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averaged for eight dogs in a previous study was 1.65 at the beginning
of the ejection phase.'” At the end of the ejection phase, the ratio
increased to 1.88. If these values are translated into o in equation |,
« increases from 1.73 to 1.89 (a net increase of 10%) during the ejec-
tion phase. Hence, « is actually not constant within one animal.
Although this can be a confounder in this theoretical analysis
(Appendix), its effect would be quantitatively small. Apart from ¢,
the tme-varying LV elastance, E(), also determines S, {equation A9
n Appendix). If E(8 is constant, S, is achieved when « is maximum,
that is, at the end of the ejection phase. Meanwhile, if « is constant, 5,
is achieved when E(1) is minimum, that is, at the beginning of the ejec-
tion phase. During the ejection phase, E(3) increases from 5 to 10 mm
Hg/mL in dogs (a net increase of 100%).'° A numerical simulation us-
ing these published date indicates that the contribution of Bl to S, is
15 times more than that of &. Thus, we can assume « as constant with-
out sacrificing accuracy. Sy, is effectively determined by E() and is
achieved at the beginning of the ejection phase. This is compatible
with in vivo findings. In this study (Figures 2B, 2C, and 3B) and also
in previous studies,*”*? S is usually reached early in the ejection
phase.

According to the value of R”, the theoretical mode! can predic
79% of Sy, variation. The residual variation, 21%, remains to be ex-
plained. Although it is possible that variation among animals of « in
equation 1 may contribute (o this residual varation, the CV of « in
eight dogs was <5% in a previous study,'” suggesting that variation
among animals of « plays a2 minor role in the residual variation. The
variation may be caused by factors not included in the model, A pre-
vious study indicated that dynamic arterial properties such as aortic
compliance have direct effects on S,...'" Further studies to address
these issues are required in the future.

LV contractility determines the magnitude of S,,,. The R value of
0.64 between S, and Eo in this study was comparable with those
observed between S, and other LV functional indexes, such as LV
dP/Gtmay, in previous studies.” Borlaug er al” reported that S., was
not correlated with indexes of LV contractility including, E./, in pa-
tients with hypertension. However, because they excluded patients
with heart failure with depressed LV contractility from the study pop-
ulation and did not actively stimulate LV inotropy in their protocol, LV
contractiie indexes were well preserved with smalt variations among
patients. This might be a reason they did not detect a significant cor-
relation between S, and indexes of LV contractility.

Sm is inversely related to LV afterload. Previous clinical studies have
vielded  conmasting  results  of  dependence™’®*  and
éndependence”‘zs of Sy, on afterload. Oki et ai®* reported that Si,
was reduced in response o an increase in LY afterload after angioten
sin infusion in healthy subjects. In contrast, Ama et al'' reported that
S did not change when E, and SVR were changed by phenylephrine
or nitroglycerine infusion in patients undergoing cardiac surgery.
However, they did not attempt to directly associate S, with the after-
load indexes. Similar to their results, we also noted that S, did not
change in response to phenylephrine infusion, whereas E, or SVR sig-
nificantly increased (Table 1). However, we further analyzed the asso-
ciations between S, and afterload indexes using mixed-model
procedures. In the previous studies, conducting statistical analyses
similar to those we performed in this study would have been useful
to evaluate association between the afterload and S,

Unexpectedly, V4 and EJT did not affect S, independently. Both
Veg and E[T are components of our theoretical model of S,
Furthermore, previous studies suggested that S, was affected by LV
preload and EJT22% In this study, the CVs for Vo' and EJT
were small compared with those for Eo’ and E,”'. Moreover, £,/
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was correlated inversely with V,,'>, and £, was correlated
inversely with EJT™' These suggest that because of the low
variability of Vo' and EJT™! and the antagonizing effects of the
covariates (E..’ and E, ™", the analysis might fail to derect significant
correlations of Veg'”> and EJT™" with Sme However, Vgq also was
not correlated with Sp, in this study (daw not shown), although the
CVs for Vg and £, were comparabie (41% and 49%). It would be
ideal to change Ves or E|T individually while keeping ali other
parameters constant. Although impedance loading on ex vivo heart
preparation would realize such protocols,® this preparation is inappro-
priate for the study of LV longitudinal function, because it requires re-
section of the mitral valve and subvalvular apparatus (papillary
muscles), which are critical components of longitudinal funciion.?”
Taken together, although we cannot completely exclude significant
contributions of LV preload and EJT to S, their effects may be smal
and easily reversed by the effects of LV contractility and afterload, that
is, effectively negligible compared with the status of ventricular-
arterial coupling.

Potential Clinical implications

A novel and important finding of this study is that S, strongly reflects
the status of ventricular-arterial coupling. Ventricular-arterial coupling
is a central determinant of cardiovascular performance and cardiac
energetics, 132829 Normelly, the left ventricle and the arterial
system are optimally coupled to produce maximal stroke work,
when E./E, is near unity. Maximal energetic efficiency occurs
when E../E, approximates 2.0. In patients with heart failure, the lefl
ventricle and the arterial system are suboptimaily coupled (£, /E,
becomes less than unity). Beta-blockade improves this situation,
In patients with myocardial infarction, suboptimal coupling ratio is as-
sociated with poor prognosis over the next 5 years.”” S, as a measure
of the status of ventricular-arterial coupling may aliow accurate eval-
uations of cardiovascular pathophysiology and also predictions of
prognosis in patients with cardiac disease. The ventricular-arterial cou-
piing ratio can be predicted also by LVEE® However, LVEF assessment
requires precise definition of the endocardial borders on conventional
echocardiography, which is complicated by trabecuiae orendocardial
dropout. Precise endocardial definition is sometimes difficult,
especially in obese patients, the elderly, and patients with puimonary
discase. Recording of mitral annular motion has the advantage that
it is not dependent on the endocardial definition and is therefore
relatively independent of image quality.” S., measurement can be
an alternatuve to LVEF assessment to predict the status of
ventricular-arterial coupling in such patients.

Study Limitations

In accordance with a previous canine study,"” sonomicrometry con-
sistenty underestimated systolic mitral annular velocity compared
with TD echocardiography (Figure 2D0. This discrepancy may be at-
tributed to the location of the crystals, which are implanted in the sub-
epicardium. Although longitudinally directed myocardial fibers in
both subendocardial and subepicardial layers of the left ventricle
may play a major role in the magnitude of systolic mitral annular ve:
locity,’ systolic shortening of subepicardial fiber is significantly smalie

than thar of subendocardial fiber®” In humans, the absolute value of
mitral annular velocity measured by TD echocardiography agreed
with that measured by cardiac magnetic resonance imaging, which
is the widely accepted gold standard for the assessment of LVV and
function.”’ Although sonomicrometry is useful in animal experiments
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for the assessment of heart motion, our data suggest that S, obtained
by sonomicrometry in this study might have underestimated the true
LV iongitudinal shortening velocity. However, a strong correlation was
observed between S,, and Syrp (Figure 2D). Percentage changes in
Se and S,,1p were also correlated tightly (Figure 2E), indicating that
S sensitively tracked changes in S;,p. Taken together, it is fair to
say that conclusions provided by sonomicrometry in this study are
comparable, at Jeast qualitatively, with those obtained by TD echocar-
diography.

In analyzing the experimental data, we relied on E' (the Po/Ve,
ratio) to quantify LV contractility, which can be evaluated more
precisely by both the slope (Eo) and volume axis intercept (Vg) of
the relationship between P, and V,, (Figure 1A).17 It was unclear
how each contributed to the magnitude of Sy, in this study. Despite
these limitations, the P../V., ratio as a single contractile index sim-
plifies the statistical analysis of contractility. >

Colinearity among the cardiovascular parameters as noted be-
tween Ee and Vg ® might have affected the present results. The co-
linearity may be attributable to the nature of the protocols, such as
heart failure induction, which depresses LV contractility and increases
preload simultaneously. However, the protocols are analogous to
commonly observed clinical setting or practice, that is, relevant to pos-
sible clinical application of the conclusions of this study.

CONCLUSIONS

LV contractility and afterload independently determine S,,. The ef-
fects of LV preload and E[T on 5, might be small, even though they
are theoretically associated with S, Sy, strongly reflects the status
of ventricular-arterial coupling.
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APPENDIX
Instantaneous LVP, P(9, and LVV, V{1, are related by the following
formuia:

vity = P8 v, (A2)

where E(1) is time-varying LV elastance and Vj is the volume axis in-
tercept of the relationship between Pe; and V.o'? Sp is a parameter
of the ejection phase. The left ventricle has an ellipsoid shape, and
the ratio of LV longitudinal length, L{5), to short-axis length is assumed
to be constant during the ejection phase. L(f and its time derivative
are expressed as follows:

L(t) = a[V(D)]'", (A3)

dL(t)/dt = %-dV(tj Jat V() 2. (A4)

During the ejection phase, because P(1) can be approximated to Pe,
(Figure | A), equation A2 is rewritten as follows:

- Pes
V(t) = -ET)- -+ Vo, (AS)
Differentiation of both sides of equation A5 with respect to time
yields

—P,,-dE(t)/clt

dv(t)/dt = - =
0/ EOF

(AB)

During the ejection phase, because E( increases linearly with re-
spect to time,'*"® dE()/dt is expressed as follows (Figure 1B):

Ees o Ead

/ —
dE(t)/dt =~

(A7)

where E,q is the elastance value at the end of the isovolumic contrac-
tion phase (Figure 1B).'*'> Substituting equation A7 into equation A6
yields

"Pes _
dv(t)/dt 7%‘{ (Ees — Eaq). (A8)

Substituting equations A5 and A8 into equation A4 yields

dL(ty/dt = =% P ! ( !

