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BACKGROUND AND PURPOSE

Clinical studies indicate that statins have a BP-lowering effect in hypercholesterolemic individuals with hypertension.
Specifically, statins modulate BP through the up-regulation of endothelial NOS (eNOS) activation in the brain. However, the
signalling mechanisms through which statins enhance eNOS activation remain unclear. Therefore, we examined the possible
signalling pathways involved in statin-mediated BP regulation in the nucleus tractus solitarii (NTS).

EXPERIMENTAL APPROACH

To investigate the involvement of Ras and other signalling pathways in simvastatin-induced effects on BP, BP and renal
sympathetic nerve activity (RSNA) were determined in spontaneously hypertensive rats (SHRs) before and after i.c.v.
administration of simvastatin in the absence and presence of a Ras-specific inhibitor (farnesyl thiosalicylic acid, FTS), a
geranylgeranyltransferase inhibitor (GGTI-2133), a PI3K inhibitor (LY294002) or a MAPK-ERK kinase (MEK) inhibitor
(PD98059).

KEY RESULTS

FTS significantly attenuated the decrease in BP and increased NO evoked by simvastatin and reversed the decrease in basal
RSNA induced by simvastatin. Immunoblotting and pharmacological studies showed that inhibition of Ras activity by FTS
significantly abolished simvastatin-induced phosphorylation of ERK1/2, ribosomal protein S6 kinase (RSK), Akt and decreased
eNOS phosphorylation. Likewise, administration of Akt and ERK1/2 signalling inhibitors, LY294002 and PD98059, attenuated
the reduction in BP evoked by simvastatin. Furthermore, i.c.v. simvastatin decreased Rac1 activation and the number of
ROS-positive cells in the NTS.

CONCLUSIONS AND IMPLICATIONS
Simvastatin modulates central BP control in the NTS of SHRs by increasing Ras-mediated activation of the PI3K-Akt and
ERK1/2-RSK signalling pathways, which then up-regulates eNOS activation.
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Abbreviations

ACSF, artificial CSF; DAB, diaminobenzidine; eNOS, endothelial NOS; FPP, farnesyl pyrophosphate; FTI,
farnesyltransferase inhibitor; FTS, farnesyl thiosalicylic acid; GGPP, geranylgeranyl pyrophosphate; GGTI,
geranylgeranyltransferase inhibitor; iNOS, inducible NOS; LDL, low-density lipoprotein; MEK, MAP kinase-ERK kinase;
L-NIO, N(§)-(-iminoethyl)-L-ornithine; nNOS, neuronal NOS; NTS, nucleus tractus solitarii; PBST, PBS with Tween 20;
ROS, reactive oxygen species; RSK, ribosomal protein S6 kinase; RSNA, renal sympathetic nerve activity; RVLM, rostral
ventrolateral medulla; SBP, systolic BP; SHR, spontaneously hypertensive rats

Introduction

Statins are 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase inhibitors and are unambiguously useful for
patients with hypercholesterolemia (Halcox and Deanfield,
2004; Kanbay et al., 2005). In addition to their cholesterol-
lowering properties, statins exert a number of pleiotropic,
cholesterol-independent effects. These effects include
improvement in endothelial function, increased NO bioavail-
ability (Kishi et al., 2003) and antioxidant properties (Kishi
et al., 2008). Because endothelial dysfunction and reactive
oxygen species (ROS) are important pathophysiological deter-
minants of essential hypertension, these effects of statins
suggest that statin therapy may be useful for the simultane-
ous management of clinical hypertension (Koh et al., 2008).

By inhibiting mevalonate synthesis, statins also prevent
the synthesis of other important isoprenoid intermediates
of the cholesterol biosynthetic pathway, such as farnesyl
pyrophosphate (FPP) and geranylgeranyl pyrophosphate
(GGPP) (Liao, 2002). These intermediates serve as important
lipid attachments for the post-translational modification
of a variety of small GTPase moieties (McTaggart, 2006).
Protein isoprenylation provides the lipophilic anchors
that facilitate subcellular localization and intracellular traf-
ficking of membrane-associated proteins (Van Aelst and
D’Souza-Schorey, 1997).

NO is synthesized by NOS and there are three different
NOS isoforms: endothelial NOS (eNOS), neuronal NOS
(nNOS) and inducible NOS (iNOS) (Calabrese et al., 2007).
Our previous study revealed that the microinjection of an
inhibitor of NOS into the nucleus tractus solitarii (NTS) can
increase renal sympathetic nerve activity and induce a
pressor effect (Tseng et al., 1996). In addition, we demon-
strated that PI3K-Akt and ERK1/2-ribosomal protein S6 kinase
(RSK) signallings regulate eNOS to modulate BP in the NTS
(Huang et al., 2004; Ho etal.,, 2008; Cheng etal., 2012a;
2012b). Previously, statins have been reported to increase NO
bioavailability in patients with hypercholesterolemia (John
et al., 1998; 2001). Moreover, Walsh et al. demonstrated that
simvastatin induces Akt-regulated eNOS activation, which
leads to NO production and consequently promotes endothe-
lial cell survival (Kureishi etal.,, 2000). ERK1/2 has an
established role in mediating atorvastatin-induced eNOS acti-
vation (Merla et al., 2007). However, much remains to be
established about the mechanisms through which statins
evoke eNOS activation in the NTS.

