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and for ribosomal protein L27 (RPL27, 5'-CCTCATGCCCACAAGGTACTC-3'
and 3'-TCGCTCCTCAAACTTGACC-5') as an internal standard.

Total RNA was incubated with DNase I for 30 min and reverse tran-
scription was performed with ReverTra Ace qPCR RT Kit (Toyobo). The
relative amount of modulatory calcineurin interacting protein 1
(MCIP1) cDNA was quantified using in the same way as quantification
of mtDNA copy number, using the PCR mixture contained 5 ng of the
total cDNA, 12 pmol each of primers (5'-TTGGGAACTGTTGGTTGACA-
3" and 5'-ATGGCTACGGCATACTCCAC-3' for MCIP1) in 30 pl.

In in vivo experiments, 8- to 10-week-old male TFAM over-
expression mice and their littermates were used. Under anaesthesia
with pentobarbital sodium (30 mg/g BW, i.p.), the hearts were ex-
cised and RNA was extracted with RNeasy tissue kit. After reverse tran-
scription, the relative amount of cDNA was quantified using the PCR
mixture contained 5 ng of the total cDNA, 12 pmol each of primers (5'-
CCGTGTGGAATTGTCCITCTC-3' and 5'-GACCCCATGTGCAGAGAAAAC-3
for MCIP1) in 30 . We used hypoxanthine guanine phosphoribosyl
transferase (HPRT) gene as an internal standard (5-CTGGTGAAAAG
GACCTCTCG-3' and 5'-AACTTGCGCTCATCTTAGGC-3).

2.9. Nuclear translocation of NFAT

In order to assess nuclear translocation of NFAT, production and
infection of recombinant adenovirus including green fluorescent pro-
tein (GFP)-fused N-terminal region of NFAT4 (we referred as just
NFAT in this article) were performed as described previously (Fujii
et al,, 2005; Nishida et al., 2007). Cardiac myocytes were infected
with the adenovirus at a multiplicity of infection of 300 for 60 h.
After the stimulation for 30 min with angiotensin II (Angll, 100 nM,
Sigma-Aldrich) or ET-1 (100 nM), cells were fixed by 10% formalde-
hyde (Sigma-Aldrich). The localization of GFP-NFAT was observed at
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an excitation wavelength of 488 nm with fluorescent microscopy
(IX71, Olympus). More than 20 scenes were randomly scanned in
each experiment and quantified the subcellular localization of GFP-
NFAT using Photoshop (adobe systems).

2.10. Luciferase assays

NFAT-dependent luciferase activity and brain natriuretic peptide
(BNP) promoter activity were measured as described previously
(Fujii et al, 2005; Nishida et al, 2007, 2010). Cardiac myocytes
were transiently co-transfected with 0.45 pg of pNFATLuc (Strata-
gene) and 0.05 pg of pRL-SV40 (Stratagene) control plasmid or with
0.3 pg of pBNP-Luc and 0.2 pg of pRL-SV40 using Fugene 6 (Roche Di-
agnostics) for 48 h followed by stimulation of Angll (100 nM) or ET-1
(100 nM). Luciferase activity was measured 6 h (for NFAT) or 24 h
(for BNP) after the stimulation using dual luciferase reporter assay
system (Promega) according to the manufacturer's protocol.

2.11. Measurement of mitochondrial [Ca®*]

Mitochondrial [Ca®"] was visualized using mitochondria-specific
Ca®* indicator, rhod-2/AM (Dojindo). Cardiac myocytes were loaded
with 1 uM rhod-2/AM at 37 °C for 30 min. Then they were stimulated
with Angll (100 nM) or ET-1 (100 nM), and the time course of fluo-
rescence intensity was traced with a video image analysis system
(Aquacosmos, Hamamatsu Photonics).