2/3
"3"'51"—‘ (Ecs — Eaq) [E(l’)]a/s. Po. + Vo'E(f)) - (AQ)
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Peak shortening velocity of LV longitudinal length, S, corresponds
to the absolute value of peak negative dL(1/dt during the ejection
phase. Because E() increases constantly during this period
(Figure 1B), dL(/dt assumes its peak negative value when E@ is
.o Hence, S, can be expressed as follows:

11 )2/3
E;;‘s \Pes +Vp+Eag

@ Pes

S =R

(Bes ~ Ead) *

As shown in Figure 1A, Eq, Eag, and E, will be approximated by P,
Ve, Vea, and Vg as follows:

. PES
Ees == s (A11)
. PSS
Eag = VoV (A12)
P
ST - A13
¢ Ved - Vcs ( )

Substituting V., in equation All and V.4 in equation Al2 into
equation A 13 yields

Ees*Eaa

Ees — Eag = E
a

(A14)

Substituting (Ees — E.g) in equation Al4 into equation A1Q

yields
o Py Ee 1 1 )2/‘3
Sm 3 EJT E, g (P65+ngEa¢ ’ (A15)
Substituting E.q in equation A12 into equation A 15 yields
@B Vol (Vo
So =3 g BT U V) (A16)

If we assume that Vg » Vo, equation A 16 is rewritten as

which is equation | shown in the “Methods” section.
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Nitric oxide (NO) and reactive oxygen species (ROS) play important roles in blood
pressure regulation via the modulation of the autonomic nervous system, particularly in
the central nervous system (CNS). In general, accumulating evidence suggests that NO
inhibits, but ROS activates, the sympathetic nervous system. NO and ROS, however,
interact with each other. Our consecutive studies and those of others strongly indicate
that an imbalance between NO bioavailability and ROS generation in the CNS,
including the brain stem, activates the sympathetic nervous system, and this mechanism
is involved in the pathogenesis of neurogenic aspects of hypertension. In this review,
we focus on the role of NO and ROS in the regulation of the sympathetic nervous
system within the brain stem and subsequent cardiovascular control. Multiple mecha-
nisms are proposed, including modulation of neurotransmitter release, inhibition of
receptors, and alterations of intracellular signaling pathways. Together, the evidence
indicates that an imbalance of NO and ROS in the CNS plays a pivotal role in the
pathogenesis of hypertension.

blood pressure; sympathetic nervous system; central nervous system; nitric oxide;

oxidative stress

ACTIVATION OF THE SYMPATHETIC nervous system is critically
involved in the pathogenesis of hypertension, from initial
occurrence to the development of target organ damage, such as
heart failure, stroke, and renal failure (35, 36). The importance
of the effects of the renin-angiotensin system on the sympa-
thetic nervous system in the pathogenesis of hypertension is
recently highlighted (30, 31). This is not surprising because
both the autonomic nervous system and hormonal factors are
the major regulators of blood pressure; therefore, abnormalities
of either system are likely to be involved in the pathogenesis of
essential hypertension (30, 31, 37). Esler (30) reported that the
sympathetic nervous system is activated in ~50% of patients
with hypertension, particularly in patients with essential hy-
pertension. Central sympathetic outflow is determined by sev-
eral important nuclei and their circuits in the central nervous
system (CNS) (9, 81). These pathways involve many neu-
rotransmitters and neuromodulators (16, 25, 38, 99). In partic-
ular, the brain stem circuitry is now considered crucial for the
pathogenesis of hypertension, including both excitatory and
inhibitory inputs from the supramedullary nuclei and the baro-
receptors (16, 25, 38, 100, 115). In this review, we focus on the
role of nitric oxide (NO) and reactive oxygen species (ROS) in
the brain stem as factors constituting the neural mechanisms of
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hypertension. Because of the close relationship between NO
and ROS, we discuss the individual roles of NO and ROS in
the brain stem in central mechanisms of hypertension, and then
the relationship between the two. Finally, we will discuss the
possibility of targeting some cardiovascular drugs to improve
the imbalance of NO and ROS.

NO in the Brain

NO is an important mediator of intracellular signaling in
various tissues, including the CNS (32, 118, 119). NO acts via
the second messenger cyclic GMP (32). Thus, soluble guany-
late cyclase is its receptor. NO is synthesized from its precur-
sor, L-arginine, by endogenous NO synthase (NOS). There are
three NOS isoforms: constitutive enzymes, such as neuronal
NOS (aNOS) and endothelial NOS (eNOS), and inducible
enzymes such as inducible NOS (iNOS). A number of studies
have demonstrated the localization of the nNOS, eNOS, and
iNOS within the CNS using in situ hybridization and histo-
chemical staining with NADPH-diaphorase or immunohisto-
chemistry (8). nNOS is abundant in neurons. Considerable
evidence indicates that NOS acts on central and peripheral sites
throughout the autonomic nervous system, which controls the
cardiovascular system, including the receptors and effectors of
the baroreflex pathway (70, 95, 129).

Role of NO in the Brain Stem in Controlling Blood Pressure

Chronic administration of the NO synthesis inhibitor N"-
nitro-L-arginine methyl ester (L-NAME) in drinking water
induces a large increase in blood pressure in rats (29). Gangli-
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onic blockade elicits a greater fall in blood pressure in L-
NAME-treated rats compared with controls, suggesting that the
level of central sympathetic outflow in L-NAME-treated rats is
greater than that in control rats. Microinjection of an ANG II
type 1 (AT;) receptor blocker (candesartan), but not that of an
AT, receptor blocker (PD123319), into the nucleus tractus
solitarius (NTS) elicits a greater decrease in blood pressure,
heart rate, and renal sympathetic nerve activity (RSNA) in
L-NAME-treated rats than in control rats. These results suggest
that increased RSNA contributes to hypertension induced by
chronic NOS inhibition and that activation of the renin-angio-
tensin system in the NTS is involved, at least in part, in the
increased RSNA via AT receptors (29). The rostral ventrolat-
eral medulla (RVLM), the vasomotor center, is also activated
in this model of hypertension, suggesting enhanced central
sympathetic outflow (9). Pharmacological inhibition of NOS
evoked by N-monomethyl-L-arginine (L-NMMA) or L-NAME
also induces large increases in blood pressure that are partially
sympathetically mediated in humans (109).

Immunohistochemical studies have revealed a rich distribu-
tion of nNOS in the NTS (8). Microinjection of L-NMMA into
the NTS elicits an increase in blood pressure and RSNA,
regardless of whether the baroreceptors are intact in anesthe-
tized rabbits (39). The neurons in the NTS are activated by NO
projecting to the caudal ventrolateral medulla, thereby activat-
ing the inhibitory neurons in the caudal ventrolateral medulla,
which project to the RVLM, and may ultimately result in
decreased sympathetic nerve activity (SNA). Single-unit extra-
cellular recordings of NTS neurons in rat brain stem slices
revealed that L-arginine increases neuronal activity dose-de-
pendently, but p-arginine does not (80, 116). L-NMMA blocks
the L-arginine-induced increases in the neuronal activity. So-
dium nitroprusside, an NO donor, also increases neuronal
activity. Consistent with the findings from the in vivo studies
(39), these results suggest that NO increases the neuronal
activity in the NTS through an increase in cyclic GMP. It has
been proposed that NO acts in an ultrashort feedback loop, in
which the release of L-glutamate activates nNOS and subse-
quently the production of NO (32). The NO, in turn, diffuses to
presynaptic terminals, where it modulates the release of L-glu-
tamate in response (o neuronal activation. Studies using in vivo
microdialysis demonstrated that activation of NMDA receptors
in the NTS induces the release of NO, and NMDA-induced NO
production stimulates L-glutamate release (74, 75, 82). In
addition, this mechanism is involved in the depressor and
bradycardic responses evoked by NMDA receptor activation in
anesthetized rats (82). To determine the effects of increased
NO production in the NTS for much longer periods on blood
pressure, heart rate, and urinary norepinephrine excretion, we
developed an in vivo technique for eNOS gene transfer into the
NTS of rats (43, 44, 46, 107). In this study, the successful
transfer of the eNOS gene into the NTS was confirmed by
several methods, including immunohistochemistry, Western
blot analysis, and nitrite/nitrate concentration measurements
(107). Changes in blood pressure and heart rate were observed
using a radio-telemetry system. It is important to note that we
used eNOS instead of nNOS, which is normally abundant in
the CNS, because the purpose of the study was to increase NO
production from constitutively expressed NOS. The results
indicated that NO in the NTS exerts an inhibitory effect on
SNA in vivo.
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Compared to studies of the NTS, studies of the RVLM in
both acute and anesthestized models have produced more
conflicting results (42, 53, 66, 81, 112, 120, 131). Therefore,
we applied the technique described above to studies of the
RVLM (57, 58). In those studies, blood pressure, heart rate,
and urinary norepinephrine excretion were decreased after
eNOS gene transfer. Microinjection of either L-NMMA or
bicuculine, a GABA receptor antagonist, into the RVLM after
eNOS gene transfer increased blood pressure to greater
levels in the eNOS gene transfer group compared with the
mock gene transfer control group. GABA levels in the
RVLM after the eNOS gene transfer measured by in vivo
microdialysis were also increased in the eNOS gene transfer
group. These results indicate that the increased NO produc-
tion evoked by the overexpression of eNOS in the bilateral
RVLM decreases blood pressure, heart rate, and SNA in
awake rats. Furthermore, these responses are mediated by an
increased release of GABA in the RVLM. These studies
provided convincing evidence that chronic changes in neu-
rotransmitters/neuromodulators in the RVLM have a sustained
impact on blood pressure in awake animals.