In this study, we postulated that a central administration
of statins could induce depressor effects in the NTS. We clari-
fied which signalling cascades could be modulated by the
addition of simvastatin. In addition, we validated which
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small GTPase was involved in the simvastatin-induced effects
observed in the NTS. The results suggest that the Ras-PI3K-
Akt-eNOS and Ras-ERK1/2-RSK-eNOS cascades are involved in
simvastatin-mediated BP regulation in the NTS.

Methods

Experimental chemicals
All experimental drugs were purchased from Sigma-Aldrich
(St. Louis, MO, USA), unless otherwise noted.

Farnesyl thiosalicylic acid (FTS) was obtained from
Cayman Chemical (Ann Arbor, MI, USA). N(5)-(-iminoethyl)-
L-ornithine (L-NIO) was obtained from Calbiochem (Darm-
stadt, Germany). Simvastatin was obtained from Tocris
(Bristol, UK).

Animals

Twenty-week-old male spontaneously hypertensive rats
(SHRs) were obtained from the National Science Council
Animal Facility and housed in the animal facility of Kaohsi-
ung Veterans General Hospital (Kaohsiung, Taiwan). A total
of 108 rats were included in this study. The rats were
humanely treated at all times. The rats were housed in indi-
vidual cages in a room in which lighting was controlled (12 h
on/12 h off), and the temperature was maintained at 23 to
24°C. The rats were acclimatized to the housing conditions
for 1 week. They were then trained with indirect BP measure-
ments for 1 week. Then, the rats were randomly divided into
the four groups, with six rats per group (i) the Con group, in
which the SHRs received an i.c.v. injection of artificial CSF
(aCSF) as a vehicle; (ii) the Sim group, in which the SHRs
received an i.c.v. injection of simvastatin (28.5 nmol); (iii) the
FTS group, in which the SHRs received an i.c.v. injection of
FTS (0.7 nmol); and (iv) the Sim + FTS group, in which the
SHRs received an i.c.v. injection of FTS and then received an
i.c.v. infusion of simvastatin. The rats were given normal rat
chow (Purina, St. Louis, MO, USA) and tap water ad libitum.
All animal research protocols were approved by the Research
Animal Facility Committee of Kaohsiung Veterans General
Hospital and complied with their guidelines for animal
experiments. All results of this study involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010).

The i.c.v. injection procedure

Surgery was performed under sterile conditions. Rats (n = 90)
were anaesthetized with pentobarbital (50 mg kg™ i.p.) and
fixed in a stereotaxic instrument. The depth of anaesthesia was



assessed by monitoring palpebral, pedal and corneal reflexes. A
stainless steel cannula was positioned in the brain, with the tip
placed in the left lateral cerebral ventricle (0.8 mm posterior
and 1.5 mm mediolateral, with bregma). Polymerizing dental
orthodontic resin was applied to the surface of the skull, and
two protective screws were placed around the cannula. The
cannula was bent at a 90° angle and fixed again with dental
orthodontic resin. The i.c.v. infusion studies were performed
after a stabilization period, of at least a 30 min, after insertion
of the microinjector into the ventricular-guided cannula. BP
was monitored for 3 days after the infusion of the drugs. As a
vehicle control, the effect of an i.c.v. injection of aCSF
(142 mmol L' NaCl, 5 mmol L' KCI, 10 mmol L' glucose
and 10 mmol L' HEPES, pH 7.4) was analysed. Simvastatin
(28.5 nmol day ') and L-NIO (48 nmol day ') were dissolved in
aCSF; FTS (0.7 nmol day '), geranylgeranyltransferase inhibi-
tor (GGTI-2133; 25 pmol day™), PD98059 (18.7 nmol day")
and LY294002 (14.5 nmol day™) were first dissolved in DMSO
and then diluted with aCSF to make a 1% final DMSO concen-
tration. The basal BP was examined before injection. Thei.c.v.
infusions were performed over a 2-min period with drugs and
delivered in a volume of 5 uL from day O to day 3 by daily
injection, single bolus. Simvastatin and inhibitors were
injected simultaneously.

BP measurement

Using a tail-cuff method as described previously (Kubota
etal., 2006) (Model MK-2000 Storage Pressure Meter,
Muromachi Kikai, Tokyo, Japan), 24 rats were randomly
divided into four groups for systolic BP (SBP) measurement.
The SBP was measured before the start of treatments (day 0).
The animals were placed in the fixer for 30 min. With this
method, the re-appearance of pulsation on a digital display of
the BP cuff was detected by a pressure transducer; this pulsa-
tion was amplified and recorded as the SBP. During the meas-
urement, 10 individual readings were obtained in rapid
sequence. The highest and the lowest readings were excluded,
and the remaining eight readings were averaged.