2.12. Measurement of hypertrophic response of cardiac myocytes

Hypertrophy of cells was assessed by a measurement of cell sur-
face area and amount of actin filament, visualized by actin filament
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Fig. 2. The localization and cytotoxicity of rhTFAM proteins in cardiac myocytes. (A) Western blot analysis of myocytes treated with rhTFAM protein for 0-48 h. (B) Western blot
analysis of myocytes treated with rhTFAM-AC protein for 0-24 h. (C) Confocal microscopic observations of myocytes treated with rhTFAM, AMTS-rhTFAM, or rhTFAM-AC, Red rep-
resents mitochondria (MT), green represents human TFAM (Alexa Fluor 488), and blue represents nucleus (DAPI). Scale bar =20 um. (D and E) The treatment with rhTFAM or
AMTS-rhTFAM did not affect the cell viability (D) of myocytes and LDH concentration of the medium (E). Data are presented as ratio to control.
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staining. Quantification of hypertrophy of myocytes was performed
as previously described (Nishida et al, 2007, 2010). After Angll
(100 nM) or ET-1 (100 nM) stimulation for 48 h, cells were fixed by
4% paraformaldehyde (nacalai tesque) and stained with Alexa Fluor
546 phalloidin (Invitrogen) for actin filaments visualization. Digital
photographs were taken with confocal microscopy (FV-10i, Olympus)
or Biozero Microscope (BZ-8000, Keyence), and the average values of
the cell surface area and fluorescent intensity (more than 200 cells)
were calculated using BZ-11 Analyzer (Keyence).

2.13. Statistical analysis

Data are presented as mean £ standard error. Each experiment
was repeated at least three times. Data were analyzed by a two-
tailed Student's t test or analysis of variance followed by the Tukey
post-hoc test with significance imparted at P values of <0.05.

3. Results
3.1. rhTFAM was recruited into the mitochondria of cardiac myocytes

We synthesized rhTFAM protein and investigated its recruitment
into cardiac myocytes since we expected it as a new therapeutic mo-
dality. rhTFAM (100 nM) was just added to the culture medium of
myocytes. thTFAM protein rapidly entered into cultured rat neonatal
ventricular myocytes within 10 min of the treatment, and remained
in the cells even at 48 h (Fig. 2A). In contrast, thTFAM-AC rarely en-
tered into the cells (Fig. 2B). Confocal microscopy with z-scale analy-
sis revealed that exogenously added rhTFAM localized both in the
cytoplasm and mitochondria, whereas AMTS-rhTFAM was recruited
mostly into the nucleus (Fig. 2C), both for 1 and 24 h treatment.
These results suggested that MTS played an important role in deter-
mining the localization of recombinant TFAM in myocytes. We con-
firmed that rhTFAM-AC was not recruited into the cells (Fig. 2C),
suggesting that some sequence in C-terminal tail of TFAM was impor-
tant for the recruitment of this protein.
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Moreover, AMTS-rhTFAM and rhTFAM had no significant cytotox-
icity in cardiac myocytes at least at the concentration which we used
in these experiments (100 nM), since cell viability did not alter
(Fig. 2D) and LDH concentration in culture medium did not increase
(Fig. 2E) after the treatment with AMTS-rhTFAM or rhTFAM.

3.2. thTFAM increased mtDNA copy number and
mtDNA-encoded proteins

In order to determine whether this recombinant protein functions
in cardiac myocytes, we performed characterization of mitochondria
after the treatment with rhTFAM. rhTFAM treatment increased
mtDNA copy number dose-dependently (0-100 nM) with a maxi-
mum increase of approximately two-fold at 12 h, whereas mtDNA
copy number was not affected by the treatment with AMTS-rhTFAM
(Fig. 3A). We confirmed these results by two different PCR primer
sets for mtDNA quantification and concluded that rhTFAM recruited
into mitochondria functioned and directly increased mtDNA copy
number. Using extract from empty vector, we ruled out the possibility
that products other than rhTFAM from competent cells increased
mtDNA contents (Fig. 3B). The treatment with rhTFAM or AMTS-
rhTFAM (100 nM) for 24 h did not affect the morphology and the
number of mitochondria significantly in cardiac myocytes (Fig. 3C).

To rule out the possibility that the recruitment and function of
rhTFAM are the specific property of cardiac myocytes, we used anoth-
er type of cell, RAW 264.7, to examine whether it also allows rhTFAM
to enter into the cells. We found both rhTFAM and AMTS-rhTFAM
were successfully recruited into RAW 264.7 cells (Fig. 4A and B). Sub-
sequently, rhTFAM functioned to increase mtDNA copy number, but
AMTS-rhTFAM did not (Fig. 4C). The recruitment and function of
rhTFAM were similar to cardiac myocytes, suggesting that they
were not unique properties of myocytes, but those of this specific
protein.