There is no clear explanation for the different modulatory
effects of NO on neurons between the NTS and RVLM. NO
increases both excitatory and inhibitory amino acids in the
RVLM (43, 57). NO has also been shown to increase both
L-glutamate and GABA in the paraventricular nucleus of hy-
pothalamus (49). Microinjection of kynurenic acid into the
RVLM, however, did not alter blood pressure after eNOS gene
transfer, although microinjection of bicuculline into the RVLM
augmented the increase in blood pressure (57). Therefore, we
consider that GABAergic inhibition of the RVLM neurons
might be more powerful than the glutamatergic activation in
the resting condition (43, 57). In contrast, the glutamatergic
input into the NTS neurons might be more powerful than the
GABAergic input. In the NTS, there are close anatomic con-
nections between nNOS and glutamatergic receptors (75).
Furthermore, increases in NO induce L-glutamate release and
microinfusion of NMDA and AMPA increase NO levels,
suggesting that there are facilitatory interactions between L-
glutamate and NO (27, 74, 82), although there are no studies
measuring GABA levels induced by NO in the NTS. Further-
more, higher concentrations of NO are required to directly
engage GABAergic inhibition, while lower concentrations of
NO might be important for glutamatergic transmission in the
NTS (125). Thus, it is still difficult and complicated to explain
the physiological response induced by NO in the NTS (119).
With regard to the action of NO on neuronal activity, NO
induces both excitatory and inhibitory postsynaptic currents
that likely depend on the neuron examined (6, 7, 126, 127).

Effects of NO in the Brain System in Experimental Models
of Hypertension

Neurogenic mechanisms are dominant in the pathogenesis of
essential hypertension in ~50% of patients (30). Spontane-
ously hypertensive rats (SHR) or stroke-prone SHR (SHRSP)
exhibit increased RSNA during the development of hyperten-
sion, and blood pressure and RSNA are positively correlated
(52, 79). The L-arginine-NO pathway is disrupted in SHR and
SHRSP. The depressor response to an intracerebroventricular
injection of an NO donor is greater in SHRSP than in normo-
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tensive control rats, whereas the pressor response to intracere-
broventricular injection of L-NAME is smaller (13). Semiquan-
titative RT-PCRs and in situ hybridization in SHR and Wistar-
Kyoto (WKY) rats at 4 (prehypertensive) and 14 (established
hypertension) wk of age (101) indicate that eNOS mRNA
expression changes with the development of hypertension.
Although there are no differences between the groups at 4 wk
of age, nNOS gene expression increases in the hypothalamus,
dorsal medulla, and caudal ventrolateral medulla of SHR
compared with WKY rats at 14 wk of age. In the RVLM, there
are no differences between the groups. In the SHRSP, there are
also no differences in nNOS expression levels in the RVLM
compared with WKY rats (101). A recent study demonstrated
that NOS activity, measured by the ability of tissue homoge-
nate to convert [°H]L-arginine to [*H]c-citrulline in a calcium-
and NADPH-dependent manner, is impaired in the cerebral
cortex and brain stem of prehypertensive SHR (104). In con-
trast, NOS activity is increased in the hypothalamus and brain
stem in SHR rats with established hypertension compared with
WKY rats (104). Thus, attenuated NOS activity in the cortex
and brain stem of prehypertensive SHR might play a role in the
pathogenesis of hypertension, and the up-regulated NOS ac-
tivity in the hypothalamus and brain stem of SHR with estab-
lished hypertension might serve to compensate for the hyper-
tension. The expression of iNOS mRNA and protein is under
the limits of detection in the hypothalamus of both WKY rats
and SHR (40). Decreased NOS activity measured by the
nitrite and nitrate contents was also demonstrated in the
hypothalamus of SHR (1). In hypertensive SHRSP, nNOS
protein expression levels in the hypothalamus and brain
stem were enhanced compared with those in WKY (59). In
a renovascular hypertensive rat model, mRNA expression
levels of nNOS and soluble guanylate cyclase genes are
reduced in the hypothalamus but not in the dorsal medulla
(69). Together, these results suggest that the L-arginine-NO
pathway is impaired in hypertensive rats, including SHR,
possibly because of a posttranscriptional abnormality (70).
Overexpression of eNOS in the NTS results in a greater
depressor response in SHR than in WKY rats in the awake
state (44). In that study, eNOS was used instead of nNOS to
increase NO production locally in the NTS. Findings from
another study suggest that the depressed NO modulation is
consistent with the lower NOS activity in the dorsal brain
stem (103). Therefore, the abnormality in the L-arginine-NO
pathway in the NTS might be involved in the maintenance
of hypertension of SHR. A recent study by Waki et al. (121)
demonstrated that endogenous eNOS activity in the NTS
plays a major role in determining the blood pressure set
point in SHR and contributes to maintaining high arterial
blood pressure in this model, suggesting the possible in-
volvement of neurovascular coupling (96). In the RVLM of
SHRSP, overexpression of eNOS elicits greater depressor
and sympathoinhibitory responses than in WKY (58). Fur-
thermore, the increase in NO production evoked by the
overexpression of eNOS in the RVLM enhances the inhib-
itory action of GABA on the RVLM neurons (58). The
results indicate that NO dysfunction and the resulting dis-
inhibition of the RVLM contribute to increase RSNA in
SHRSP.

BRAIN NO AND ROS AND BLOOD PRESSURE REGULATION

Effects of NO in the Brain Stem on Baroreflex Function

As described earlier, NO activity in the NTS and RVLM
influences cardiovascular regulation. We examined the role of
endogenous NO in the brain stem in the rapid central adapta-
tion of baroreflex control of RSNA in anesthetized rabbits (41).
Bilateral carotid sinuses were isolated, and a stepwise increase
in pressure was applied to the carotid sinuses, while arterial
pressure and RSNA were recorded. The procedure was per-
formed after intracisternal injection of L-NAME, p-NAME,
L-arginine, or the vehicle solution. L-NAME enhances the rapid
adaptation of the arterial baroreflex control of renal sympa-
thetic nerve activity in rabbits (41). Transmission of arterial
baroreflex signals depends on NO (27, 118). It was reported
that the baroreceptor reflex gain in awake animals was in-
creased by NO in the bradycardic component, although in these
studies NOS inhibitors were administered systemically to ex-
amine the role of NO on baroreflex function (78, 87). Further-
more, overexpression of eNOS in the RVLM improves im-
paired baroreflex control of heart rate in SHRSP (60).

In summary, NO in the brain stem, particularly in the NTS
and RVLM, has a sympathoinhibitory function, thereby reduc-
ing blood pressure. NO in the brain stem also facilitates the
baroreflex function. The sympathoinhibitory effects of NO are
impaired in animal models of hypertension, and supplementa-
tion of NO in the brain stem in hypertensive rats attenuates the
abnormality, thereby decreasing blood pressure. The facilitory
release of neurotransmitters induced by NO might be involved
in the synaptic transmission mechanism.

ROS in the Brain

Substantial evidence also indicates that increased oxidative
stress is involved in the pathogenesis of hypertension (12, 47,
48, 94, 99). ROS, such as superoxide anions and hydroxyl
radicals, increase oxidative stress. There are several sources of
ROS generation, such as NADPH oxidase, xanthine oxidase,
mitochondria, and NOS uncoupling (12, 47, 48, 94, 99). On the
other hand, reduction of antioxidant enzymes, such as super-
oxide dismutases (SOD), also induces an increase in oxidative
stress (47, 48, 99). Although the role of ROS in the regulation
of blood pressure in the normotensive state is not clear,
increased ROS generation in the brain stem contributes to
neural mechanisms of hypertension (47, 48). For example,
although there is evidence of an increase in oxidative stress in
the vasculature in hypertension, we showed, for the first time,
that increased ROS in the RVLM contributes to SNA, leading
to the neural mechanisms of hypertension in SHRSP (61).
Zimmerman et al. (133) demonstrated that hypertension caused
by low doses of circulating ANG II depends on the production
of superoxide in the circumventricular organs (133). It was
demonstrated that physiological responses to brain ANG II
involve ROS production (15, 132, 133). Considering the im-
portance of the brain ANG II system (2, 10, 26, 28, 83, 85, 86,
108), ROS play an important role in the neural regulation of
blood pressure because ROS production largely depends on
AT, receptor stimulation (47, 48, 99).

Role of ROS in Neural Mechanisms of Hypertension

As described earlier, on the basis of results demonstrating
that microinjection of Tempol or overexpression of manga-
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nese-superoxide dismutase in the RVLM markedly decreases
blood pressure in SHRSP, but not in WKY, increased oxidative
stress in the RVLM contributes to the neural mechanisms of
hypertension in SHRSP (61). Oxidative stress levels in the
RVLM were determined by measuring thiobarbituric acid-
reactive substances (TBARS) levels and electron spin reso-
nance (ESR) spectroscopy with a spin trapping technique (47,
48, 61). In SHR, oxidative stress in the RVLM plays an
important role in hypertension via activation of the sympathetic
nervous system (19, 66, 106, 117). An increase in oxidative
stress in the RVLM also contributes to hypertension via acti-
vation of the sympathetic nervous system in rats with renovas-
cular hypertension (two-kidney one-clip hypertensive model)
(92). This model is an ANG II-dependent model of hyperten-
sion. Therefore, it is conceivable that ANG Il increases oxida-
tive stress by acting both centrally and peripherally, thereby
activating the sympathetic nervous system and leading to
hypertension as one of the hypertensive mechanisms in this
model. AT, receptor expression levels in the RVLM and the
paraventricular nucleus of the hypothalamus are enhanced in
this rat renovascular model of hypertension (93). Interestingly,
NADPH oxidase activity is increased, but Cu/Zn-SOD expres-
sion in the RVLM is unchanged. In a subsequent study, the
authors showed that oxidative stress increased in both the
RVLM and paraventricular nucleus, as well as systemically in
this hypertensive model (93). These results suggest that sys-
temic activation of the renin-angiotensin system activates AT,
receptors in the brain, including the RVLM and paraventricular
nucleus, thereby increasing SNA, leading to hypertension, as
one of the mechanisms.

