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Atorvastatin Improves the Impaired Baroreflex
Sensitivity via Anti-Oxidant Effect in the Rostral

Ventrolateral Medulla of SHRSP

TAKUYA KISHI, YOSHITAKA HIROOKA, SATOMI KONNO,
AND KENJI SUNAGAWA

Department of Cardiovascular Medicine, Kyushu University Graduate School of
Medical Sciences, Fukuoka, Japan

We have demonstrated that oxidative stress in the rostral ventrolateral medulla
(RVLM), a vasomotor center in brainstem, increases sympathetic nerve activity (SNA)
and that oral administration of atorvastatin inhibited SNA via anti-oxidant effect in the
RVLM of stroke-prone spontaneously hypertensive rats (SHRSPs). The impairment of
baroreflex sensitivity (BRS) is known as the predictive factor of mortality in the hyper-
tension and BRS is impaired in SHRSP. The aim of the present study was to determine
whether oral administration of atorvastatin improved the impaired BRS via anti-
oxidant effect in the RVLM in SHRSP. Atorvastatin (20 mg/kg/day) or vehicle was
orally administered for 28 days in SHRSPs. Systolic blood pressure (SBP), heart rate,
and 24-h urinary norepinephrine excretion as an indicator of SNA were comparable
between atorvastatin- and control-SHRSP. Thiobarbituric acid-reactive substance
(TBARS) levels as a marker of oxidative stress was significantly lower in atorvastatin-
SHRSP than in control-SHRSP. Baroreflex sensitivity measured by the spontaneous
sequence method was significantly higher in atorvastatin-SHRSP than in control-
SHRSP. These results suggest that atorvastatin improves the impaired BRS in SHRSP
via its anti-oxidant effect in the RVLM of SHRSP.

Keywords statin, oxidative stress, brain, hypertension, baroreflex

Introduction

Rostral ventrolateral medulla (RVLM) in the brainstem is the vasomotor center that
determines basal sympathetic nerve activity, and the functional integrity of the RVLM is
essential for the maintenance of basal vasomotor tone (1-3). We have demonstrated that oxi-
dative stress in the RVLM increases the sympathetic nerve activity (4), and that nitric oxide
(NO) in the RVLM decreases the sympathetic nerve activity (5,6). Previously, we also dem-
onstrated that overexpression of endothelial NO synthase in the RVLM of Stroke-prone
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spontaneously hypertensive rats (SHRSPs) improved the baroreflex control of heart rate due
to the sympatho-inhibition caused by the increase in NO production in the RVLM (7). How-
ever, it has not been determined whether the inhibition of oxidative stress in the RVLM
improves the impaired baroreflex control of the heart rate of SHRSP or not.

The 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors
(statins) are potent inhibitors of cholesterol biosynthesis, and statins have reported to have
an anti-oxidant effect (8). Previously, we have demonstrated that orally atorvastatin
increases the expression of NO synthase in the brain of SHRSPs (9), and that NO in the
RVLM improves the impaired baroreflex control of heart rate in SHRSPs (7). These
results suggested that orally atorvastatin might have the potential to improve the baroreflex
control of heart rate in SHRSPs. Moreover, orally atorvastatin also inhibited the sympa-
thetic nerve activity through the decrease in oxidative stress in the RVLM of SHRSPs (10).

Therefore, the aim of the present study was to investigate the effect of oral-administered
atorvastatin on the baroreflex control of heart rate through its anti-oxidative stress in the
RVLM of SHRSPs.

Materials and Methods

Animals and General Procedures

Twelve-week-old male SHRSPs/Izm and Wistar-Kyoto (WKY) rats (280 to 340g; SLC
Japan, Hamamatsu, Japan) were fed a standard rodent diet. Food and tap water were
available ad libitum throughout the study. The rats were kept in a room maintained at a con-
stant temperature and humidity under a 12-h light period between 8:00 AM and 8:00 PM.
After adaptation to these conditions over at least 2 weeks, SHRSPs were divided into two
groups: 1) atorvastatin-treated SHRSP, treated with atorvastatin of 20mg/kg/day for 28 days,
and 2) control-SHRSPs, treated with vehicle (0.5% methyl cellulose). All drugs were dis-
solved in 0.5% methyl cellulose and administered by gastric gavage everyday. Systolic
blood pressure (SBP) and heart rate were measured using the tail-cuff method (BP-98A;
Softron, Tokyo, Japan). We calculated the urinary norepinephrine excretion for 24 h as an
indicator of sympathetic nerve activity, as described previously (4-7,10). To obtain
the RVLM tissues, the rats were deeply anesthetized with sodium pentobarbital (100 mg/kg
IP) and perfused transcardially with phosphate buffer saline (PBS) (150 mol/L. NacCl,
3 mmol/L KCl, and 5 nmol/L phosphate; pH 7.4, 4°C). The brains were removed quickly,
and sections 1 mm thick were obtained with a cryostat at =7 £ 1°C. The RVLM was
defined according to a rat brain atlas as described previously (4-7,10), and obtained by a
punch-out technique. This study was reviewed and approved by the committee on ethics of
Animal Experiments, Kyushu University Graduate School of Medical Sciences, and
conducted according to the Guidelines for Animal Experiments of Kyushu University.