In order to characterize the change of mitochondrial features by
rhTFAM, we investigated the expression of mitochondrial electron
transport complex proteins in cardiac myocytes. rhTFAM (100 nM)
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Fig. 3. The effects of rhTFAM on mitochondrial characteristics. (A) mtDNA copy number in myocytes treated with rhTFAM or AMTS-rhTFAM (0-100 nM) for 12 h, and rhTFAM
(100 nM) for 0-36 h, quantified by real-time PCR relative to nucleus genome (ATIIl gene). Data are presented as ratio to 0 nM or 0 h. **: P<0.01 vs. 0nM or 0 h, *: P<0.05 vs.
10 nM. (B) mtDNA copy number of myocytes after the treatment with the product from empty vector. Myocytes were treated with the product from the empty vector by the equiv-
alent volume of rhTFAM 10 or 100 nM, and mtDNA copy number was quantified. Data are shown as a ratio to buffer control (PBS). Values are mean + SEM. (C) rhTFAM or AMTS-
rhTFAM did not affect the morphology and number of mitochondria in cardiac myocytes, observed by TEM. Scale bar=1 pm.
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increased mtDNA-encoded COX I and COX IIl protein expression,
which is a component of mitochondrial electron transport complex
IV (Fig. 5A and B). In contrast, there were no increase of nuclear
DNA-encoded NDUFA9 (complex | component) and SDHA (complex
II component) protein contents (Fig. 5C and D). These results
suggested that rhTFAM increased mtDNA copy number and subse-
quently increased mtDNA-encoded, but not nuclear DNA-encoded,
mitochondrial proteins.

3.3. rhTFAM inhibited nuclear translocation of NFAT, NFAT transcriptional
activity, and NFAT-dependent gene expression

Since overexpression of TFAM ameliorated post-MI remodeling in
vivo, we expected rhTFAM also attenuated pathological hypertrophy
and remodeling signals. The calcineurin/NFAT signaling pathway is a
crucial signal that promotes pathological cardiac hypertrophy, both in
vitro and in vivo (McKinsey and Kass, 2007; Molkentin, 2004; Vega
et al, 2003). Dephosphorylation of NFAT by calcineurin, a Ga%
dependent serine/threonine phosphatase, induces cytosol-to-nucleus
translocation, and NFAT functions as a transcriptional factor that acti-
vates many prohypertrophic genes. Furthermore, previous reports
have suggested that the inhibition of NFAT signaling attenuated cardiac
hypertrophy and failure (Sakata et al., 2000; van Rooij et al., 2004). We

hypothesized that rhTFAM could also inhibit NFAT activation. We stim-
ulated cardiac myocytes with Angll or ET-1, which are the major neuro-
humoral factors of pathological cardiac hypertrophy. First we
investigated whether rhTFAM attenuated Angll- or ET-1-induced
NFAT nuclear translocation using recombinant adenovirus encoding
GFP-NFAT. The pretreatment with rhTFAM (100 nM) significantly
inhibited Angll (100 nM)- or ET-1 (100 nM)-induced nuclear transloca-
tion of GFP-NFAT, whereas the pretreatment with AMTS-rthTFAM
(100 nM) had no effect (Fig. 6A and B). This result suggested that re-
combinant TFAM recruited in mitochondria inhibited Angll- or ET-1-
induced NFAT activation. Moreover, NFAT transcriptional activity as
assessed by luciferase assay increased approximately 2.5-fold by stimu-
lation with Angll (100 nM) or ET-1 (100 nM), and these increases were
totally inhibited by the pretreatment with rhTFAM (10 nM) (Fig. 6C).
The promoter activity of BNP gene, a NFAT-target gene widely used as
marker of pathological cardiac hypertrophy, was also suppressed by
rhTFAM (10 nM) (Fig. 6D). The expression of MCIP1 gene is also regu-
lated by NFAT, and is used as a reporter gene of NFAT (Jin et al,, 2010).
MCIP1 mRNA expression was inhibited by the treatment with rhTFAM
at baseline, just like TFAM-overexpression mice (Fig. 6E and F). These
results confirmed that rhTFAM attenuated Angll- or ET-1-induced
NFAT activation in cardiac myocytes.

We also investigated whether rhTFAM modulates MAPK p44/42
(ERK 1/2), another important pathway that induces cardiac hypertro-
phy (Aoki et al., 2000; McKinsey and Kass, 2007). The pretreatment
with rhTFAM (100 nM) had no effect on ET-1 (100 nM)-induced
MAPK p44/42 phosphorylation level (Fig. 7), suggesting that rhTFAM
attenuates hypertrophy independent of MAPK signaling.