Sources of ROS Generation in the Brain Stem

NADPH oxidase is a major source of ROS in hypertension
(71, 72) and has a critical role in generating ROS in the brain
(5, 14, 51, 90, 122, 134). ANG 1I is upstream of NADPH
oxidase activation, which requires Racl (48, 90, 122, 134).
NADPH oxidase-derived ROS are involved in the effects of
ANG 1I on Ca*" influx in the NTS neurons receiving vagal
afferents (122). Importantly, the essential subunit of NADPH
oxidase, gp91phox, is present in somatodendritic and axonal
profiles containing AT, receptors (122). The potentiation of
Ca’™ currents indicates that ANG II increases neuronal excit-
ability and spontaneous activity in some neurons (135). ANG
II failed to increase ROS production or to potentiate L-type
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Ca?" currents in the dorsomedial portion of the NTS neurons
of mice lacking Nox2 (123). Thus, the excitatory actions of
ANG 1II in the NTS neurons are caused, at least, in part, by the
activation of L-type Ca®* channels. It should be noted that
ANG II-induced inhibition of neuronal delayed rectifying po-
tassium current (Ixv) is mediated by ROS in primary neurons
isolated from the hypothalamus and brain stem, because both
NAD(P)H oxidase inhibition and Tempol prevented the ANG
IT inhibition of Ixv (113).

Mitochondria are another source of ROS generation in the
brain. Chan et al. (21) examined the role of the mitochondrial
electron transport chain in the RVLM of SHR and found that
mitochondrial electron transport chain dysfunction in the
RVLM of SHR depressed complex I or III activity and reduced
the electron transport capacity (ETC) between complexes I and
111 or II and III (21). Interestingly, microinjection of coenzyme
Q1o into the RVLM of SHR reversed the depressed ETC
activity and enhanced superoxide generation. In addition, mi-
croinjection of antisense oligonucleotide against the p22phox
subunit of NADPH oxidase into the RVLM reduced the en-
hanced ROS production in SHR (21). It is also important to
note that microinjection of coenzyme Qo into the RVLM of
SHR decreases blood pressure (21). These results suggest that
impairment of mitochondrial ETC complexes contributes to
chronic oxidative stress in the RVLM of SHR, leading to
enhanced central sympathetic drive and hypertension (21, 136).
Consistent with their observation, we also found that ANG II
induced the mitochondria-derived ROS production via activa-
tion of NADPH oxidase, although we did not find differences
in the mitochondrial respiratory complexes between SHRSP
and WKY (91), thus suggesting a feedforward system for ROS
generation (21, 91, 136) (Fig. 1). Mitochondrial produced
superoxide mediates the ANG II inhibition of Ixv (128).
Recently, Chan et al. (22) suggested that transcriptional up-
regulation of mitochondrial uncoupling protein 2 (UCP2) in
response to an increase in superoxide plays an active role in the
feedback regulation of ROS production in the RVLM (22).
Furthermore, oral treatment with rosiglitazone enhances a
central antihypertensive effect via an upregulation of peroxi-
some proliferator-activated receptor-y (PPAR-y) and reduced
oxidative stress in the RVLM of SHR (23). Stimulation of
PPAR-v results in the upregulation of UCP2, thereby reducing
oxidative stress. The dose of rosiglitazone used in that study,

Ca2+ K*
ANGII
o
Ca channel

NAD (P) H

\

[Caz]mith

< [C?]i §

......................................................

Mitochondria

O K channel
-
Fig. 1. A suggested scheme demonstrating that ANG I1
H stimulation increases reactive oxygen species (ROS)
. generation via NAD(P)H oxidase and related mecha-
: nisms. [Modified from Nozoe et al. (91).]
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however, was fairly high, and this does not necessarily relate to
the clinical setting.

Downstream Signaling Pathway of the AT Receptor
Stimulation in the RVLM Involving ROS Production

As described above, activation of the AT, receptor produces
superoxide anions as an initial step of ROS generation through
NADPH oxidase. Thus, the signaling pathway should be piv-
otal for neuronal activation leading to hypertension via central
sympathetic outflow. NAD(P)H oxidase-derived ROS produc-
tion mediates the ANG II-induced pressor response via activa-
tion of p38 MAPK and ERK in the RVLM (18, 20). Chan et al.
(20) demonstrated that intracerebroventricular infusion of
ANG II elicits the long-term pressor response, and this pressor
response is mediated by protein kinase C/ERK/cyclic adeno-
sine monophosphate response element binding protein and
c-fos induction (20). It should be noted that the ANG II-
induced pressor response might not necessarily be related to
ROS production in the RVLM. The ANG Il-induced pressor
response, however, is significantly inhibited by ROS scaveng-
ing, and endogenous blockade of AT, receptors in the brain
stem of SHRSP reduces ROS and blood pressure (48, 91).
Activation of caspase-3 acting through the Ras/p38 MAPK/
ERK pathway in the RVLM might be involved in sympathoe-
xcitation of SHRSP (65). In addition, the apoptotic proteins
Bax and Bad are activated, and the antiapoptotic protein Bcl-2
is inhibited in the RVLM of SHRSP (65). The Ras inhibitor
substantially attenuated these changes, thereby attenuating
caspase-3 associated with the decrease in blood pressure. In
contrast, however, c-Jun N-terminal kinase activity was not
altered in the RVLM of SHRSP compared with that of WKY
(65). It should be noted that the possibility of caspase-3-
independent neuronal apoptosis in the RVLM or of a direct link
between ROS and caspase-3 activation was not examined in
that study (65). However, this finding is consistent with the
results demonstrating that microinjection of ANG II induces
AT, receptor-dependent ROS production and phosphorylation
of p38 MAPK and ERK, but not stress-activated protein
kinase/Jun N-terminal kinase in the RVLM of Sprague-Dawley
rats (18). Interestingly, this is not the case in the RVLM of
heart failure rabbits (77). Stress-activated protein kinase/Jun
N-terminal kinase activity was increased in the RVLM of these
heart failure rabbits (77). The increased phosphorylation of Jun
N-terminal kinase may lead to activation of the transcription
factor AP-1, which is a dimer of Jun and c-Fos family mem-
bers. It is not clear why these differences between hypertension
and heart failure occur. It is possible that signal transduction
changes in the progression from hypertension to heart failure,
thereby leading to further enhanced central sympathetic out-
flow. Further studies are needed to establish a more direct link
between these signaling pathways, redox sensitivity, and the
development and/or progression of hypertension.

Imbalance of Brain NO and ROS

Superoxide derived from NADPH oxidase reacts with and
inactivates NO and thereby modulates its bioavailability (32,
97, 114) (Fig. 2). The converse is also true; that is, NO reduces
superoxide, which may be beneficial (32, 99) (Fig. 2). An
increase in NO in the RVLM decreases blood pressure and
sympathetic nervous system activity to a greater extent in

BRAIN NO AND ROS AND BLOOD PRESSURE REGULATION

Constitutive NOS Inflammation
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Fig. 2. A scheme demonstrating the interaction between nitric oxide (NO) and
ROS generation. NMDA-R, N-methyl-p-aspartate receptors; GABA, +y-ami-
nobutyric acid; BH4, tetrahydrobiopterin; NOS, nitric oxide synthase; eNOS,
endothelial NOS; iNOS, inducible NOS; nNOS, neuronal NOS. [Modified
from Hirooka (47).]

SHRSP than in WKY rats (58). This might be due to a
reduction in superoxide via NO in the RVLM of SHRSP,
which is increased in the RVLM of SHRSP (61). All three
NOS isoforms generate superoxide depending on substrate
(L-arginine) and cofactor (tetrahydrobiopterin) availability (32,
97, 114). The induction of both iNOS and ROS during inflam-
mation is well established (88, 97). A recent study suggested
that ROS and reactive nitrogen species, such as peroxynitrite
dose-dependently regulate iNOS function (114). Overexpres-
sion of iNOS in the RVLM causes sympathoexcitation via an
increase in oxidative stress (54). As expected, the release of
more nitrite/nitrate (NO,) in RVLM dialysate is induced by
iNOS overexpression than by eNOS overexpression (54). Rel-
ative to the constitutive isoforms, iNOS has approximately
five-fold higher NO production (97). NO, release, however, is
increased by approximately twofold higher by iNOS overex-
pression than by eNOS overexpression (54). We considered
that the precursor of NO production, L-arginine, and its cofac-
tor, tetrahydrobiopterin, might be consumed and insufficient
when iNOS is chronically expressed, thereby iNOS would
produce superoxide instead of NO (Fig. 2). Otherwise, chronic
overexpression of iNOS increases levels of NO chronically,
which, in turn, reacts with superoxide in a diffusion-limited
reaction to produce peroxinitrite (Fig. 2). In fact, we found an
increase in the TBARS levels in the RVLM and the pressor
response after overexpression of iNOS. The increased pressor
response was, however, abolished by iNOS inhibitors or Tem-
pol. Once ROS production is increased, ROS enhance super-
oxide production from iNOS, indicating that ROS promote
iNOS uncoupling. Further, peroxynitrite, produced from the
reaction between NO and superoxide, reduces both NO and
superoxide generation, indicating that peroxynitrite causes
iNOS dysfunction enzymatically. In our study, we detected
some iNOS-positive cells with the antinitrotyrosine antibody
(54). Furthermore, iNOS expression levels were increased in
the RVLM of SHRSP compared with WKY (56). Kung et al.
(68) suggested that mitochondrial respiratory enzyme com-
plexes in the RVLM were cellular targets of NO and ROS
interaction after eNOS gene transfer. This concept is problem-
atic, however, in that they suggest that superoxide and per-
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oxynitrite are produced after eNOS gene transfer into the
RVLM (68). Another recent study suggested that NMDA
receptor activation increases ROS production through NO and
Nox2 (33). Further studies are needed to explore whether this
mechanism functions via ubiquitous glutamatergic synaptic
transmission in vivo.