Renal sympathetic nerve activity

(RSNA) recording

The left kidney of the rats studied (n = 24) was exposed using
a retroperitoneal dissection. A nerve fascicle to the kidney
was isolated. A bipolar electrode was placed under the nerve
and covered with silicone gel. The signals were amplified and
passed through a band pass filter (10-3 K Hz, DAMSO-E,
World Precision Instruments Inc., Sarasota, FL, USA) dis-
played on an oscilloscope. The filtered nerve activity signal
was rectified, integrated and collected for displaying and
analysis using a PowerLab 35 Series data acquisition system
(AD Instruments, Bella Vista, New South Wales, Australia).

Measurement of NO in the NTS

Five groups of rats (six rats per group, n = 30) were enrolled in
this experiment. The rats were killed with an overdose of
urethane and the brainstems were removed immediately. The
NTS was dissected by micropunch (1-mm inner diameter)
from a 1-mm thick brainstem slice at the level of the obex
under a microscope. Total protein was prepared by homog-
enizing the NTS tissue in lysis buffer and deproteinized using
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Microcon YM-30 centrifugal filter units (Millipore, Bedford,
MA, USA). The amount of total NO in the samples was deter-
mined using a modified procedure based on the purge system
of Sievers Nitric Oxide Analyzer (NOA 280i) (Sievers Instru-
ments, Boulder, CO, USA), which involves the use of chemi-
luminescence (Cheng etal., 2010). Samples (10 uL) were
injected into a reflux column containing 0.1 mol L™ VCl; in
1 mol L™ HCI at 90°C to reduce any nitrates and nitrites to
NO. NO then combined with the O; produced by the analyser
to form NO,. The resulting emission from the excited NO,
was detected by a photomultiplier tube and recorded digitally
(mV). The values were then interpolated using a standard
curve of NaNO; concentrations that was determined concur-
rently. Measurements were made in triplicate for each
sample. The NO levels measured were corrected for the NTS of
the rats studied.

In situ detection of ROS in NTS

The endogenous in vivo ROS production of the NTS was
determined by dihydroethidium (DHE; Invitrogen, Carlsbad,
CA, USA) staining (Cheng et al., 2010). The NTS was dissected
from the rats studied (n = 12), quickly frozen, embedded in
optimum cutting temperature and then placed in liquid
nitrogen. Cryostat slices (30 um) were stained in the dark for
30 min at 37°C with a 1 uM solution of DHE. The samples
were analysed using fluorescence microscopy and the Zeiss
LSM Image (Carl Zeiss Microlmaging, Gottingen, Germany)
programme.

Immunoblotting analysis

The NTSs of the rats studied (n = 48) were removed after
injection of drugs. Total protein was prepared by homogeniz-
ing the NTS for 1 h at 4°C in a lysis buffer and proteinase
inhibitor cocktail. Protein extracts (20 ug per sample as
assessed with the bicinchoninic acid protein assay, Thermo
Fisher Scientific Inc., Rockford, IL, USA) were subjected to 6 to
12.5% SDS-Tris glycine gel electrophoresis and transferred to
a PVDF membrane (GE Healthcare, Buckingamshire, UK). The
membranes were blocked and incubated at 4°C overnight
with the appropriate antibody: anti-P-ERK1/2T2°%¥24 (1:1000;
Cell Signaling Technology, Danvers, MA, USA), anti-ERK1/2
(1:1000; Cell Signaling Technology), anti-P-Akt**”® (1:1000;
Cell Signaling Technology), anti-Akt (1:1000; Cell Signaling
Technology), anti-P-RSK™*/3¢* (1:1000; Cell Signaling Tech-
nology), anti-RSK (1:1000; Cell Signaling Technology), anti-
AMPK"”? (1:1000; Cell Signaling Technology), anti-AMPK
(1:1000; Cell Signaling Technology), anti-P-eNOS*!”7 (1:1000;
BD Biosciences, San Jose, CA, USA) and anti-eNOS (1:1000;
BD Biosciences). In addition, anti-actin (1:10000; Millipore),
anti-P-nNOS*'*'¢ (1:1000; Abcam, Cambridge, UK), anti-nNOS
(1:2000; Millipore) and anti-iNOS (1:1000; Millipore) were
also utilized and were diluted in PBS with Tween 20 with 5%
BSA. HRP-conjugated anti-mouse (1:10000) or anti-rabbit
antibody (1:10000) was used as the secondary antibody, and
membranes were incubated with these antibodies at room
temperature for 1 h. The membranes were developed with the
ECL-Plus detection kit (GE Healthcare).