Since NFAT is regulated by the frequency of Ca?* oscillation, we
investigated the effect of rhTFAM on Ca®* release from mitochondria.
Stimulation with Angll (100 nM) or ET-1 (100 nM) decreased mito-
chondrial [Ca?"] in cardiac myocytes, and rhTFAM (10 nM) signifi-
cantly suppressed these decrease (Fig. 8). This result suggested that
rhTFAM suppressed Angll- or ET-1-induced Ca?* release from mito-
chondria to cytoplasm.

3.4. rhTFAM attenuated pathological hypertrophy of cardiac myocytes

Finally we examined whether rhTFAM subsequently attenuates
hypertrophic response of myocytes. The treatment with rhTFAM
(10 nM) significantly reduced the hypertrophic reactions induced by
the stimulation with Angll (100 nM) or ET-1 (100 nM) for 48 h
(Fig. 9A-C). We concluded that rhTFAM attenuates Angll- or ET-1-
induced hypertrophy of cardiac myocytes.

4. Discussion

In our previous report we showed that, after MI, the overexpression
of TFAM attenuated the decrease of mtDNA copy number, ameliorated
pathological hypertrophy and improved survival rate dramatically
(Ikeuchi et al., 2005). Thus from the clinical point of view, our next in-
terest was to find the strategy to increase TFAM or mtDNA copy number
efficiently. Accordingly, this report has mainly two novel findings. First,
this is the first report showing that rhTFAM protein is successfully rec-
ruited into mitochondria of cardiac myocytes, and functions to increase
mtDNA copy number. The other finding is that rhTFAM inhibits NFAT
signaling and consequently attenuates morphological remodeling of
cardiac myocytes. These results will enable novel new strategy to in-
crease mMtDNA copy number and attenuate pathological cardiac
hypertrophy.

4.1. The recruitment of rhTFAM into cardiac myocytes
Previously it has been reported that recombinant TFAM with pro-

tein transduction domain was entered into cultured cells (Iyer et al.,
2009). This study is the first report that thTFAM which has the almost
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Fig. 5. The effects of rhTFAM on mitochondrial electron transport complex proteins. (A-D) The protein expression of COX 1 (A), COX III (B), NDUFA9 (C), and SDHA (D), 0-48 h after
the treatment with rhTFAM. Data are presented as ratio to 0 h. **: P<0.01 vs. 0 h. Values are mean + SEM.

identical amino acid sequence with native human TFAM can be suc-
cessfully recruited into cardiac myocytes. Our result that rhTFAM-
AC did not recruit into cells suggests that C-terminal tail of TFAM is
responsible for this interesting property. Furthermore, we confirmed
the recruitment and function of rhTFAM are independent of the cell
types. The mechanism of its recruitment into cardiac myocytes re-
mains unknown. Our data that rhTFAM entered into cells as early as
10 min, which was not inhibited in low temperature nor endocytosis
inhibitors (data not shown), provides possibility that rhTFAM rec-
ruited into cytosol by a receptor-mediated pathway. Further investi-
gations for the identification of the pathways for the recruitment of
recombinant TFAM into the cells are necessary.

4.2. The effect of rhTFAM on mitochondrial characteristics

rhTFAM increased mtDNA copy number in myocytes (Fig. 3A) in a
dose-dependent manner. Other than functioning as a transcription
factor, endogenous TFAM regulates the amount of mtDNA by stabiliz-
ing mtDNA by forming a nucleoid structure (Kang et al., 2007). Con-
sidering the previous finding that the amount of mtDNA changes
corresponding to the amount of TFAM, our results suggest that exog-
enously administered rhTFAM functioned similarly just like endoge-
nous TFAM (Kanki et al., 2004). Furthermore, since AMTS-rhTFAM
entered into myocytes but did not increase mtDNA copy number, it
is likely that rhTFAM that entered mitochondria increased mtDNA
copies. In this study, the mtDNA copy number peaked at 12 to 24 h
after the rhTFAM treatment, and declined gradually thereafter. A sin-
gle treatment with rhTFAM in myocytes prior to Angll or ET-1 stimu-
lation successfully ameliorated pathological remodeling signals and
subsequent pathological hypertrophy.

rhTFAM increased mtDNA-encoded, but not nuclear-encoded, mi-
tochondrial proteins (Fig. 5). Probably it will be because of the in-
creased mtDNA copy number, which is consistent with other's
previous report that recombinant TFAM with protein transduction
domain increased mitochondrial electron transport function and
ATP synthesis in cultured cells (Thomas et al., 2011).