Sympathoinhibitory Effects of Antihypertensive Drugs
and Statins

NADPH oxidase, which is activated by AT; receptor stim-
ulation, is a major source of ROS (11, 17, 113, 135). The
specific brain nuclei that regulate SNA, such as the anteroven-
tral third ventricle, paraventricular nucleus of the hypothala-
mus, NTS, and the RVLM, are rich in AT receptors (2, 10, 26,
28, 83). AT, receptor expression levels are upregulated in the
RVLM of hypertensive animal models compared with normo-
tensive controls (105). Thus, it is possible that AT, receptor
blockers reduce oxidative stress in the brain, as well as in the
peripheral vasculature. It is also possible that AT, receptor
blockers inhibit ROS production by blocking AT1 receptor-
mediated intracellular signaling (11, 48, 50) and that this
antioxidant action accounts for the absence of reflex-induced
sympathoexcitation after treatment with AT receptor blockers.
We evaluated the effects of AT, receptor blockers, olmesartan
and telmisartan, on brain oxidative stress in SHRSP (4, 48).
Both AT receptor blockers have antioxidant properties in the
brain without stimulating reflex-mediated SNA in SHRSP. We
used in vivo ESR spectroscopy to examine the effect of oral
olmesartan on oxidative stress in the brain (4), because the in
vivo ESR method is a powerful technique for evaluating
oxidative stress (3, 110, 111). The effects of peripherally
administered olmesartan or telmisartan on central sympathetic
outflow have been demonstrated in other studies (34, 76). Are
these antioxidant effects of olmesartan or telmisartan specific
for each drug or the AT receptor blocker class? Other angio-
tensin receptor blockers, such as losartan or candesartan, have
similar sympatho-inhibitory effects in the CNS, although there
are some differences among angiotensin receptor blockers (24,
89, 102, 124). The differences of the central effects of each
angiotensin receptor blocker might depend on its lipophilicity,
phamacokinetics, and the transporter system (24, 34, 48, 124).
Furthermore, systemically administered candesartan reduces
brain ANG II via downregulation of the brain renin-angioten-
sin system (98). This finding provides new mechanistic insight
into the treatment of hypertension by the AT, receptor blockers
(84). Unfortunately, however, these effects of AT, receptor
blockers, that is, reduction of brain oxidative stress and sym-
patho-inhibitory effects, even when administered systemically,
are usually ignored by researchers or clinicians, but should be
considered as potential therapeutic candidates.

Considering the inhibitory effects of AT receptor blockers
on brain oxidative stress and sympathetic nervous system
activity, it would be interesting to know whether other cardio-
vascular drugs have similar effects. We found that atorvastatin
causes depressor and sympathoinhibitory effects with upregu-
lation of NOS in SHRSP (59), which is consistent with the
effects of statins on eNOS upregulation in the vasculature (55).
Atorvastatin also reduces oxidative stress in the RVLM of
SHRSP (62, 63, 64). With regard to the central sympathoin-
hibitory effects of calcium channel blockers, lipophilic dihi-
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dropyridine calcium channel blockers, such as nifedipine, ni-
soldipine, and amlodipine, readily cross the blood-brain bar-
rier, thereby presumably blocking brain L-type Ca** channels
leading to central sympathoinhibition (73). It is generally
considered that an arterial baroreflex-mediated increase in
sympathetic activity is responsible for the unfavorable effects
of short- and strong-acting dihydropyridine calcium channel
blockers; therefore, the intrinsic sympathoinhibitory effects of
calcium channel blockers have been ignored. These findings
together suggest that increased NOS activity and antioxidant
effects in the brain stem might be involved in the central
sympathoinhibitory effects of some calcium channel blockers
(45, 55, 67). The precise mechanisms involved, however,
remain unknown, and further studies are required.

Summary and Conclusions

In summary, accumulating evidence indicates that an imbal-
ance of NO and ROS in the CNS, particularly in the brain stem,
is crucially involved in hypertension via the activation of
central sympathetic outflow. Upstream and downstream con-
sequences of the precise mechanisms are discussed. Several
questions remain, however, because the interactions between
NO and ROS are complex. Further studies are required to gain
a better understanding of the role of brain NO and ROS in
autonomic cardiovascular regulation and potential therapeutic
targets.
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Nanoparticle-Mediated Delivery of Pitavastatin Into Lungs
Ameliorates the Development and Induces Regression of
Monocrotaline-Induced Pulmonary Artery Hypertension

Ling Chen, Kaku Nakano, Satoshi Kimura, Tetsuya Matoba, Eiko Iwata, Miho Miyagawa,
Hiroyuki Tsujimoto, Kazuhiro Nagaoka, Junji Kishimoto, Kenji Sunagawa, Kensuke Egashira

Abstract—Pulmonary artery hypertension (PAH) is an intractable disease of the small PAs in which multiple pathogenic
factors are involved. Statins are known to mitigate endothelial injury and inhibit vascular remodeling and inflammation,
all of which play crucial roles in the pathogenesis of PAH. We tested the hypothesis that nanoparticle (NP)-mediated
delivery of pitavastatin into the lungs can be a novel therapeutic approach for the treatment of PAH. Among the
marketed statins, pitavastatin was found to have the most potent effects on proliferation of PA smooth muscle cells in
vitro. We formulated pitavastatin-NP and found that pitavastatin-NP was more effective than pitavastatin alone in
inhibiting cellular proliferation and inflammation in vitro. In a rat model of monocrotaline-induced PAH, a single
intratracheal instillation of NP resulted in the delivery of NP into alveolar macrophages and small PAs for up to 14 days
after instillation. Intratracheal treatment with pitavastatin-NP, but not with pitavastatin, attenuated the development of
PAH and was associated with a reduction of inflammation and PA remodeling. NP-mediated pitavastatin delivery was
more effective than systemic administration of pitavastatin in attenuating the development of PAH. Importantly,
treatment with pitavastatin-NP 3 weeks after monocrotaline injection induced regression of PAH and improved survival
rate. This mode of NP-mediated pitavastatin delivery into the lungs is effective in attenuating the development of PAH
and inducing regression of established PAH, suggesting potential clinical significance for developing a new treatment
for PAH. (Hypertension. 2011;57:343-350.) ® Online Data Supplement

Key Words: pulmonary hypertension ® nanotechnology ® pitavastatin @ inflammation ® leukocytes

ulmonary artery hypertension (PAH) is an intractable

disease of the small PAs resulting in progressive in-
creases in pulmonary vascular resistance, right ventricular
(RV) failure, and ultimately premature death.!? Mortality
from PAH remains high, even after introduction of vasodila-
tor therapies such as prostacyclin infusion, endothelin recep-
tor antagonists, and phosphodiesterase inhibitors (which have
raised the S-year survival rate to =~50%). Although these
drugs were originally developed for non-PAH vascular dis-
eases, they were introduced into treatment for clinical PAH
on the basis of the vasodilator hypothesis. Therefore, a new
idea that might lead to a breakthrough curative treatment for
PAH is urgently needed.

In addition to vasoconstriction, other multiple factors
(endothelial injury/apoptosis, obstructive vascular remodel-
ing, proliferation, and inflammation) play an important role in
the mechanism of PAH.!:2 Therefore, we hypothesized that a
controlled, local delivery system targeting a battery of those
pathogenic factors intrinsic to PAH pathology would be a
favorable therapeutic approach with high translational poten-

tial to clinical medicine. In this respect, we focused on the
vasculoprotective effects of 3-hydroxy-3-methylglutaryl co-
enzyme A reductase inhibitors, the so-called statins. Statins
are known to increase expression and activity of endothelial
nitric oxide synthase (eNOS) and thus ameliorate endothelial
injury.*-¢ Prior studies have reported that systemic adminis-
tration of statins attenuates monocrotaline (MCT)-induced
and hypoxia-induced PAH in animals.”® These beneficial
therapeutic effects of statins on PAH, however, were ob-
served after daily administration of high doses of statins, a
regimen that could lead to serious adverse side effects in the
clinical setting. However, not all studies have reported
beneficial effects of statins with regard to PAH in animal
models.'®'" We recently reported that (1) intratracheal ad-
ministration of bioabsorbable polymeric nanoparticles (NPs)
represented a novel drug delivery system into the lung; and
(2) NP-mediated delivery of a nuclear factor (NF)-«xB decoy
into the lungs effectively inhibited NF-kB-mediated inflam-
mation and thus, attenuated the development and progression
of PAH in a rat model of MCT-induced PAH.!?> This
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nanotechnology platform may optimize the efficacy and
minimize the potential side effects of drugs.