Measurement of TBARS

The RVLM tissues were homogenized in 1.15% KCI (pH 7.4) and 0.4% sodium dodecyl
sulfate, 7.5% acetic acid adjusted to pH 3.5 with NaOH. Thiobarbituric acid (0.3%) was
added to the homogenate. The mixture was maintained at 5°C for 60 minutes, followed by
heating to 100°C for 60 minutes. After cooling, the mixture was extracted with distilled water
and n-butanolpyridine (15:1) and centrifuged at 1600 g for 10 minutes. The absorbance of the
organic phase was measured at 532 nm. The amount of thiobarbituric acid-reactive sub-
stances (TBARS) was determined by absorbance, as described previously (4,10).
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Measurement of Baroreflex Sensitivity by Spontaneous Sequence Method

Rats were initially anesthetized with sodium pentobarbital (50 mg/kg IP followed by
20 mg - kg™! - h™' IV). A catheter was inserted into the femoral artery to record arterial
blood pressure, and a heart rate (HR) was derived from the blood pressure recording. The
other catheter was also inserted into the femoral vein to allow for intravenous infusion of
sodium pentobarbital. A tracheal cannula was connected to a ventilator, and the rats were
artificially ventilated. Sequence analysis detected sequences of three or more beats in
which there was an increase both in SBP and pulse interval (up sequence) or a decrease
both in SBP and pulse interval (down sequence). Baroreflex sensitivity (BRS) was esti-
mated as the mean slope of the up sequences (up BRS), the down sequences (down BRS),
and also the mean slope of all sequences (sequence BRS) (11,12).

Statistical Analysis

All values are expressed as mean = SEM. Comparisons between any two mean values
were performed using Bonferroni’s correction for multiple comparisons. ANOVA was
used to compare the blood pressure, HR, baroreflex sensitivity, and TBARS level in
atorvastatin- or control-SHRSP and WKY. Differences were considered to be statistically
significant at a P value of <0.05.

Results

BP, HR, and Urinary Norepinephrine Excretion

Systolic blood pressure was significantly higher in atorvastatin-SHRSP and control-
SHRSP than in WKY, and atorvastatin did not alter SBP in SHRSP (Figure 1A). Heart
rate was significantly higher in atorvastatin-SHRSP and control-SHRSP than in WKY,
and atorvastatin also did not alter HR in SHRSP (Figure 1B). Urinary norepinephrine
excretion was significantly higher in atorvastatin- and control-SHRSP than in WKY, and
was not different between control- and atorvastatin-SHRSP (Figure 2).

(A) (B)
(mmHg) (bpm)
240 - * *
220 - 360 - *
200 -
—
180 1 340 -
160 -
140 1 320 4
120 | =,
300
WKY  SHRSP Atorvastatin WKY SHRSP Atorvastatin

Figure 1. (A) Effects of the treatment with atorvastatin for 28 days on systolic blood pressure
(SBP) of SHRSP and WKY. Data are shown as mean = SEM (n = 5 for each group). *P < 0.05 vs.
WKY. (B) Effects of the treatment with atorvastatin for 28 days on heart rate of SHRSP and WKY.
Data are shown as mean = SEM (n = 5 for each group). *P < 0.05 vs. WKY.
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Figure 2. Effects of the treatment with atorvastatin for 28 days on 24-h urinary norepinephrine
excretion of SHRSP and WKY. Data are shown as mean = SEM (n = 5 for each group). *P < 0.05
vs. WKY.