4.3. The effect of rhTFAM on NFAT signaling and pathological hypertrophy

The treatment with rhTFAM inhibited NFAT signaling in cardiac
myocytes, and subsequent gene expression of MCIP1, which is a down-
stream of NFAT signaling, as well as in TFAM-overexpression mice
hearts (Fig. 6E and F). The mechanism how rhTFAM inhibited Angll or
ET-1-induced NFAT activation and hypertrophic response remains un-
known. We need further investigation about the precise mechanism.
Since mitochondria is known to participate in intracellular Ca®* homeo-
stasis via several Ca®" uptake and release pathways (Bernardi, 1999),
we speculated that rhTFAM inhibited Ca?*/calcineurin-NFAT signaling
by modulating [Ca®"]. In fact, Angll or ET-1 induced the decrease of
mitochondrial [Ca® "], suggesting the increase of Ca®™ release from mi-
tochondria to cytoplasm, and rhTFAM inhibited Angll or ET-1-induced
decrease of mitochondrial [Ca?"] (Fig. 8). However, the mechanism
how rhTFAM inhibited Angll or ET-1-induced mitochondrial Ca®*
release still remains unknown. Angll is known to increase mitochondrial
ROS in cardiac myocytes (Dai et al., 2011a, 2011b), and increased
mitochondrial ROS is associated with mitochondrial Ca®* release from
mitochondria to cytoplasm (Kalivendi et al., 2005). rhTFAM inhibited
superoxide production induced by rotenone, a complex I inhibitor, in
cardiac myocytes (data not shown). Accordingly, the impact of rhTFAM
on mitochondrial [Ca?*] might be associated with the inhibition of ex-
cessive mitochondrial ROS generation.
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NFAT signaling participates in pathological but not in physiologi-
cal hypertrophy (Wilkins et al., 2004). Although hypertrophy has
been traditionally viewed as a necessary first response to pathological
stress but only later exacerbates disease, recent data suggest that hy-
pertrophy in response to pathological stress may never be truly adap-
tive, and clinical studies support benefits from its inhibition (Frey et
al., 2004; Gardin and Lauer, 2004; McKinsey and Kass, 2007). More-
over, the inhibition of NFAT signaling is reported to attenuate cardiac
hypertrophy and failure (Sakata et al., 2000; van Rooij et al., 2004).
Taken together, we believe that inhibiting NFAT signaling using
rhTFAM can prevent cardiac hypertrophy and lead to the prevention
of heart failure. We need further investigation, especially in vivo ex-
periments, to confirm rhTFAM inhibits pathological cardiac hypertro-
phy and failure,

A possibility still exist that rhTFAM affected on other pathways
besides NFAT signaling and subsequently inhibited Angll- or ET-1-
induced hypertrophy of cardiac myocytes. However, we conclude in
this study that exogenous rhTFAM have potential to increase
mtDNA and inhibit pathological NFAT signaling in myocytes. Further
elucidation of the precise mechanisms that TFAM functions in failing
myocardium will be necessary.

5. Clinical implications

We propose in this report extreme novel findings that exogenous-
ly administered rhTFAM increased mtDNA copy number and attenu-
ated pathological hypertrophy of cardiac myocytes. Thus rhTFAM
could be a novel clinical strategy to increase mtDNA copy number
and subsequently inhibit cardiac hypertrophy and failure. Further in-
vestigations of rhTFAM are anticipated.
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Fig. 9. Morphological remodeling of cardiac myocytes stimulated with Angll or ET-1. (A) Representative photomicrographs of Angll- or ET-1-stimulated myocytes immunostained
using phalloidin. Scale bar =20 um. (B and C) Mean cell surface area (B) and fluorescent intensity (C) of 200-250 cells. **: P<0.01 vs. control + vehicle, **: P<0.01 vs. control. Values

are mean + SEM.
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Combination Therapy of Atorvastatin and Amlodipine
Inhibits Sympathetic Nervous System Activation and
Improves Cognitive Function in Hypertensive Rats
Takuya Kishi, MD, PhD; Kenji Sunagawa, MD, PhD

Background: A previous study has demonstrated that orally administered atorvastatin reduces sympathetic nervous
system (SNS) activation via an anti-oxidant in the rostral ventrolateral medulla (RVLM) of hypertensive rats, where-
as amlodipine did not. Furthermore, several previous reports have suggested that atorvastatin or amlodipine im-
proves cognitive dysfunction during hypertension. The aim of the present study was to determine whether a combi-
nation of atorvastatin and amlodipine causes sympathoinhibition via reduction of oxidative stress in the RVLM and
improves cognitive dysfunction of hypertensive rats.