Therefore, the primary aim of this study was to test the
hypothesis that NP-mediated local delivery of statins to the
lung is an innovative therapeutic approach for PAH. Pitavas-
tatin was selected as the nanoparticulation compound because
this drug has shown the most potent beneficial effects on
human endothelial and smooth muscle cells in vitro compared
with other statins.’>'4 We then used a rat model of MCT-
induced PAH and examined (1) whether this NP-mediated
delivery of pitavastatin into the Jung is more effective than
intratracheal or systemic administration of pitavastatin in
attenuating the development of PAH and (2) whether this
NP-mediated delivery system induces regression of estab-
lished PAH.

Materials and Methods

Human PA Smooth Muscle Cell

Proliferation Assay

Human PA smooth muscle cells (PASMCs) were seeded on 96-well
culture plates at 10* cells per well in SmBM. After 24 hours of
starvation, 10% fetal bovine serum was added for cell stimulation. In
addition, various concentrations of statins (simvastatin, pitavastatin,
atorvastatin, losuvastatin, fluvastatin, and pravastatin) or vehicle
were added (n=6 per group). Statins were purchased, extracted from
products, and purified. Cells were incubated for another 24 hours
after addition of 5'-bromo-2'-deoxyuridine, and 5’-bromo-2'-
deoxyuridine incorporation was evaluated by an ELISA kit from
Calbiochem.

In another set of experiments, a 1.0-mL suspension of pitavastatin
at 5 mg/mL, fluorescein isothiocyanate (FITC)-NP (I mg/mL
lactide/glycolide copolymer [PLGAD), pitavastatin-NP containing
1.0 mg/mL PLGA and 5 mg/mL pitavastatin, or vehicle was added
to each well (n=6 per group). Cells were incubated for another 4
days, and the cells were fixed with methanol and stained with
Diff-Quick staining solution. A single observer counted the number
of cells per plate.

Preparation of PLGA-NP

A PLGA with an average molecular weight of 20000 and a
copolymer ratio of lactide to glycolide of 75:25 (Wako Pure
Chemical Industries, Osaka, Japan) was used as wall material for the
NP. PLGA-NP incorporated with FITC or pitavastatin (Kowa Phar-
maceutical Co Ltd, Tokyo, Japan) was prepared by a previously
reported emulsion solvent diffusion method in purified water.!s-!¢
PLGA was dissolved in a mixture of acetone and methanol. Then,
FITC or pitavastatin was added to this solution. The resultant
PLGA-FITC or PLGA-statin solution was emulsified in a polyvinyl
alcohol solution with stirring at 400 rpm by using a propeller-type
agitator with 3 blades (Heidon 600G, Shinto Scientific, Tokyo,
Japan). After the system was agitated for 2 hours under reduced
pressure at 40°C, the entire suspension was centrifuged (20 000g for
20 minutes at —20°C). After the supernatant was removed, purified
water was added and mixed with the sediment. The wet mixture was
then centrifuged again to remove the excess polyvinyl alcohol and
the unencapsulated reagent that could not adsorb onto the surfaces of
the NPs. After this process was repeated, the resultant dispersion was
freeze-dried under the same conditions. The FITC- and pitavastatin-
loaded PLGA-NP contained 13% (wt/vol) FITC and 13% (wt/vol)
pitavastatin, respectively. A sample of NP suspension in distilled
water was used for particle size analysis. The diameter of NPs was
19629 nm. Surface charge (zeta potential) was also analyzed by
Zetasizer Nano (Sysmex, Hyogo, Japan) and was anionic (—15+10
mV at pH 4.4).

Experimental Animal Models
All experiments were reviewed and approved by the committee on
ethics on animal experiments, Kyushu University Faculty of Medi-
cine, and were conducted according to the guidelines of the Amer-
ican Physiological Society. Adult male Sprague-Dawley rats
(Charles River, Yokohama, Japan; 250 to 300 g body weight) were
injected subcutaneously with 60 mg/kg MCT (Wako), which induces
severe PAH in 3 weeks.!2!7

In a prevention protocol, animals were divided into 4 groups that
received intratracheal instillation of phosphate-buffered saline
(PBS), pitavastatin only (100 pg), FITC-NP (I mg PLGA), or
pitavastatin-NP (100 ng pitavastatin per mg PLGA) immediately
after MCT injection. For intratracheal instillation, a 0.1-mL suspen-
sion of pitavastatin, FITC-NP, or pitavastatin-NP was injected gently
into the trachea of animals, accompanied by an equal volume of air.
This dose of pitavastatin was selected because we examined the
effects of intratracheal instillation of various concentrations and
volumes of pitavastatin suspension (10, 30, 100, or 300 pg per
animal in 0.05, 0.1, and 0.2 mL PBS) and confirmed that a 0.1-mL
suspension of pitavastatin containing 100 ug pitavastatin was an
optimal dose in our experiments. In a treatment protocol, rats were
divided into 4 groups that received intratracheal instillation of PBS,
pitavastatin only (100 pg), FITC-NP (I mg PLGA), or
pitavastatin-NP (100 pg pitavastatin per mg PLGA) 21 days after
MCT injection when severe PAH had already been established. In
another set of experiments, 3 other groups received systemic daily
oral pitavastatin at doses of 0.3, 1.0, 3.0, and 10 mg/kg, dissolved in
0.5% carboxymethyl cellulose, by gavage from the day of MCT
injection until the mice were euthanized on day 21.

Biodistribution of FITC-NP After Intratracheal
Administration Into the Lung

Biodistribution of FITC in the lung was examined in rats that
received intratracheal instillation of FITC-NP. Animals were eutha-
nized and the tracheas were exposed. The lungs were inflated with a
solution of 10% phosphate-buffered formalin (pH 7.4) by using a
catheter inserted into the trachea. The lungs were then removed en
bloc and placed into 10% phosphate-buffered formalin for a further
12 to 18 hours. After light and fluorescence stereoscopic photo-
graphs of the lungs were taken, the tissues were processed and
embedded in OCT compound, and cross sections of 5-um thickness
were prepared for detecting NP distribution by fluorescence pho-
tomicroscopy. The tissue specimens were also processed and em-
bedded in paraffin according to standard procedures, and S5-pm
sections were cut. Sections were further examined to detect NP
distribution by immunostaining.

Direct RV Pressure Measurements

Three weeks after MCT administration, the animals were anesthe-
tized with sodium pentobarbital, and polyethylene catheters were
then inserted into the right ventricle through the jugular vein and
carotid artery for hemodynamic measurements. RV systolic pressure
and systemic blood pressure were measured with a polygraph system
(AP-601G, Nihon Kohden).!'2-'7

Echocardiographic Measurements of RV and

PA Hemodynamics

Transthoracic echocardiographic measurements (Vevo 2100 ultra-
sound system; Primetech Inc) were performed as described previ-
ously.'® Additional details are provided in the online-only Data
Supplement (available at http://hyper.ahajournals.org).

Assessment of Right Heart Hypertrophy and

PA Remodeling

After systemic arterial and RV pressures were recorded, the animals
were euthanized and the lungs and heart were isolated. The RV wall
was dissected from the left ventricle and ventricular septum. Wet
weight of the right ventricle and of the left ventricle plus ventricular
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septum was determined, and RV hypertrophy was expressed as RV
weight/(left ventricle plus ventricular septum weights).!2:17

The lungs were perfused with a solution of 10% phosphate-
buffered formalin (pH 7.4). At the same time, 10% phosphate-
buffered formalin (pH 7.4) was administered into the lungs via
tracheal tube at a pressure of 20 cm H,O. These specimens were
processed for light microscopy by routine paraffin embedding. The
degree of remodeling (muscularization) of small, peripheral, PAs
was assessed by double immunohistochemical staining of the 5-pum
sections with an anti-e-smooth muscle actin antibody (dilution
1:500; clone 1A4, Dako) and anti-platelet endothelial cell adhesion
molecule-1 (PECAM-1) (M-20) antibody (dilution 1:100, Santa
Cruz).!? To assess the type of remodeling of muscular PAs, micro-
scopic images were analyzed. In each rat, 30 to 40 intra-acinar
arteries were categorized as muscular (those with a complete medial
coat of muscle), partially muscular (those with only a crescent of
muscle), or nonmuscular (those with no apparent muscle), counted,
and averaged within a range of diameters from 25 to 50 wm.!2

Histopathologic and Immunohistochemical
Analysis of Rat Lungs

The degrees of monocyte infiltration were evaluated by immuno-
staining for ED-1 (analog of human CD68, Serotec). For quantifi-
cation, a blinded observer counted the number of ED-1-positive cells
in 10 fields. Sections were also subjected to immunostaining with
antibodies against FITC (1:1000; American Research Products,
Belmont, MA), an epitope (a-p65) on the p65 subunit of NF-«B
(1:100; Boehringer Mannheim, Roche Diagnostics, Basel, Switzer-
land), rabbit eNOS (ABR: PA1-037), murine inducible NOS (iNOS,
Transduction Laboratories), or nonimmune mouse IgG (Dako). The
a-p65 monoclonal antibody recognizes an epitope on the p65 subunit
that is masked by bound inhibitor-«B.!"® Therefore, this antibody
exclusively detects activated NF-«B.1?

Real-Time Quantitative Reverse
Transcription—-Polymerase Chain Reaction

Real-time polymerase chain reaction amplification was performed
with rat cDNA with the use of an ABI PRISM 7000 sequence
detection system (Applied Biosystems, Foster City, CA) as described
previously.'>!? TagMan primers/probes for monocyte chemotactic
protein-1, tumor necrosis factor-e, interleukin (IL)-1p3, IL-6, inter-
cellular adhesion molecule-1, and glyceraldehyde 3-phosphate dehy-
drogenase, which served as the endogenous reference, were pur-
chased from Applied Biosystems (Assay-on-Demand gene
expression products Rn00580555, Rn99999017, Rn00580432,
Rn00561420, and Rn00564227 and TagMan rodent glyceraldehyde
3-phosphate dehydrogenase control reagents, respectively).

