010
PMID: 20620859

Urboniene D, Haber |, Fang YH, Thenappan T, Archer SL. Validation of high-resolution echocardiogra-
phy and magnetic resonance imaging vs. high-fidelity catheterization in experimental pulmonary hyper-
tension. Am J Physiol. 2010; 299: L401-12. https://doi.org/10.1152/ajplung.00114.2010 PMID:
20581101

Koskenvuo JW, Mirsky R, Zhang Y, Angeli FS, Jahn S, Alastalo TP, et al. A comparison of echocardiog-
raphy to invasive measurement in the evaluation of pulmonary arterial hypertension in a rat model. Int J
Cardiovasc Imaging. 2010; 26: 509-518. https://doi.org/10.1007/s10554-010-9596-1 PMID: 20140524

Temple IP, Logantha SJRJ, Absi M, Zhang Y, Pervolaraki E, Yanni J, et al. Atrioventricular Node Dys-
function and lon Channel Transcriptome in Pulmonary Hypertension. Circ Arrhythmia Electrophysiol.
2016; 9: pii: e003432. https://doi.org/10.1161/CIRCEP.115.003432 PMID: 27979911

Bain J, Plater L, Elliott M, Shpiro N, Hastie CJ, Mclauchlan H, et al. The selectivity of protein kinase
inhibitors: a further update. Biochem J. 2007; 408: 297-315. https://doi.org/10.1042/BJ20070797
PMID: 17850214

Clapp LH, Gurney AM. Modulation of calcium movements by nitroprusside in isolated vascular smooth
muscle cells. Pfligers Arch. 1991; 418: 462—470. https://doi.org/10.1007/bf00497774 PMID: 1891338

Clapp LH, Gurney AM. Outward currents in rabbit pulmonary artery cells dissociated with a new tech-
nique. Exp Physiol. 1991; 76: 677-93. https://doi.org/10.1113/expphysiol.1991.sp003535 PMID:
1742010

Merritt JE, Jacob R, Hallam TJ. Use of manganese to discriminate between calcium influx and mobiliza-
tion from internal stores in stimulated human neutrophils. J Biol Chem. 1989; 264: 1522—-1427. PMID:
2536366

PLOS ONE | https://doi.org/10.1371/journal.pone.0220473  August 1,2019 16/17


https://doi.org/10.1034/j.1600-0773.2003.930304.x
https://doi.org/10.1034/j.1600-0773.2003.930304.x
http://www.ncbi.nlm.nih.gov/pubmed/12969437
https://doi.org/10.1016/j.yjmcc.2007.03.807
https://doi.org/10.1016/j.yjmcc.2007.03.807
http://www.ncbi.nlm.nih.gov/pubmed/17466325
https://doi.org/10.1097/00005344-199907000-00016
https://doi.org/10.1097/00005344-199907000-00016
http://www.ncbi.nlm.nih.gov/pubmed/10413074
https://doi.org/10.1161/01.res.74.2.173
http://www.ncbi.nlm.nih.gov/pubmed/8293556
https://doi.org/10.1042/CS20110259
https://doi.org/10.1042/CS20110259
http://www.ncbi.nlm.nih.gov/pubmed/21671887
https://doi.org/10.1161/01.CIR.0000087592.47401.37
http://www.ncbi.nlm.nih.gov/pubmed/12963647
https://doi.org/10.1152/ajpheart.01097.2002
https://doi.org/10.1152/ajpheart.01097.2002
http://www.ncbi.nlm.nih.gov/pubmed/12750068
https://doi.org/10.1152/ajplung.00491.2005
http://www.ncbi.nlm.nih.gov/pubmed/16698853
https://doi.org/10.1183/09031936.00143508
https://doi.org/10.1183/09031936.00143508
http://www.ncbi.nlm.nih.gov/pubmed/19797670
https://doi.org/10.1074/jbc.272.50.31725
http://www.ncbi.nlm.nih.gov/pubmed/9395516
https://doi.org/10.1111/bph.12955
https://doi.org/10.1111/bph.12955
http://www.ncbi.nlm.nih.gov/pubmed/25964986
https://doi.org/10.1016/j.echo.2010.05.010
http://www.ncbi.nlm.nih.gov/pubmed/20620859
https://doi.org/10.1152/ajplung.00114.2010
http://www.ncbi.nlm.nih.gov/pubmed/20581101
https://doi.org/10.1007/s10554-010-9596-1
http://www.ncbi.nlm.nih.gov/pubmed/20140524
https://doi.org/10.1161/CIRCEP.115.003432
http://www.ncbi.nlm.nih.gov/pubmed/27979911
https://doi.org/10.1042/BJ20070797
http://www.ncbi.nlm.nih.gov/pubmed/17850214
https://doi.org/10.1007/bf00497774
http://www.ncbi.nlm.nih.gov/pubmed/1891338
https://doi.org/10.1113/expphysiol.1991.sp003535
http://www.ncbi.nlm.nih.gov/pubmed/1742010
http://www.ncbi.nlm.nih.gov/pubmed/2536366
https://doi.org/10.1371/journal.pone.0220473