TBARS Levels in the RVLM Tissues

Thiobarbituric acid-reactive substance levels in the RVLM were significantly higher in
control- and atorvastatin-SHRSP than in WKY, and those of atorvastatin-SHRSP
were significantly lower than those of control-SHRSP (0.70 £ 0.05 pumol/g wet wt vs. 0.91 +
0.06 umol/g wet wt, n = 5 for each, P < 0.05; Figure 3).

Baroreflex Sensitivity

Baroreflex sensitivity of control-SHRSP was significantly lower than that of WKY (9.2 +
0.7 ms/mmHg vs. 19.1 £ 0.5 ms/mmHg, n = 5 for each, P < 0.01), and that of atorvastatin-
SHRSP was significantly higher than that of control-SHRSP (14.8 + 0.7 ms/mmHg vs.
9.2 £0.7 ms/mmHg, n =5 for each, P <0.01) (Figure 4).

Discussion

In the present study, we demonstrated for the first time that oral administration of atorvas-
tatin improved the impaired baroreflex control of HR in SHRSP, and the improvement

(2 mollg wet wt)
1.2

1 - %
0.8 -

0.6 1

0.4

0.2

0 WKY SHRSP Atorvastatin

Figure 3. Effects of the treatment with atorvastatin for 28 days on TBARS levels in the RVLM of
SHRSP and WKY. Data are shown as mean = SEM (n = 5 for each group). *P < 0.05 vs. WKY;
*P < 0.05 vs. control-SHRSP.
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Figure 4. Effects of the treatment with atorvastatin for 28 days on baroreflex control of heart rate
of SHRSP and WKY. Data are shown as mean = SEM (n =5 for each group). *P <0.05 vs. WKY;
*P < 0.05 vs. control-SHRSP.

might be due in part to the inhibition of oxidative stress in the RVLM. Moreover, the
improvement of baroreflex control of HR was independent of sympathetic nerve activity
or blood pressure. We consider that these effects of atorvastatin benefit the treatment of
the cardiovascular diseases with the disorder of baroreflex control.

In the present study, we demonstrated that atorvastatin improved the impaired barore-
flex control without the reduction of BP or sympathetic nerve activity. Previously we
reported that high-dose orally atorvastatin decreased BP and sympathetic nerve activity
through the inhibition of oxidative stress in the RVLM (10). However, in the present
study, low-dose atorvastatin did not decrease BP or sympathetic nerve activity, whereas
oxidative stress in the RVLM was inhibited. We consider that this discrepancy is due to
the smaller reduction of oxidative stress in the RVLM measure by TBARS compared to
our previous study (10). We selected the lower dose of atorvastatin, because the effect of
atorvastatin on baroreflex control should be examined in the condition excluded by BP
and sympathetic nerve activity lowering effects. Moreover, baroreflex control is one of the
key mechanisms responsible for the short-term control of BP. Impairment of this reflex
has been found in a number of conditions, such as aging (13), heart failure (14), post-myo-
cardial infarction (15), and the impairment of baroreflex sensitivity is known as the pre-
dictive factor of mortality in the hypertension (16). From the results in the present study,
we consider that atorvastatin benefits the treatment for cardiovascular diseases.

The mechanisms in which atorvastatin improved the baroreflex control have not been
determined in the present study. We consider that one of the possibilities in the mecha-
nisms was the inhibition of oxidative stress in the RVLM, because the oxidative stress is
the important modulator on the sympathetic nerve activity (4,10). Moreover, NO in the
RVLM of SHRSPs improved the baroreflex control of HR (7). The inhibition of oxidative
stress due to atorvastatin will contribute to the increase in NO in the RVLM of SHRSP
and to the improvement of baroreflex control of HR.

A recent study suggests that the reduction of BP by clinical doses of statin is small
but significant (17). However, the change in BP in the previous clinical study is signifi-
cantly smaller than that in the present and previous animal study (10). Moreover, we are
not able to determine the oxidative stress in the brain of human in vivo now and to
determine whether the clinical doses of atorvastatin have the anti-oxidant effect in the
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brain of the hypertensive patients. However, in the present study, oxidative stress in the
RVLM is significantly reduced and baroreflex sensitivity is significantly improved by
atorvastatin, whereas BP and sympathetic nerve activity are not altered. These results
suggest that oxidative stress is inhibited and baroreflex sensitivity is improved by
atorvastatin whose dose is insufficient for the reduction of blood pressure or sympathetic
nerve activity. The improvement of baroreflex sensitivity could not be explained by the
effect of atorvastatin on peripheral mechanisms, and we consider that baroreflex sensitiv-
ity is improved by the central action of atorvastatin. Clinical studies suggest that clinical
doses of statins have the beneficial effect on arrhythmic sudden death and ventricular
arrhythmia in the patients with heart failure, and these effects may be due to the improve-
ment of the imbalance between sympathetic and parasympathetic nerve activity (18). It is
necessary to examine the effect of clinical doses of atorvastatin on baroreflex sensitivity
in a clinical study.