Lipopolysaccharide-Induced Activation of

Mouse Monocytes

The mouse macrophage cell line RAW 264.7 was purchased. After
bacterial lipopolysaccharide (serotype 0111:B4, Sigma) at 1 pg/mL
was added to the cells, each 1.0-mL suspension of pitavastatin at 5
mg/mL, FITC-NP (1 mg/mL PLGA), pitavastatin-NP containing 1.0
mg/mL PLGA and 5 mg/mL pitavastatin, or vehicle was added to the
wells; 2 hours later, the cells were washed 3 times with PBS. NF-«B
pathway activity was measured with a TransAM NF-«B p65 ELISA-
based assay kit (Active Motif, Tokyo, Japan). Nuclear extracts of
RAW 264.7 cells were prepared with the NE-PER nuclear and
cytoplasmic extraction reagent kit (Pierce, Rockford, IL) according
to the manufacture’s protocol. Samples were placed, along with 30
L of binding buffer, on a 96-well plate to which oligonucleotides
containing an NF-kB consensus binding site had been immobilized
for 1 hour on a shaker. During this time, the activated NF-«B
contained in the sample specifically binds to this nucleotide; then the
plate was washed and, by using a primary antibody (100 mL diluted
1:1000 in antibody binding buffer for 1 hour) that is directed against
the NF-«B p65 subunit, the NF-«kB complex bound to the oligonu-
cleotides can be detected. The plate was then washed again, and 100
L of secondary antibody (diluted 1:1000 in antibody binding
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Figure 1. Localization of FITC-NP after instillation into the rat
lung. A, Representative light (left) and fluorescence (right) ste-
reomicrographs of whole lungs (upper) and transections (lower)
1 hour after intratracheal instillation of FITC-NP. B, Representa-
tive light (upper) and fluorescence (lower) stereomicrographs of
transections from control (nontreated) lungs and from lungs
instillated with FITC alone or FITC NP on day 3 after instillation.
C, Representative light (upper) and fluorescence (lower) ste-
reomicrographs of cross sections from lungs instillated with
FITC-NP on days 1, 7, and 14 after instillation.

buffer) conjugated to horseradish peroxidase was added for 1 hour.
The plate was washed again, and 100 wL of developing solution was
added. The plate was incubated for 4 minutes away from direct light,
100 pL of stop solution was added, and the plate was read with a
plate reader at 450 nm.

Western Blot Analysis

Protein was extracted from frozen lung tissues. Samples were
homogenized in lysis buffer containing 10 mmol/L Tris-HCI, pH 7.4,
50 mmol/L NaCl, 5 mmol/L EDTA, 1% Triton X-100, 50 mmol/L
NaCl, 30 mmol/L sodium phosphate, 50 mmol/L. NaF, 1% aprotinin,
0.5% pepstatin A, 2 mmol/L phenylmethylsulfonyl fluoride, and
5 mmol/L leupeptin and phosphatase inhibitor cocktail (Pierce). Cell
lysates (50 png) were separated on 7.5% polyacrylamide gels and
blotted onto polyvinylidene difluoride membranes (Millipore Co,
Hercules, CA). Protein expression was analyzed by using antibodies
against eNOS (ABR: PA1-037) or actin (Sigma). Immune com-
plexes were visualized with horseradish peroxidase—conjugated
secondary antibodies. Bound antibodies were detected by chemilu-
minescence with the use of an ECL detection system (Amersham
Biosciences) and quantified by densitometry.
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Figure 2. Inhibitory effects of various statins on human PASMC proliferation. A, PASMC proliferation assay (% inhibition of 5'-bromo-
2'-deoxyuridine [BrdU] index) in response to various concentrations of various statins (n=6 per group). B, ICg, values and 95% Wald
Cls (in parentheses) are shown at the top of each bar. Probability values vs pitavastatin by Wald tests in a 4-parameter logistic-
regression model are shown. Prava indicates pravastatin; rosuva, rosuvastatin; simva, simvastatin; atorva, atorvastatin; fluva, fluvasta-

tin; and pitava, pitavastatin.

Measurements of Pitavastatin Concentration
Pitavastatin concentrations in serum and lung were measured at
predetermined time points by using a column-switching high-
performance liquid chromatography system, as previously report-
ed.20 In brief, the column-switching high-performance liquid chro-
matography system consists of 2 LC-10AD pumps, an SIL-10A
autosampler, a CTO-10A column oven, a 6-port column-
switching valve, and an SPD-10A UV detector (all from Shi-
madzu, Kyoto, Japan). The column temperature was maintained at
40°C. Preprepared serum or tissue homogenate sample solutions
were injected from the autosampler into the high-performance
liquid chromatography system, and detection of the statin in
sample solutions was performed at 250 nm with a UV detector.
The detected peak area was measured with Lcsolution software
(Shimadzu).

Statistical Analysis

Data are presented as mean+SEM. Statistical analysis of differences
was performed by 1-way ANOVA and Bonferroni’s multiple com-
parison tests. The survival rates were determined by the Kaplan-
Meier method. Efficacy ratios (median inhibitory concentration
[ICs,]values) of statins were tested with Wald tests in a 4-parameter
logistic-regression model. Point estimates and Wald 95% CIs for
IC, values were calculated. Statistical calculations were performed
with SAS preclinical package software version 9.1.3 (SAS Institute
Inc, Tokyo, Japan) and Prism Software version 4.0.1 (GrafPad). A
value of P<0.05 was considered statistically significant.

Results

Localization of FITC-NP in the Lung of Rats With
MCT-Induced PAH

Localization of FITC was examined after a single intratra-
cheal instillation of FITC-NP into animals injected with
MCT. Three days after instillation, strong FITC signals were
detected only in FITC-NP-instillated lungs, whereas no or
only faint FITC signals were observed in control noninjected
lungs and in lungs injected with FITC only (Figure 1). On
days 1, 7, and 14, FITC signals remained localized predom-
inantly in the lungs. There were FITC-positive cells in the
bronchi and alveoli, alveolar macrophages, and small arteries.
As we previously reported,'? immunofluorescence staining
revealed that FITC signals localized mainly in small arteries
and arterioles as well as in small bronchi and alveoli 14 days

after instillation of FITC-NP (online-only Figure I). FITC
signals were not detected in remote organs (liver, spleen, and
heart) at any time point (data not shown).

Inhibitory Effects of Statins on Human

PASMC Proliferation

To implicate pitavastatin as a candidate statin for nanopar-
ticulation, the effects of statins on PASMC proliferation were
examined. In a human PASMC proliferation assay (percent
inhibition of 5’-bromo-2’-deoxyuridine index), hydrophilic
statins (rosuvastatin and pravastatin) elicited no inhibitory
effects, whereas other statins showed dose-dependent effects
(Figure 2A). The ICs, value of pitavastatin was lower than
that of simvastatin or atorvastatin (Figure 2B). The ICs, value
of pitavastatin tended to be lower than that of fluvastatin, but
there was no significant difference in the ICs, values between
the 2 statins.

Effects of Pitavastatin-NP on the Development of
PAH in the Rat Model of MCT-Induced PAH

An RV catheterization study confirmed that injection of MCT
led to severe PAH (increased RV systolic pressure) associ-
ated with small PA remodeling and increased infiltration of
ED1-positive monocytes 3 weeks after MCT injection, as
previously reported.!>!7 Single intratracheal treatment with
pitavastatin-NP, but not with pitavastatin alone or FITC-NP,
attenuated the development of PAH, small PA remodeling,
and monocyte-mediated inflammation (Figure 3). The RV
systolic pressure of untreated normal controls (no MCT
injection) was 342 mm Hg (n=10). There were no signif-
icant differences in concentrations of pitavastatin in the lung
and systemic blood between pitavastatin-NP—treated and
pitavastatin-only groups (the Table).

Echocardiographic study showed that there were no signif-
icant changes in cardiac output or stroke volume among
untreated control and MCT-induced PAH rats (online-only
Table I). Echo-derived estimation of RV systolic pressure and
pulmonary vascular resistance showed the development of
MCT-induced PAH and therapeutic effects of a single intra-
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Figure 3.

Effects of pitavastatin (pitava)-NP on RV systolic pressure, small PA remodeling, and infiltration of monocytes 3 weeks after

MCT injection. A, RV systolic pressure in the 4 experimental groups. Data are mean=SEM (n=6 per group). B, Percentage of fully mus-
cularized small PAs in the 4 experimental groups. Data are mean=SEM (n=6 per group). C, Infiltration of ED1-positive monocytes into
the lung (the number of positive cells per 30 high-power-field cross sections). Data are mean+SEM (n=6 per group). *P<0.01 vs

untreated control.

tracheal instillation of pitavastatin-NP, as reported by the RV
catheterization study.

The activity of lactate dehydrogenase was not detected in
bronchoalveolar lavage fluid. There were no significant
changes in activity of lactate dehydrogenase and various
biomarkers in lung tissue homogenates among untreated
control and MCT-induced PAH rats (online-only Tables II
and III).

Oral daily administration of pitavastatin at 0.3 mg/kg had
no significant effects on MCT-induced PAH, but pitavastatin
at 1.0, 3.0, and 10 mg/kg significantly attenuated the devel-
opment of PAH (online-only Figure II).