@ PLOS|ONE

Endothelium-independent pulmonary artery relaxation by simvastatin

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M.

42,

43.

44.

45.

46.

47.

48.

Curtis MJ, Bond RA, Spina D, Ahluwalia A, Alexander SPA, Giembycz MA, et al. Experimental design
and analysis and their reporting: New guidance for publication in BJP. Br J Pharmacol. 2015; 172:
3461-3471. https://doi.org/10.1111/bph.12856 PMID: 26114403

Ng LC, Gurney AM. Store-operated channels mediate Ca®* Influx and contraction in rat pulmonary
artery. Circ Res. 2001; 89: 923-929. https://doi.org/10.1161/hh2201.100315 PMID: 11701620

Alexander SPH, Davenport AP, Kelly E, Marrion N, Peters JA, Benson HE, et al. The concise guide to
pharmacology 2015/16: G protein-coupled receptors. Br J Pharmacol. 2015; 172: 5744—-5869. hitps://
doi.org/10.1111/bph.13348 PMID: 26650439

Chikumi H, Vazquez-Prado J, Servitja JM, Miyazaki H, Silvio Gutkind J. Potent activation of RhoA by
Gag and Gg-coupled receptors. J Biol Chem. 2002; 277: 27130-27134. https://doi.org/10.1074/jbc.
M204715200 PMID: 12016230

Khalil RA. Regulation of vascular smooth muscle function. Colloquium series on integrated systems
physiology: From molecule to function. San Rafael, CA: Morgan & Claypool Life Sciences; 2010.
Chapter 7. https://doi.org/10.4199/c00012ed1v01y201005isp007 PMID: 21634065

Loirand G, Guérin P, Pacaud P. Rho kinases in cardiovascular physiology and pathophysiology. Circ
Res. 2006; 98: 322—-334. https://doi.org/10.1161/01.RES.0000201960.04223.3c PMID: 16484628

Knipe RS, Tager AM, Liao JK. The Rho kinases: Critical mediators of multiple profibrotic processes and
rational targets for new therapies for pulmonary fibrosis. Pharmacol Rev. 2014; 67: 103-117. https:/
doi.org/10.1124/pr.114.009381 PMID: 25395505

Yi SL, Kantores C, Belcastro R, Cabacungan J, Tanswell AK, Jankov RP. 8-Isoprostane-induced
endothelin-1 production by infant rat pulmonary artery smooth muscle cells is mediated by Rho-kinase.
Free Radic Biol Med. 2006; 41: 942-949. https://doi.org/10.1016/j.freeradbiomed.2006.05.035 PMID:
16934677

Tennakoon M, Kankanamge D, Senarath K, Fasih Z, Karunarathne A. Statins perturb GBy signaling
and cell behavior in a Gy subtype dependent manner. Mol Pharmacol. 2019; 95: 361-375. https://doi.
org/10.1124/mol.118.114710 PMID: 30765461

Yada T, Nakata M, Shiraishi T, Kakei M. Inhibition by simvastatin, but not pravastatin, of glucose-
induced cytosolic Ca®* signalling and insulin secretion due to blockade of L-type Ca®>* channels in rat
islet beta-cells. Br J Pharmacol. 1999; 126: 1205-1213. https://doi.org/10.1038/sj.bjp.0702397 PMID:
10205010

Oka M, Hasunuma K, Webb SA, Stelzner TJ, Rodman DM, McMurtry IF. EDRF suppresses an unidenti-
fied vasoconstrictor mechanism in hypertensive rat lungs. AmJPhysiol. 1993; 264: L587-1597.