Ras activation assay
Ras activation was measured using a Ras Activation ELISA

Assay Kit (Millipore) following the manufacturer’s

British Journal of Pharmacology (2013) 170 847-858 849



BJP W-H Cheng et al.

instructions (n = 24 animals). The assay was initiated by the
addition of the recombinant Ras-binding domain of Raf-1 to
a glutathione-coated ELISA plate via a GST/glutathione inter-
action, thus capturing the active Ras and allowing the
inactive/GDP-bound Ras to be washed away. The captured
active Ras was detected and measured quantitatively through
the addition of a monoclonal anti-Ras antibody that detects
Ras isoforms from rats. An HRP-conjugated secondary
antibody was then added for the detection. Following the
addition of the chemiluminescent substrate, signals were
measured using a luminometre (Promega, Madison, WI,
USA). We also performed a pull-down assay for activated Ras
(Millipore). Lysates from the NTS of drug-stimulated rats were
precipitated with the Raf-1 Ras-binding domain bound to
agarose beads, and the bead-associated proteins were ana-
lysed by immunoblotting analysis with an anti-Ras antibody.

Racl activation assay

The extent of Racl activation was measured with the G-LISA
Racl Activation Assay Biochem Kit (Cytoskeleton, Denver,
CO, USA) according to the manufacturer’s protocol (n =12
rats). This luminescence kit is an ELISA-based assay that
measures the GTP-bound form of Racl. The chemilumines-
cent signals were obtained using a luminometre (Promega).

Statistical analysis

Student’s paired t-test (for comparisons of BP measurements)
and one-way aNovAa with Scheffe’s post hoc comparison were
used to compare group differences. Differences with P < 0.05
were considered significant. All data are expressed as the
mean + SEM.

Results

Central administration of simvastatin induces
a systemic vasodepressor effect and NO
release through Ras activation in the NTS

In this study, we utilized SHRs as an essential hypertension
model to investigate the cardiovascular effects that underlie
the i.c.v. infusion of simvastatin into the brain. Figure 1A and
Supporting Information Figure S1B show the time course
measurements of SBP, taken after the administration of sim-
vastatin beginning at day O and continuing to day 3. The
maximal decrease in SBP was observed 3 days after simvasta-
tin treatment. DMSO and aCSF (used as solvents) did not
influence BP. NO production in the NTS was significantly
increased after treatment with simvastatin for 3 days
(Figure 1B, lane 1 and lane 2). In addition, we observed a
decrease in basal RSNA at day 3 after i.c.v. infusion of simv-
astatin compared with the control group (Figure 1C). Inter-
estingly, treatment with simvastatin markedly enhanced Ras
activation in the NTS (Figure 1D and E, lanes 1 and 2). In
addition, we determined whether Ras is involved in the
simvastatin-induced depressor response and NO production.
Co-administration of simvastatin with a Ras-specific inhibi-
tor, FTS, blocked the simvastatin-induced depressor response
in the SHRs, and also the decrease in basal RSNA and NO
release in the NTS (Figure 1A-C). The stimulant effect of
simvastatin on Ras activation was also reduced after FTS
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co-treatment (Figure 1D and E, lane 4). These results indicate
that Ras activity is required for the simvastatin-induced NO
release and depressor response.

Geranylgeranyl pyrophosphate may have a
role in central BP modulation

GGPP is a 20-carbon lipid that is necessary for the function of
proteins such as Rho and Rac (Maurer-Stroh et al., 2003). We
infused GGTI-2133 i.c.v. to explore the effects of GGPP on BP
regulation and found that it partially decreased the SBP
(Figure 2A). NO production in the NTS increased after treat-
ment with GGTI for 3 days (Figure 2B). From the results
shown in Figure 2A and B, GGPP may be involved in central
BP regulation in the NTS. Statins can inhibit the synthesis
of GGPPs, which help prenylate membrane-bound Racl
(Goldstein and Brown, 1990). We next determined whether
Racl was involved in the simvastatin-mediated response.
Central administration of simvastatin significantly reduced
Racl activation in the NTS compared with the control group
(Figure 2C). Moreover, previous studies suggested that activa-
tion of Racl in the NTS contributed to superoxide generation
and subsequent hypertension (Nozoe et al., 2007). Figure 2D
shows many cells in the NTS of SHRs with high DHE fluores-
cence activity. Pretreatment with simvastatin significantly
decreased the DHE activity.

Simvastatin may activate the PI3K-Akt-eNOS

and ERK1/2-RSK-eNOS cascades through Ras

signalling to modulate BP control in the NTS

We assessed the role of Ras in simvastatin-mediated NO pro-
duction within the NTS. Central administration of simvasta-
tin markedly increased the level of eNOS phosphorylation at
Ser''”7; the addition of FTS reversed simvastatin-induced
eNOS phosphorylation (Figure 3A). Similarly, there were
increases in the phosphorylation of Akt, ERK1/2 and RSK in
the NTS following central administration of simvastatin. In
addition, Figure 3E shows that the simvastatin-induced
depressor effect was attenuated by the NOS inhibitor, L-NIO.
Conversely, immunoblotting analyses of proteins extracted
from the NTS demonstrated that i.c.v. treatment with
simvastatin did not influence nNOS phosphorylation at
Ser''® or iNOS protein expression compared with the con-
trol group (Figure 3F). An i.c.v. infusion of FIS with
simvastatin abolished the simvastatin-mediated phosphor-
ylation of Akt, ERK1/2 and RSK in the NTS, suggesting that
simvastatin-induced activation of eNOS is dependent on the
Ras-mediated up-regulation of the PI3K-Akt-eNOS and ERK1/
2-RSK-eNOS cascades.