Methods and Resulis: Stroke-prone spontaneously hypertensive rats (SHRSPs), as a hypertensive model with
sympathoexcitation, were divided into 4 groups; a combination of atorvastatin and amlodipine-treated (COM), ator-
vastatin-treated (ATR), amlodipine-treated (AML), hydralazine-treated (HYD), and vehicle-treated SHRSPs (VEH).
After treatment for 28 days, the mean blood pressure did not change in ATR rats, and was reduced to the similar
levels in COM, AML, and HYD rats. However, SNS activation and oxidative stress in the RVLM were significantly
lower only in COM than in ATR, AML, HYD, and VEH rats. Cognitive performance and manganese-superoxide
dismutase activity in the hippocampus were significantly higher, and oxidative stress in the hippocampus was sig-
nificantly lower in COM than in VEH, AML, and HYD rats to a greater extent than in ATR rats.

Conclusions: A combination of atorvastatin and amlodipine causes sympathoinhibition via an anti-oxidant in the
RVLM and improves cognitive dysfunction via an anti-oxidant in the hippocampus in hypertensive rats, independent
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of the blood pressure-lowering effect. (Circ J 2012; 76: 1934—-1941)
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or synergistically to increase the risk of a cardiovascu-
lar disease event.'* Many evidences have demonstrat-
ed advantages of combined vs. older sequential and individual
approaches to the treatments for hypertension and dyslipid-
emia.** Amlodipine is a long-acting dihydropyridine calcium
channel blocker indicated for the treatment of hypertension, and
previous clinical trials have suggested that amlodipine reduces
cardiovascular events in different patient populations.** Atorv-
astatin is a 3-hydroxy-3-methylglutaryl coenzyme A reductase
inhibitor (statin) indicated for the treatment of dyslipidemia and
the prevention of cardiovascular disease.** The combination
of atorvastatin and amlodipine emerged to be even more effec-
tive than each single drug alone in reducing blood pressure and
in improving the lipid profile.*!¢-1
In the development and progression in hypertension, sym-
pathetic nervous system (SNS) activation is a main cause, and

H ypertension and dyslipidemia can act multiplicatively

might play an additional pathophysiological role in the devel-
opment of cardiovascular complications.'*!5 SNS activation is
mainly regulated by the brain,'®!” and in hypertension and heart
failure models of rats, we have demonstrated that interven-
tions to the brain have beneficial effects through sympathoin-
hibition.'®?” Especially in the brain, SNS activation is mainly
regulated by the rostral ventrolateral medulla (RVLM) in the
brainstem, and the functional integrity of the RVLM is essen-
tial for the maintenance of basal vasomotor tone.'®!” We have
demonstrated that oxidative stress produced by an angiotensin
II type 1 receptor and nicotinamide adenine dinucleotide phos-
phate [NAD (P) H] oxidase in the RVLM increases, and nitric
oxide in the RVLM decreases the SNS activation, and that
oxidative stress and nitric oxide in the RVLM have the poten-
tial to be the target of the treatments for hypertension, '$:20.22.24
Statins have been shown to reduce renal sympathetic nerve
traffic, and the effect on nitric oxide and oxidative stress in the
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brain has been proposed as possible explanations.** Our pre-
vious reports also suggested that orally administered atorvas-
tatin***** or amlodipine'? inhibits the SNS activation via an
antioxidant and/or upregulation of nitric oxide synthase in the
RVLM and the brainstem of hypertensive rats. In human, sev-
eral reports also have indicated the sympathoinhibitory effect
of atorvastatin in hypertension.*-*? It has not been determined,
however, whether a combination of atorvastatin and amlodip-
ine has a sympathoinhibitory effect via the reduction of oxida-
tive stress in the RVLM of hypertensive rats.

One of the important hypertensive organ damages is cogni-
tive dysfunction. Both hypertension and dyslipidemia are the
risk factors of cognitive dysfunction,*** and previous reports
have suggested that atorvastatin®® and amlodipine® improve
cognitive dysfunction. Oxidative stress and/or antioxidant de-
ficiency cause cognitive decline,’” and oxidative stress in the
hippocampus impairs cognitive function.* These previous stud-
ies indicate that each of atorvastatin or amlodipine might have
a possible preventive effect on cognitive dysfunction via re-
duction of oxidative stress in the hippocampus. However, it
has not been determined whether a combination of atorvas-
tatin and amlodipine has a beneficial effect on cognitive dys-
function of hypertensive rats.