Wanstall JC, Hughes IE, O’Donnell SR. Evidence that nitric oxide from the endothelium attenuates
inherent tone in isolated pulmonary arteries from rats with hypoxic pulmonary hypertension. Br J Phar-
macol. 1995; 114: 109-114. https://doi.org/10.1111/j.1476-5381.1995.tb14913.x PMID: 7712005

Steeds RP, Thompson JS, Channer KS, Morice AH. Response of normoxic pulmonary arteries of the
rat in the resting and contracted state to NO synthase blockade. Br J Pharmacol. 1997; 122: 99-102.
https://doi.org/10.1038/sj.bjp.0701356 PMID: 9298534

Ito KM, Sato M, Ushijima K, Nakai M, Ito K. Alterations of endothelium and smooth muscle function in
monocrotaline-induced pulmonary hypertensive arteries. Am J Physiol. 2000; 279: H1786—1795.

Dhaliwal JS, Casey DB, Greco AJ, Badejo AM, Gallen TB, Murthy SN, et al. Rho kinase and Ca®* entry
mediate increased pulmonary and systemic vascular resistance in L-NAME-treated rats. Am J Physiol.
2007; 293: L1306—13. https://doi.org/10.1152/ajplung.00189.2007 PMID: 17766587

Nagaoka T, Morio Y, Casanova N, Bauer N, Gebb S, McMurtry |, et al. Rho/Rho kinase signaling medi-
ates increased basal pulmonary vascular tone in chronically hypoxic rats. Am J Physiol. 2004; 287:
L665-72. https:/doi.org/10.1152/ajplung.00050.2003 PMID: 12959926

Vogt J, Traynor R, Sapkota GP. The specificities of small molecule inhibitors of the TGFB3 and BMP
pathways. Cell Signal. 2011; 23: 1831-1842. https://doi.org/10.1016/j.cellsig.2011.06.019 PMID:
21740966

Aoki C, Nakano A, Tanaka S, Yanagi K, Ohta S, Jojima T, et al. Fluvastatin upregulates endothelial
nitric oxide synthase activity via enhancement of its phosphorylation and expression and via an increase
in tetrahydrobiopterin in vascular endothelial cells. Int J Cardiol. 2012; 156: 55-61. https://doi.org/10.
1016/j.ijcard.2010.10.029 PMID: 21093076

PLOS ONE | https://doi.org/10.1371/journal.pone.0220473  August 1,2019 17/17


https://doi.org/10.1111/bph.12856
http://www.ncbi.nlm.nih.gov/pubmed/26114403
https://doi.org/10.1161/hh2201.100315
http://www.ncbi.nlm.nih.gov/pubmed/11701620
https://doi.org/10.1111/bph.13348
https://doi.org/10.1111/bph.13348
http://www.ncbi.nlm.nih.gov/pubmed/26650439
https://doi.org/10.1074/jbc.M204715200
https://doi.org/10.1074/jbc.M204715200
http://www.ncbi.nlm.nih.gov/pubmed/12016230
https://doi.org/10.4199/c00012ed1v01y201005isp007
http://www.ncbi.nlm.nih.gov/pubmed/21634065
https://doi.org/10.1161/01.RES.0000201960.04223.3c
http://www.ncbi.nlm.nih.gov/pubmed/16484628
https://doi.org/10.1124/pr.114.009381
https://doi.org/10.1124/pr.114.009381
http://www.ncbi.nlm.nih.gov/pubmed/25395505
https://doi.org/10.1016/j.freeradbiomed.2006.05.035
http://www.ncbi.nlm.nih.gov/pubmed/16934677
https://doi.org/10.1124/mol.118.114710
https://doi.org/10.1124/mol.118.114710
http://www.ncbi.nlm.nih.gov/pubmed/30765461
https://doi.org/10.1038/sj.bjp.0702397
http://www.ncbi.nlm.nih.gov/pubmed/10205010
https://doi.org/10.1111/j.1476-5381.1995.tb14913.x
http://www.ncbi.nlm.nih.gov/pubmed/7712005
https://doi.org/10.1038/sj.bjp.0701356
http://www.ncbi.nlm.nih.gov/pubmed/9298534
https://doi.org/10.1152/ajplung.00189.2007
http://www.ncbi.nlm.nih.gov/pubmed/17766587
https://doi.org/10.1152/ajplung.00050.2003
http://www.ncbi.nlm.nih.gov/pubmed/12959926
https://doi.org/10.1016/j.cellsig.2011.06.019
http://www.ncbi.nlm.nih.gov/pubmed/21740966
https://doi.org/10.1016/j.ijcard.2010.10.029
https://doi.org/10.1016/j.ijcard.2010.10.029
http://www.ncbi.nlm.nih.gov/pubmed/21093076
https://doi.org/10.1371/journal.pone.0220473