A PI3K inhibitor and a MAPK-ERK kinase
(MEK) inhibitor attenuated simvastatin-
induced PI3K-Akt-eNOS and ERK1/2-RSK-
eNOS pathway activity in the NTS

Next, we performed pharmacological studies to further eluci-
date the involvement of the PI3K-Akt and MEK-ERK1/2-RSK
cascades in simvastatin-induced eNOS phosphorylation. As
depicted in Figure 4A, immunoblotting analyses showed that
i.c.v. infusion of LY294002 with simvastatin attenuated the
simvastatin-induced phosphorylation of Akt at Ser*”® and
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Figure 1

Activation of Ras is required for simvastatin-mediated NO production and BP modulation in the nucleus tractus solitarii (NTS). (A) Time course of
SBP after i.c.v. administration of simvastatin for 3 days. SBP was measured on days 0, 1, 2 and 3 after administration. Note that a significant decrease
in SBP reached maximal levels at day 3 in the simvastatin-treated group. The depressor effect was reduced by treatment with FTS. (B) Quantification
of NO concentrations in the NTS of rats. The bar graph shows the NO concentration. Treatment with simvastatin significantly increased NO levels
in the NTS compared with the control group. The elevation of NO production caused by simvastatin was abolished by FTS. (C) Representative
tracing show the baseline renal sympathetic nerve activity at day 3 after i.c.v. administration. The i.c.v. infusion of simvastatin produced a decrease
in RSNA. Treatment with FTS prevented the sympathoinhibitory effect of simvastatin. (D) Bar diagram showing the activation of Ras after treatment
with simvastatin or FTS. (E) Ras activation was determined with a pull-down assay and then detected by immunoblotting analysis using a specific
anti-Ras antibody. Note the significant increase in Ras activation after treatment with simvastatin. Simvastatin-mediated Ras activation was
attenuated by FTS. Values are shown as the mean + SEM, n = 6. *P < 0.05 versus control group and *P < 0.05 versus simvastatin group.
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eNOS at Ser''”” in the NTS. In addition, i.c.v. infusion of
PD98059 with simvastatin attenuated the simvastatin-
induced phsphorylation of ERK1/2 at Thr??/Tyr**, RSK at
Thr*?/Ser**® and eNOS at Ser''” in the NTS (Figure 4B).
Supporting Information Figure S3 shows that bilateral
microinjection of LY294002 (6 pmol-60 nL™) or PD98059
(6 pmol-60 nL") into the NTS of simvastatin-treated SHRs
also attenuated the simvastatin-induced activation of PI3K-
Akt-eNOS and MEK-ERK1/2-RSK signalling. These results
suggest that the effects of simvastatin are due to activation of
the PI3K-Akt and MEK-ERK1/2-RSK pathways.

Discussion and conclusions

Previously, Lorkowska et al. (2006) demonstrated that there
are no significant differences in total cholesterol, low-density
lipoprotein (LDL) and high-density lipoprotein levels
between hypertensive SHRs and normotensive Wistar-Kyoto
rats. Additionally, several clinical studies indicated that statins
do not result in reduced BP in moderate hypercholestero-
lemic, normotensive patients (Kanbay et al., 2005; Terzoli
et al., 2005). However, atorvastatin decreases BP and the
plasma concentrations of triglycerides and cholesterol in nor-
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mocholesterolemic SHRs (Wassmann et al., 2001). Also Ferrier
et al. (2002) suggested that atorvastatin treatment reduces BP,
LDL and triglyceride levels in normolipidaemic patients with
isolated systolic hypertension. Therefore, we used SHRs as an
animal model in our current study to investigate the molecu-
lar signalling mechanisms involved in simvastatin-mediated
BP control in the NTS. Moreover, our findings in SHRs support
those obtained in the clinical trial with normocholestero-
lemic subjects, which found that statin treatment is beneficial
in hypertensive patients (Ferrier ef al., 2002). However, we
could not exclude the effects of cholesterol in the present
study and the relationship between cholesterol and BP control
after simvastatin treatment needs to be clarified.
Farnesyltransferase and geranylgeranyltransferase I have
the same CAAX motif near the cysteine residue in their
substrates. Many small GTPase proteins belong to the family
of CAAX proteins (Maurer-Stroh et al.,, 2003; McTaggart,
2006). Modification of the Ras family of proteins by FPP is
essential for their proper localization and Racl and RhoA are
also isoprenylated by geranylgeranyltransferase I. However,
farnesyltransferase and geranylgeranyltransferase I have
cross-activity. K-Ras and N-Ras can be farnesylated by
farnesyltransferase; but when farnesyltransferase activity is
abolished by FTI, K-Ras and N-Ras can become substrates for
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Figure 3