There are some limitations in the present study. First, we measured TBARS levels as
the parameter of oxidative stress in the brain. Thiobarbituric acid-reactive substance
levels are an indirect marker of oxidative stress, and there are other methods to measure
oxidative stress. However, we previously measured oxidative stress directly in the brain
of SHRSP and WKY using electron spin resonance spectroscopy and confirmed that
TBARS levels are comparable to the levels of oxidative stress measured by electron spin
resonance spectroscopy in the brain (4). The results suggest that TBARS levels are a
valid parameter of oxidative stress in the brain. Second, we did not examine the TBARS
levels in other areas of the brain, such as caudal ventrolateral medulla, nucleus tractus
solitarii, paraventricular nucleus, cortex, hypothalamus, and cerebellum. We consider
that these effects of atorvastatin was not unique in the RVLM, and we did not exclude the
possibility that atorvastatin influences those areas thereby improving baroreflex control
of HR in the present study. However, RVLM is the vasomotor center, and the integrated
various inputs from other regions to RVLM influence the sympathetic outflow (1-3).
Although it would be interesting to examine these parameters in other regions of the
brain, we targeted the changes of oxidative stress in the RVLM due to atorvastatin in the
present study.

Conclusions

Our results suggest that oral administration of atorvastatin improved the baroreflex control
of heart rate due to the inhibition of oxidative stress in the RVLM of SHRSP.
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Bionic Autonomic Neuromodulation Revolutionizes Cardiology in
the 21st Century
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Abstract — In this invited session, we would like to
address the impact of bionic neuromodulation on
cardiovascular diseases. It has been well established that
cardiovascular dysregulation plays major roles in the
pathogenesis of cardiovascular diseases. This is the reason
why most drugs currently used in cardiology have
significant pharmacologieal effects on the cardiovascular
regulatory system. Since the ultimate center for
cardiovascular regulation is the brainstem, it is
conceivable that autonomic neuromodulation would have
significant impacts on cardiovascular diseases. On the
basis of this framework, we first developed a bionic,
neurally regulated artificial pacemaker. We then
substituted the brainstem by CPU and developed a bionic
artificial baroreflex system. We further developed a
bionic brain that achieved better regulatory conditions
than the native brainstem in order to improve survival in
animal model with heart failure. We recently developed a
bionic neuromodulation system to reduce infarction size
following acute myocardial infarction. We believe that the
bionic neuromodulation will inspire even more intricate
applications in cardiology in the 21* century.

1. OVERVIEW OF PREVIOUIS BIONIC STUDIES

In the human body, all cells, tissues, organs, and systems
operate coherently., The presence of well-developed
neurohormonal communications among these components of
the body is the essential infrastructure that makes coherent
functioning possible. If we could incorporate such
communication mechanisms into attificial systems, they
would function as if they are an integral part of the
corresponding native physiological systems. We call such
well-integrated artificial systems bionic systems.

The bread-and-butter technology that is common to all
bionic systems is the technique for interfacing with the native
systems, in particular, the human body’s regulatory systems.
Unification of an artificial system with a native system
requires bidirectional communications. In 1995, we
developed one such system, a neurally regulated artificial
pacemaker [1]. Physiological studies indicated that the
instantaneous sinus rate was determined not only by the
current sympathetic activity but also by the history of
sympathetic activity. We quantified its history dependence by
the impulse response of the sinus rate to sympathetic

978-1-4244-3296-7/09/$25.00 ©2009 IEEE

stimulation. Using the convolution integral of the impulse
response with the instantaneous sympathetic activity, we
could predict the precise sinus rate in real time [1].