Effects of Intratracheal Instillation of
Pitavastatin-NP on NF-«B Activation and

PAMSC Proliferation

As previously reported,'? immunohistochemically detectable
NF-«B activation was noted mainly in alveolar macrophages
and weakly in PA lesions 7 days after MCT administration
(Figure 4). A single intratracheal instillation of pitavastatin-
NP, but not of FITC-NP or pitavastatin alone, markedly

Table. Pitavastatin Concentrations in the Lung and Systemic

Blood After Intratracheal Administration of Pitavastatin (100 ug
per Animal) Only or Pitavastatin-NP Containing the Same Dose

of Pitavastatin

Time After Administration, h

Groups 1 3 6 12 24 48
Pitavastatin-only
group
Lung, ng/g 115283  49+69 7%5 2+1  3+3 4=3
Serum, ng/mL 48+19  24+10 9=+7 11 1x21 1+
Pitavastatin-NP
group
Lung, ng/g 15577 17%8 1313 4+6 7+4 3=
Serum, ng/mL 65+19 205 7+4 2+1 11 1+2

Data are mean+=SEM (n=6 per group).

attenuated the increases in NF-«kB (a-p65) activity induced
by MCT injection (Figure 4). Because NF-«kB was activated
in alveolar monocytes in MCT-induced PAH, effects of
pitavastatin-NP on NF-kB activity were examined in a
monocyte cell line (RAW 264.7 cells) in vitro. Treatment
with pitavastatin-NP, but not with pitavastatin only, attenu-
ated NF-kB activation in RAW 264.7 cells (online-only
Figure III). Because proliferation of PASMCs is increased in
animals and humans with PAH, effects of pitavastatin and
pitavastatin-NP were examined in human PASMCs in vitro.
Treatment with pitavastatin-NP, but not with pitavastatin
only, attenuated the proliferation of PASMCs (online-only
Figure IV).

Effects of Pitavastatin-NP on Expression of
Proinflammatory Factors

As previously reported,'? MCT-induced PAH was associated
with increased gene expression of proinflammatory factors.
Intratracheal treatment with pitavastatin-NP significantly re-
duced the increased gene expression of monocyte chemotac-
tic protein-1, tumor necrosis factor-c, and IL-6 and tended to
decrease the expression of IL-183 and intercellular adhesion
molecule-1 (online-only Figure V).

Effects of Pitavastatin-NP on eNOS and
iNOS Expression
Because the protective effects of statins on PAH have been
reported to be attributable at least to the eNOS-related
pathway,!! eNOS protein expression in the lungs was exam-
ined on days 3 and 21 after treatment. Western blot analysis
showed that MCT administration had no significant effect on
eNOS expression on days 3 and 21, compared with untreated
controls (Figure 5). Pitavastatin-NP, but not FITC-NP or
pitavastatin alone, increased the protein expression of eNOS
on day 3, whereas pitavastatin-NP showed no therapeutic
effects on eNOS expression on day 21 (Figure 5).

In contrast, iNOS is known to cause oxidant tissue injury
and accelerates the pathologic processes of PAH.2! Immuno-
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Figure 4. Effects of pitavastatin (pitava)-NP on NF-«B activation. A, Photomicrographs of cross sections of lung stained immuno-
histochemically with NF-«B (a-p65) from normal rats and PAH rats 3 days after MCT injection. B, Effects of pitavastatin-NP on
infiltration of NF-kB (a-p65)-positive cells 3 days after MCT injection. Data are mean=SEM (n=6 per group). *P<0.01 vs

untreated control.

histochemical expression of iNOS was not detected in lung
sections from untreated control rats. Immunostaining for
iNOS was noted mainly in alveolar macrophage and weakly
in PA lesions 3 days after MCT administration (online-only
Figure VI). Single intratracheal instillation of pitavastatin-
NP, but not of FITC-NP or pitavastatin only, markedly
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Figure 5. Effects of pitavastatin (pitava)-NP on eNOS protein
expression. A, eNOS expression in the lung 3 days after
MCT injection. The eNOS level is shown as a percentage of the
internal-control actin level. n=6 per group. B, eNOS expression
in the lung 21 days after MCT injection. The eNOS level is
shown as a percentage of the internal-control actin level. n=6

per group.

attenuated the increase in iNOS activity induced by MCT
injection.

Effects of Pitavastatin-NP on Survival

In the treatment protocol, pitavastatin-NP significantly im-
proved survival rate: 42% in the PBS group (n=40), 39% in
the FITC-NP group (n=33), 40% in the pitavastatin-alone
group (n=40), and 64% in the pitavastatin-NP group (n=>58;
Figure 6). In addition, pitavastatin-NP caused regression of
MCT-induced PAH (Figure 6).

Discussion

We recently reported that intratracheal instillation of a poly-
ethylene glycol-block-PLGA copolymer (PEG-PLGA) is an
excellent system for drug delivery to the lung.!> We found in
the present study that PLGA NPs were as effective as
PEG-PLGA NPs as an NP-mediated drug delivery system to
the lung. As we reported with PEG-PLGA NPs,!2 the FITC
signals were detected in small bronchial tracts, alveolar
macrophages, and small PAs for up to 14 days after a single
instillation of FITC-encapsulated PLGA NP.

Statins are known to ameliorate the effects of endothelial
injury/dysfunction by enhancing the activity of eNOS and
thus, exert multiple vasculoprotective effects on other cell
types (vascular smooth muscle cells, monocytes, etc).>-> We
recently reported that NP-mediated pitavastatin delivery to
the vascular endothelium of ischemic skeletal muscles effec-
tively increased therapeutic neovascularization in a murine
model of hindlimb ischemia.’® In our previous study, the
beneficial effects of pitavastatin-NP were mediated by in-
creased activity of eNOS.!3 Notably, NP-mediated delivery of
pitavastatin had greater angiogenic activity in human endo-
thelial cells in vitro compared with pitavastatin alone.!> We
therefore hypothesized that eNOS and downstream pathoge-
netic factors might be involved in the therapeutic effects of
NP-mediated pitavastatin delivery on MCT-induced PAH.
Among statins, pitavastatin was selected as the nanoparticu-
lation compound because this drug elicited the most potent
angiogenic effects in human endothelial cells'# and the most
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Figure 6. Effects of pitavastatin (pitava)-NP on RV systolic pressure and survival rate. A, Survival curves analyzed by the Kaplan-Meier
method in PBS, FITC-NP, pitavastatin only, and pitavastatin-NP groups. B, RV systolic pressure (in mm Hg) in the 4 experimental

groups 2 weeks after treatment (at week 5 after MCT injection).

potent inhibitory effects on human PASMC proliferation
(Figure 2) in vitro compared with other statins. We also found
that NP-mediated intracellular delivery of pitavastatin
showed greater inhibitory effects on PASMC proliferation
and on NF-«B activation in a monocyte cell line (RAW 264.7
cells) compared with pitavastatin alone (online-only Figures
III and IV). Collectively, these in vitro data suggest that
NP-mediated pitavastatin delivery is more effective than
pitavastatin in inhibiting PASMC proliferation and monocyte
activation and improving the deleterious effects of endothe-
lial injury/dysfunction.

The important novel finding of the present study is that a
single intratracheal instillation of pitavastatin-NP attenuated
the development of PAH (increased RV pressure, PA resis-
tance, and PA remodeling) associated with reduced activity of
NF-kB and NF-kB-dependent inflammatory factors (for
example, monocyte chemotactic protein-1, IL-1, tumor ne-
crosis factor-c, iNOS, etc). In contrast, eNOS expression was
not reduced in the PBS group but was increased by day 3 only
but not by day21 (Figure 5), suggesting that eNOS plays a
minor role in the therapeutic effects of pitavastatin-NP,
Intratracheal instillation of pitavastatin alone at the same dose
had no therapeutic effect. Concentrations of pitavastatin in
the lungs and systemic blood were found to be similar
between animals treated with pitavastatin-NP and those
treated with pitavastatin only (the Table). These findings
suggest a specific advantage of NP-mediated delivery of
pitavastatin to induce therapeutic effects. Therefore, the
beneficial effects of pitavastatin-NP on MCT-induced PAH
in vivo can be attributable to the pleiotropic effects of
pitavastatin-NP, including inhibition of inflammation and cell
proliferation.

Prior studies have reported that daily oral administration of
statins at high doses beyond the clinical norm (a regimen that
could lead to serious adverse side effects in a clinical setting)
attenuates MCT- and hypoxia-induced PAH in animals.”
We thus examined whether NP-mediated pitavastatin deliv-
ery would be superior to daily oral administration of pitavas-
tatin alone in inhibiting MCT-induced PAH, and we found
that oral daily administration of pitavastatin at 0.3 mg/kg per
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day for 21 days (cumulative dose=25.2 mg per animal,
assuming the body weight of animals to be 250 g) had no
therapeutic effects, but the same regimen of pitavastatin at 1,
3, and 10 mg/kg per day (cumulative doses=84, 252, and 840
mg per animal, respectively) did show significant therapeutic
effects. Therefore, our NP-mediated delivery system (single
injection of 0.1 mg pitavastatin per animal) seems to be as
effective at an ~840-times lower dose than the cumulative
systemic dose.

It is noteworthy that a single intratracheal treatment with
pitavastatin-NP 3 weeks after MCT injection induced regres-
sion of PAH and improved survival rate. This finding is more
clinically significant than is the mere prevention of PAH.
These results suggest that this NP-mediated delivery of
pitavastatin may have beneficial therapeutic effects in pa-
tients with established PAH.

Perspectives

This mode of NP-mediated delivery of pitavastatin into the
lungs is more effective in attenuating the development of
MCT-induced PAH compared with intratracheal treatment
with pitavastatin alone or systemic administration of pitavas-
tatin, and treatment with pitavastatin-NP induced regression
of established PAH. For translation of our present findings
into clinical medicine, more clinical studies are needed to
investigate whether pitavastatin-NP by inhalation might be
effective in improving PAH.
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