Ras is a critical determinant of simvastatin-enhanced Akt, ERK1/2, ribosomal protein S6 kinase (RSK) and endothelial NOS (eNOS) phosphorylation.
(A) The quantitative immunoblotting analysis demonstrates that simvastatin treatment increased the level of phosphorylation of eNOS at
Ser'”7(P-eNOS*"77) in the nucleus tractus solitarii (NTS). The elevated eNOS phosphorylation ratio observed with simvastatin treatment was
reduced by farnesyl thiosalicylic acid (FTS). Densitometric analysis of P-eNOS*''?7 protein levels after administration of simvastatin or FTS. (B) The
quantitative immunoblotting analysis demonstrates that simvastatin treatment increased the level of P-Akt**> protein in the NTS. The elevated Akt
phosphorylation ratio observed with simvastatin treatment was reduced by FTS. Densitometric analysis of P-Akt**’® protein levels after adminis-
tration of simvastatin or FTS. (C) The quantitative immunoblotting analysis demonstrates that simvastatin treatment increased the level of
P-ERK1/27202Y204 protein in the NTS. The elevated ERK1/2 phosphorylation ratio observed with simvastatin treatment was reduced by FTS.
Densitometric analysis of P-ERK1/27202Y204 protein levels after administration of simvastatin or FTS. (D) The quantitative immunoblotting analysis
demonstrates that simvastatin treatment increased the level of P-RSK™%/5363 protein in the NTS. The elevated RSK phosphorylation ratio observed
with simvastatin treatment was reduced by FTS. Densitometric analysis of P-RSK™%9/53¢3 protein levels after administration of simvastatin. (E) Time
course of systolic blood pressure (SBP) after i.c.v. administration of simvastatin for 3 days; L-NIO, N(5)-(-iminoethyl)-L-ornithine group. SBP was
measured on days 0, 1, 2 and 3 after administration. Note that a significant decrease in SBP reached maximal levels at day 3 in the
simvastatin-treated group. The depressor effect was reduced by treatment with L-NIO. (F) Immunoblots depicting the levels of P-nNOS*'*'¢ and
iNOS protein in the NTS of the control group and the simvastatin-treated group. Densitometric analysis of P-nNOS>'*¢ and iNOS protein levels
after the administration of simvastatin. Note that there are no significant differences in the nNOS*'*'® phosphorylation levels and iNOS expression
levels in the NTS between SHR controls and the simvastatin-treated groups. Values are shown as the mean + SEM, n = 6. *P < 0.05 versus control
group and #P < 0.05 versus simvastatin group.

geranylgeranylation by geranylgeranyltransferase 1 (Whyte synthesis of FPP and GGPP, which are substrates for isopre-
et al., 1997). Therefore, we utilized FTS to specifically inhibit nylation. In addition, simvastatin decreases the activation of
Ras activity in this study. Interestingly, inhibition of Ras Ras in the brain (Ghosh et al., 2009; Takayama et al., 2011). In
completely inhibited the simvastatin-induced depressor the present study, we determined the pharmacological effects
response and NO production in the NTS (Figure 1A and B). of a Ras inhibitor on cardiovascular parameters and showed
Our previous study showed that Ras plays a critical role in the that Ras is activated in the NTS after administration of sim-
renin-mediated modulation of central BP (Cheng etal., vastatin, which suggests that cardiovascular regulation by
2012b). However, statins not only inhibit HMG-CoA reduc- simvastatin in the NTS occurs predominantly through Ras
tase and inhibit cholesterol synthesis, but they also block the activation.
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PI13K inhibitor and MAP kinase-ERK kinase (MEK) inhibitor attenuated simvastatin-induced PI3K-Akt-endothelial NOS (eNOS) and ERK1/2-
ribosomal protein S6 kinase (RSK)-eNOS pathway activity. (A) Immunoblot showing P-Akt**’® and P-eNOS®''”7 protein levels after simvastatin
treatment with the PI3K inhibitor LY294002. The elevated Akt and eNOS phosphorylation ratios observed with simvastatin treatment were
reduced by LY294002 in the nucleus tractus solitarii (NTS). (B) Immunoblot showing P-ERK1/27202/¥204 p_RSKT359/5363 and P-eNOSS'”7 protein levels
after simvastatin treatment with the MEK inhibitor PD98059. The elevated ERK1/2, RSK and eNOS phosphorylation ratios observed with
simvastatin were reduced by PD98059 in the NTS. Values are shown as the mean + SEM, n= 6. *P < 0.05 versus control group and #P < 0.05 versus

simvastatin group.