The success of the neurally regulated bionic pacemaker
has convinced us that the autonomic system can be effectively
monitored and thereby manipulated by bionic systems. The
clinical impact of direct manipulation of autonomic functions
in cardiovascular diseases is very profound. The case of
central baroreflex failure is an archetypal example of one
such application. In treating this disease, it is conceivable that
one can implement an artificial bionic baroreflex system as a
kind of biological proxy capable of emulating the native
central baroreflex function of the failing vasomotor center.
The bionic baroreflex system consists of a pressure sensor
(baroreceptor), microprocessor (vasomotor center) and nerve
stimulator (for activation of sympathetic efferents). The
system operates as an intelligent negative feedback regulator,
and has been demonstrated in animals and patients to be
effective in restoring normal baroreflex functioning [2-5].

Recently, we developed an artificial brain stem that takes
over the native cardiac regulation, and optimized it to
improve the survival of chronic heart failure [6]. Two weeks
after the ligation of the left coronary artery in rats, surviving
animals were randomized to vagal- and sham-stimulated
groups. Vagal stimulation markedly improved the 140-day
survival (86% versus 50%, P=0.008). The relative risk
reduction of death reached over 70%. The success of the
bionic treatment of heart failure opens up an entirely new
therapeutic paradigm for patients with chronic heart failure.

II. BIONIC NEUROMODULATION IN ISCHEMIA

Although the bionic autonomic neuromodulation system
prevented progression, thereby improved survival of chronic
heart failure, it would be far desirable if we can prevent the
development of heart failure. Ischemic heart disease has been
known as one of the major causes of heart failure. Therefore,
we examined whether bionic autonomic neuromodulation
impacts ischemia-reperfusion injury of the heart. This
particular application of bionic autonomic neuromodulation
is critically important under clinical settings because early
reperfusion of occluded coronary arteries has become a
standard therapy worldwide.

Myocardial infarction has been known to augment
sympathetic afferent traffic and reduce vagal efferent activity.
We investigated whether short-term electrical stimulation of
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the vagal nerve could ameliorate cardiac dysfunction in a
distant period after ischemia-reperfusion injury.

Ischemia-reperfusion injury model was created in
Sprague-Dawley rats by ligating the left coronary artery for
30 min followed by reperfusion. We stimulated the right
vagal nerve (the stimulation condition is proprietary) from the
onset of ischemia for 3 hrs. We measured hemodynamics
before ischemia, 4 days after ischemia with and without
bionic autonomic neuromodulation. We estimated left
ventricular function using echocardiography. We estimated
infarction size histologically 4 days after ischemia.

III. RESULTS

As shown in the upper panels of figure, in comparison with
sham stimulation (SS, n=6), vagal nerve stimulation (VNS,
n=6) significantly decreased left ventricular end-diastolic
pressure, and increased left ventricular (dp/dt)max suggesting
improved left ventricular function. CNT represents the
control condition (n=4). The improvement of left ventricular
function was paralleled with decreased end-diastolic
dimension (EDD), and increased shortening fraction (EF) as
shown in the lower panels in the figure. Histological
examination further supported the notion that vagal
stimulation decreased the infarction size (33+5% vs. 24+3%,
p<.01). Biochemical analysis indicated that vagal stimulation
downregulated mRNA of procollagens, such as Collal,
Col3al, and Ctgf, in infarcted myocardium. Therefore, the
positive impact of vagal nerve stimulation might have, at least
in part, resulted from inhibition of collagen production in
ischemia-reperfusion injury.
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IV. DISCUSSION

We have shown that vagal stimulation early after the
creation of ischemia resulted in marked reduction in
infarction size and improvement of left ventricular function
with attenuated cardiac remodeling. Although the effect of
vagal nerve stimulation on long term survival remains to be
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investigated, it is conceivable that the vagal nerve stimulation
early after ischemia-reperfusion injury may have a positive
impact on such a hard endpoint.

The mechanism by which the bionic neuromodulation
improves ischemia-reperfusion injury remains unknown. The
bradycardiac effect of vagal stimulation might be a
contributing factor. However, our pilot study indicated that a
comparable heart rate reduction induced by beta-blocker
failed to show the positive impacts on ischemia-reperfusion
injury as much as the vagal stimulation did. Theretofore,
mechanisms other than the bradycardiac effect such as energy
sparing effect, anti-inflammatory effect and anti-oxidant
effect need to be considered [7-10].

V. CONCLUSION

Vagal nerve stimulation reduces infarct size, improves left
ventricular  function and attenuates left ventricular
remodeling after ischemia-reperfusion injury. Bionic
autonomic neuromodulation should inspire even more
intricate applications in cardiology in the 21st century.
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