The aims of the present study were to investigate whether
the combination of atorvastatin and amlodipine has the sym-
pathoinhibitory effect and improvement of cognitive dysfunc-
tion in hypertensive rats. We divided stroke-prone spontane-
ously hypertensive rats (SHRSPs), as hypertensive and vascular
dementia model rats with severe sympathetic hyperactivity,*
into 5 groups: single atorvastatin-treatment group (ATR), sin-
gle amlodipine-treatment group (AML), a combination of ator-
vastatin and amlodipine-treatment group (COM), hydrala-
zine-treatment group (HYD), and vehicle group (VEH). We
determined the SNS activation by 24-h urinary norepinephrine
excretion, and the oxidative stress in the RVLM and hippo-
campus by thiobarbituric acid-reactive substances (TBARS)
methods. Cognitive function was assessed by the Morris water
maze test, which has been widely used as a test of spatial
memory and cognition.*

Methods

Animals

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. Male
SHRSPs (12-14 weeks old), weighing 350425 g were fed a
standard feed (SLC Japan, Hamamatsu, Japan). They were
housed individually in a temperature-controlled room (22—
23°C) with a 12-h light-dark cycle (lights on at 07:00h). We
divided the SHRSPs into 5 groups: ATR, AML, COM, HYD,
and VEH (n=5 for each).

Oral Administration of Amlodipine, Atorvastatin or
Hydralazine

SHRSPs were treated for 4 weeks. ATR was administered
atorvastatin (20mg-kg!-day~!, supplied from Pfizer Inc, New
York, NY, USA). AML was administered amlodipine (5mg-
kg™!-day™!, supplied from Pfizer Inc, New York, NY, USA).
COM was administered atorvastatin (20mg-kg-!-day') plus
amlodipine (Smg-kg!'-day-!). HYD was administered hy-
dralazine (5mg-kg!-day!, Sigma Aldorich, St. Louis, MO,
USA). VEH was administered 0.5% methylcellulose. All drugs
were dissolved in 0.5% methylcellulose and administered by
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gastric gavage every day.

Measurement of Blood Pressure, Heart Rate and Urinary
Norepinephrine Excretion

The mean blood pressure and heart rate were measured using
the radio-telemetry system in rats in conscious state, every day
as described previously.”>* At 4 weeks, we calculated the uri-
nary norepinephrine excretion for 24h as an indicator of the

22 24

SNS activation, as described previously.?**

Measurement of TBARS in the RVLM and Hippocampus

To obtain the RVLM and hippocampus tissues, the rats were
deeply anesthetized with sodium pentobarbital (100 mg/kg
IP) and perfused transcardially with PBS (150 mol/L. NaCl,
3mmol/L KCI, and 5 nmol/L. phosphate; pH 7.4, 4°C). Prior to
the removal of the brain, we made an incision on the dorsal
surface of the head, and opened the bone of the head in a ste-
reotaxic frame. RVLM was identified by the microinjected
L-glutamate-induced significant and rapidly pressor response,
as described previously,'$**327 and we microinjected dye into
the same site. We also microinjected dye into the hippocam-
pus according to the rat brain atlas. After these procedures, the
brains were removed quickly, and 1 mm thick slices of the
dye-stained tissues from the RVLM or hippocampus were
obtained by using the punch-out technique with a cryostat at
—7+1°C. The tissues were homogenized in 1.15% KCI (pH
7.4) and 0.4% sodium dodecyl sulfate, 7.5% acetic acid ad-
justed to pH 3.5 with NaOH. Thiobarbituric acid (0.3%) was
added to the homogenate, and the absorbance of the organic
phase was measured at 532nm. The amount of TBARS was
determined by absorbance, as described previously.>**

NAD (P) H Oxidase Activity

NAD (P) H-dependent superoxide production in the RVLM
and hippocampus was measured using a lucigenin luminescence
assay, as described previously.”**” A 10% (W/vol) RVLM
or hippocampus tissue homogenate was homogenized in
50mmol/L of phosphate buffer and a luminescence assay was
performed with a luminescence reader (Berthold Technology).
Quantification of NAD (P) H oxidase activity was expressed
relative to that in VEH, which was assigned a value of 1.