In this study, we also showed that simvastatin attenuated
Racl activity and abolished ROS generation in the NTS
(Figure 2C and D). ROS have already been found to contrib-
ute to neurogenic hypertension in the brain by enhancing
the activity of the sympathetic nervous system (Kishi et al.,
2004; Hirooka, 2008; Cheng et al., 2010). Furthermore, Nozoe
et al. (2007) demonstrated that activation of Racl in the NTS
can elevate BP and this is associated with increased NAD(P)H
oxidase and subsequent generation of intracellular ROS. Our
data for Racl activity and in situ expression of ROS in the NTS
of SHRs provide further support for these observations. Fur-
thermore, we tested the effect of administration of the gera-
nylgeranyltransferase I inhibitor GGTI-2133 into the NTS to
provide further evidence that Racl and RhoA are involved in
central BP regulation and subsequent increased NO release
(Figure 2C and D). Statins have been shown to down-regulate
Racl activity and lower BP through the suppression of oxi-
dative stress (Kishi et al., 2010). The RhoA signalling pathway
has also been shown to play a critical role in the simvastatin-
mediated BP-lowering effect (Liu et al., 2010; Takayama et al.,
2011). In the present study, we observed differences between
the effects of central administration of GGTI and simvastatin
on BP and NO production. Racl and RhoA are isoprenylated
by geranylgeranyltransferase I. We utilized GGTI-2133 to
directly inhibit the geranylgeranylation of Racl and RhoA,
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whereas simvastatin prevents the synthesis of FPP and GGPP.
It has been shown that Rho GTPases may active indepen-
dently from their membrane anchoring (Samuel and Hynds,
2010). These results indicate that a non-GGPP-dependent
mechanism may exist. Neurotrophin-3 induces Ras activation
and ultimately activates Racl and Schwann cell migration
(Yamauchi et al., 2005). Further studies are needed to validate
the possible BP-regulating mechanisms that connect simvas-
tatin and the small GTPase signalling cascade in the NTS.
As previously indicated, NO and NOS have an essential
role in the modulation of sympathetic nerve activity by BP
(Tseng et al., 1996). Many studies have also demonstrated
that eNOS gene delivery into the NTS induces a depressor
response (Sakai et al., 2000; Tai etal., 2004). Additionally,
statins exert beneficial effects on the activation and expres-
sion of eNOS in SHRs (Kishi et al., 2008; Ohkawara et al.,
2010). However, it has also been demonstrated that admin-
istration of statin decreases sympathetic nerve activity by
up-regulating NOS expression and NO bioavailability (Kishi
etal., 2003; Gao et al., 2008). In addition, atorvastatin has
been found to reduce sympathetic nerve activity through
reduction of oxidative stress in the CNS (Kishi et al., 2008;
2010). Oxidative stress in the brain contributes to the neuro-
pathogenesis of hypertension (Paravicini and Touyz, 2006).
Our results also demonstrated that simvastatin acts as an



antioxidant agent; it reduced Rac1 activity and the expression
of superoxide in the NTS (Figure 2C and 2D). We also found
that simvastatin increased eNOS phosphorylation at Ser''’” in
the NTS (Figure 3A and 3F); however, it did not affect the
activity or expression of nNOS or iNOS. The inhibition of Ras
activity by FTS in the presence of simvastatin decreased eNOS
phosphorylation at Ser'’” in the NTS. This suggests that
eNOS might be one of the Ras signalling downstream targets
of simvastatin that is involved in the sympathetic NO release
and regulates BP function in the NTS of SHRs. It has been
reported that statins can induce eNOS phosphorylation at
Ser'”” and increase NO bioavailability by activation of
AMPK (Sun et al., 2006). Previous studies demonstrated that
AMPK-Racl-Akt signalling is involved in the activation of
eNOS by simvastatin (Levine et al., 2007; Kou et al., 2009).
Laufs et al. revealed that treatment with simvastatin de-
creases Rho GTP-binding activity, which then induces an
up-regulation of eNOS (Laufs etal., 2000a; 2000b). Van
Linthout et al. (2007) also demonstrated that treatment with
atorvastatin increases eNOS levels by inhibiting RhoA and
Racl activity in diabetic cardiomyopathy. Atorvastatin
increases activation of eNOS via inhibition of Rho activity,
but not Ras (Sabbatini et al., 2004). We previously reported
that renin modulates BP control in the NTS by affecting the
Ras-PI3K-Akt signal-regulated phosphorylation of eNOS
(Cheng et al., 2012b). Simvastatin enhances Akt-eNOS signal-
ling in normocholesterolemic rabbits (Kureishi et al., 2000).
Furthermore, eNOS activity is increased by activation of the
ERK1/2-RSK signalling pathway in rats (Cheng et al., 2012a).
In our experiments, i.c.v. infusion of simvastatin into the NTS
of SHRs induced phosphorylation of Akt at Ser*’®, ERK1/2 at
Thr??/Tyr** and RSK at Thr*?/Ser***, and these phosphoryla-
tion events were reduced by the central administration of FTS
(Figure 3). Inhibition of PI3K and MEK blocked the activation
of eNOS induced by simvastatin (Figure 4 and Supporting
Information Figure S3). However, no significant differences in
AMPK phosphorylation or protein expression levels were
detected in the NTS after treatment with simvastatin or inhi-
bition of Ras (Supporting Information Figure S2). Thus, we
propose that activation of the PI3K-Akt and ERK1/2-RSK
pathways may result in the Ras-mediated increase in eNOS by
simvastatin in the NTS of SHRs.

In previous studies it was demonstrated that the effect
of simvastatin on BP in SHRs varies (Bezerra and
Mandarim-de-Lacerda, 2005; Takayama et al., 2011). In clini-
cal investigations, simvastatin was also observed to either
lower BP or have no effect (Borghi et al., 2004; Lewandowski
et al., 2010). Statins are classified into hydrophilic and lipo-
philic groups. Simvastatin is highly lipophilic at physiologi-
cal pH and is smaller in size (Serajuddin ef al., 1991; Ramirez
et al., 2011; Sierra et al., 2011). Simvastatin is the most effec-
tive statin at penetrating the blood-brain barrier (Sierra
etal., 2011). We observed slight differences between effects
in the pravastatin-treated group (hydrophilic) and the
simvastatin-treated group (lipophilic) (Supporting Informa-
tion Figure S1A). This may suggest that lipophilic statins are
more potent at modulating BP through CNS control than
hydrophilic statins. Numerous cardioregulatory regions are
located in the CNS [e.g. hypothalamus paraventricular
nucleus, rostral ventrolateral medulla (RVLM) and NTS]
(Guyenet, 2006) and it has been suggested that statins reduce
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central sympathetic outflow by the up-regulation of NOS in
the RVLM (Kishi et al., 2003; Gao et al., 2008). The NTS plays
an important role in regulating the set point of BP. In addi-
tion, the NTS is also the first integrative site for baroreflex
afferent signals in the CNS. Previously, we observed that
microinjection of L-arginine into the NTS and RVLM induces
depressor effects and reduces SNA (Tseng et al., 1996). Our
present data also showed that i.c.v. infusion of simvastatin
increased NO production in the NTS and attenuated SNA
(Figure 1B and C). Although in this study direct observations
were made only in the NTS, we assume that the BP response
that we measured after the i.c.v. infusion of simvastatin was
mediated by its actions on all of these cardiovascular regula-
tory centres.

In conclusion, we suggest that simvastatin can modulate
central BP control in the NTS and that this control is accom-
plished by activation of the Ras-PI3K-Akt and Ras-ERK1/2-
RSK signalling-regulated phosphorylation of eNOS. We
have shown for the first time that Ras contributes to the
simvastatin-induced depressor effect and NO release in the
NTS. Furthermore, our results indicate that simvastatin may
regulate central BP through the blockade of Racl activation
and down-regulation of superoxide production in the NTS.
The current data demonstrate that simvastatin modulates
central BP control via activation of the Ras-PI3K-Akt and
Ras-ERK1/2-RSK signalling cascades and downstream eNOS.
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Figure S1 The blood pressure effects in SHRs after treatment
with pravastatin or simvastatin. (A) Time-course tracing of
SBP in SHRs after administration of pravastatin (20 mg kg™
day!) or simvastatin (20 mg kg day') by gavage for 14 days.
Filled circles represent SHR control, open circles represent
SHR + pravastatin, and inverted filled triangles represent SHR
+ simvastatin. The rats receiving pravastatin or simvastatin
had a decreased SBP as compared to the control group. Values
are shown as the mean + SEM, n = 6. **P < 0.05 versus control
group. (B) Time course of SBP before and after recovery from
simvastatin infused i.c.v. Filled circles represent the contol
group, open circles represent the simvastatin group. Note
that a significant decrease in SBP was reached with maximal
levels at day 3 in the simvastatin-treated SHRs. At Day 4, the
administration of the drugs was stopped and the rats began to
recover from simvastatin treatment. At Day 7, 3 days after
recovery from simvastatin treatment, the SBP of the treated
rats had risen to the same level as observed in control rats.
Values are shown as the mean + SEM, n = 6. *P < 0.05 versus
control group.

Figure $2 Quantitative immunoblotting analysis of AMPK
phosphorylation and expression in the NTS following treat-
ment with simvastatin or FTS. Densitometric analysis of
P-AMPK"”2 protein levels after the administration of simvas-
tatin or FTIS. Note that there are no significant differences
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in the AMPK"7? phosphorylation levels in the NTS between
SHR controls and the simvastatin-treated or simvastatin +
FTS-treated groups. Values are shown as the mean + SEM,
n==6.

Figure $3 Microinjection of a PI3K inhibitor or MAP kinase-
ERK kinase (MEK) inhibitor attenuated simvastatin-induced
PI3K-Akt-endothelial NOS (eNOS) and ERK1/2-ribosomal
protein S6 kinase (RSK)-eNOS pathway activity. (A) Immuno-
blot showing P-Akt**”® and P-eNOS*''” protein levels after
simvastatin treatment with the PI3K inhibitor LY294002. The
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elevated Akt and eNOS phosphorylation ratios observed with
simvastatin treatment were reduced by microinjection of
LY294002 in the nucleus tractus solitarii (NTS). (B) Immuno-
blot showing P-ERK1/2720%Y204 P.RSK™%/5363 and P-eNOSS''”’
protein levels after simvastatin treatment with the MEK
inhibitor PD98059. The elevated ERK1/2, RSK and eNOS
phosphorylation ratios observed with simvastatin were
reduced by microinjection of PD98059 in the NTS. Values are
shown as the mean + SEM, n = 6. *P < 0.05 versus control
group and *P < 0.05 versus simvastatin group.