Superoxide Dismutase Activity in the RVLM and
Hippocampus

Cu/Zn-superoxide dismutase (SOD) and Mn-SOD activity in
the RVLM and hippocampus were assayed by monitoring the
inhibition of the rate of xanthine-mediated/xanthin oxidase-
mediated reduction of cytochrome ¢ (pH 7.4), as described
previously.?*?” For discrimination between Cu/Zn-SOD and
Mn-SOD activities, the assay was additionally performed after
incubation in the presence of KCN, which selectively inhibits
the Cu/Zn-SOD isoform. SOD activity was expressed relative
to that in VEH, which was assigned a value of 1.

Analysis of Cognitive Function

Spatial leaning and memory function of the rats were investi-
gated with the Morris water maze test in a circular pool filled
with water at a temperature of 25.0+1°C.**#! In the hidden
platform test, a transparent platform was submerged [ cm below
the water level. All the procedures of the Morris water maze
were performed for 7 days. A pre-training session was carried
out at day 0, in which animals were given 60s free swimming
without the platform. In the hidden-platform test for 4 days,
the rats were given 2 trials (1 session) on day 1 and 4 trials (2
sessions) per day on days 2, 3, and 4. After mounting the plat-
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Figure 1. (A) Mean blood pressure of each group (n=5 for each). (B) Heart rate of each group (n=5 for each). (C) The 24-h urinary
norepinephrine excretion of each group (n=>5 for each). VEH, vehicle; ATR, atorvastatin; AML, amlodipine; COM, combination of
atorvastatin and amlodipine; HYD, hydralazine. *P<0.05 vs. VEH.

form, the rats were allowed to remain there for 15s. If a rat
was unable to find the platform within 60s, it was guided to
the platform and allowed to rest on the platform for 15s. Probe
trials were performed on day 5. In the probe trial, the hidden
platform was removed and the rats was released from the right
quadrant and allowed to swim freely for 60s. The time spent
in the target quadrant, where the platform has been located
during training, and the time spent in the other quadrants were
measured. In the visible-platform test performed on day 6, the
platform was elevated above the water surface and placed in a
different position. The rats were given an inter-trial interval of
10min for these trials.

Statistical Analysis

All values are expressed as meantSEM. Comparisons be-
tween any 2 mean values were performed using Bonferroni’s
correction for multiple comparisons. An ANOVA was used to
compare all the parameters in all groups. Differences were
considered to be statistically significant at a P value of <0.05.

Results

Blood Pressure, Heart Rate, and Urinary Norepinephrine
Excretion

The mean blood pressure was reduced in AML, COM, and
HYD rats to similar levels, and were significantly lower in
AML, COM, and HYD rats than in VEH rats (Figure 1A). The
mean blood pressure was not different between ATR and VEH
rats (Figure 1A). The heart rate was significantly lower in
COM than in ATR, AML, HYD, and VEH rats (Figure 1B),
and was not different between ATR, AML, HYD, and VEH
rats. Urinary norepinephrine excretion was significantly lower

tion Journal

in COM rats than in VEH rats, and was not different between
ATR, AML, HYD, and VEH rats (Figure 1C).

TBARS Levels and NAD (P) H Oxidase Activity in the RVLM
and Hippocampus

In the RVLM, TBARS levels (Figure 2A) and NAD (P) H
oxidase activity (Figure 2B) were significantly lower only in
COM rats than in VEH rats, and were not different between
ATR, AML, HYD, and VEH rats.

In the hippocampus, TBARS levels (Figure 2C) were sig-
nificantly lower in COM rats than in AML, HYD, and VEH
rats to a greater extent than in ATR rats (Figure 2C). NAD (P)
H oxidase activity was not different between ATR, AML, COM,
HYD, and VEH rats (Figure 2D).

S0D Activity in the RVLM and Hippocampus

In the RVLM, Cu/Zn-SOD activity was not different between
in COM, ATR, AML, HYD, and VEH rats (Figure 3A). How-
ever, Mn-SOD activity was significantly higher only in COM
rats than in VEH rats, and was not different between ATR,
AML, HYD, and VEH rats (Figure 3B).

In the hippocampus, Cu/Zn-SOD activity was not different
between in COM, ATR, AML, HYD, and VEH rats (Figure 3C).
Mn-SOD activity was significantly higher in COM rats than
in AML, HYD, and VEH rats to a greater extent than in ATR
rats (Figure 3D).

Morris Water Maze Test

In the hidden platform test, the escape latency was signifi-
cantly lower in ATR rats than in AML, HYD, and VEH rats,
and the performance was significantly improved in COM rats
to a greater extent than in ATR rats (Figure 4A). In the probe
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