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Figure 4 Mechanical-stretch-stimulated production of inositol
phosphates through the AT1 receptor. COS7 cells (-) or COS7 cells
transfected with AT1-WT (WT) were labelled with myo-[3H]Jinositol 24
h after transfection. After 24 h of labelling, cells were incubated
with vehicle (=) or candesartan (Can) for 5 h at 37 °C. The
accumulation of inositol phosphates was measured as described in
Methods. Some COS7 cells transiently transfected with AT1-WT (WT)
were subjected to stretching (St) for 45 min or no stimulus (=) in the
presence of 5 mM LiCl. *P < 0.05.

The AT1 receptor is a guanine-nucleotide-binding protein
(G-protein)-coupled receptor (GPCR), a member of a large family of
cell-surface receptors that contain common structural features charac-
terized by seven transmembrane helices essential for signal transduc-
tion!>17. Activation of other GPCRs, such as the receptors of
endothelin 1 (ET-1) and catecholamines, also induces cardiomyocyte
hypertrophy'®!%, We therefore tested whether mechanical stretch can
activate these receptors in a ligand-independent manner. We stretched
COS7 cells overexpressing either the wild-type ET-1 type A (ET1A)
receptor (Fig. 2g) or the wild-type p2-adrenoceptor ($2-AR; Fig. 2h).
Whereas ET-1 and isoproterenol (ISO) activated ERKs, mechanical
stretch did not evoke significant activation of ERKs in these transfected
cells. These results suggest that the activation of GPCRs by mechanical
stretch without the involvement of their ligands is not a general phe-
nomenon but specific to some GPCRs including the AT1 receptor.

G proteins and Jak2 are activated by stretch
As a member of the GPCR family, the AT1 receptor evokes intracellular
signals through G proteins®?!. We therefore examined whether mechan-
ical stress could activate G proteins through the AT1 receptor. Stimulation
with either AIT or mechanical stretch induced the redistribution of G,q;,
subunits into the cytosol of HEK293-AT1-WT cells and this redistribu-
tion was inhibited by pretreatment with candesartan (Fig. 3a), suggesting
that G,,g;; is activated by mechanical stretch as well as by A1l

To determine whether an interaction between the AT1 receptor and
G proteins has a role in the activation of ERKs, we transfected an AT1
receptor mutant that does not couple to G proteins (AT1-i2m)? into
COS7 cells. Activation of ERKs by mechanical stretch was weaker in the
AT1-i2m-transfected cells than in those overexpressing AT1-WT
(Fig. 3b), suggesting that coupling of G proteins to the AT receptor is
partly involved in the stretch-induced activation of ERKs.

Non-receptor-type tyrosine kinases such as the Janus kinase (Jak)
family and the Src family may be important in AT! receptor
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22,

signalling?%%, The AT1 receptor activates the Src—Ras—ERK pathway
independently of G-protein coupling through the association and acti-
vation of Jak2 (refs 22,24,25). Mechanical stretch induced association
of Jak2 with the AT1 receptor (Fig. 3¢) and phosphorylation of Jak2
(Fig. 3d) in HEK293-AT1-WT cells. Pretreatment of the cells with can-
desartan significantly suppressed association with the AT receptor and
phosphorylation of Jak2 (Fig. 3¢, d). Mechanical stretch did not acti-
vate ERKs in HEK293-AT1-WT cells that had been pretreated with
AG490, a specific inhibitor of Jak2 (Fig. 3¢}, or in COS7 cells expressing
an ATI-mutant (AT1-mut2)? that lacks a binding domain for Jak2
(Fig. 3f). These results suggest that activation of Jak2 is crucially
involved in the stretch-induced activation of ERKs.

Mechanical stretch upregulates inositol phosphates

To identify other stretch-induced events, we examined the accumula-
tion of inositol phosphates in COS-7 cells expressing AT1-WT.
Overexpression of AT1-WT resulted in a roughly fivefold increase in
basal inositol phosphates, as compared with untransfected cells
(Fig. 4). Mechanical stretch of these AT1-WT-expressing cells further
upregulated inositol phosphate production by about twofold (Fig. 4).
Stretching the parental COS7 cells did not increase inositol phosphate
production (data not shown). Candesartan inhibited the accumulation
of inositol phosphates in COS7 cells expressing AT1-WT, as well as the
stretch-induced increase in inositol phosphate production (Fig. 4).

Load-induced cardiac hypertrophy through AT1 receptor

We examined whether mechanical stress could induce cardiac hypertro-
phy in vivo through the AT1 receptor in the absence of AIL. We imposed
a pressure overload on the heart by constricting the transverse aorta
(TAC) of adult male ATG™~ mice. Pressure overload for 2 weeks
induced significant hypertrophy in the heart of the ATG~ mice (Fig. 5a,
b). Heart weight was increased from 110 + 12 mg to 189 + 14 mg after 2
weeks of pressure overload (Fig. 5b).

Although treatment with candesartan did not reduce blood pressure
in the right carotid artery (sham operated, 78 + 10 mmHg; TAC plus
saline, 166 + 15 mmHg; TAC plus candesartan, 160 + 17 mmHg), the
development of cardiac hypertrophy was significantly attenuated by
candesartan (heart weight, 145 + 21 mg; Fig. 5). These results suggest
that mechanical stress can induce cardiac hypertrophy in vivo by acti-
vating the AT1 receptor without the involvement of AIL

DISCUSSION
Many basic and clinical studies have shown that RAS is crucially
involved in the development of various cardiovascular diseases®!'2,
Much evidence has indicated that RAS exists in various organs, as well
as in the circulation, and that local RAS has an important role in organ
damage including cardiac hypertrophy?6-27. All components of RAS,
such as angiotensinogen, renin, angiotensin-converting enzyme and
receptors, are present in the heart?®?”, and All induces hypertrophy of
cultured cardiomyocytes?’. It has been reported that All is stored in
cardiomyocytes and that mechanical stretch induces the secretion of
stored Al into the culture medium, resulting in the induction of car-
diomyocyte hypertrophy by the autocrine mechanism®. Taking these
observations together, haemodynamic overload has been thought to
promote cardiac hypertrophy by inducing the secretion of All in the
heart. In this study, however, we have shown that mechanical stress can
induce cardiomyocyte hypertrophy both in vitre and in vivo through
the AT1 receptor without the involvement of AIL

Although mechanical stretch has been reported to induce the
release of endogenous AlIl from cardiomyocytes®, by radioim-
munoassay we did not detect a significant increase in All in the cul-
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a
Sham TAC+NS TAC +Can
ucaG
Heart
H&E
b
Sham TAC+NS TAC+Can
BW (g) 30.8x2.0 32.9x1.2 33.0«1.0
HR (opm) 47732 41165 444 +50
WVSTd (mm) 0.75+0.04 1.20+0.06* 0.88+0.041
LVPWTd (mm) 0.68+0.06 1.12+0.06* 0.86=0.121
LVIDd (mm) 3.36+0.30 4.07£0.52 3.97+£0.30
LVIDs (mm) 1.73+0.21 2.15£0.17 2.10+0.37
EF (%) 85.6+5.0 86.3+3.0 82.7+5.0
HW (mg) 11012 189 £14* 14521t
BP (mmHg) 78410 186+15* 160%17*

Figure 5 Cardiac hyperirophy in ATG”~ mice induced by presstire
overload. Ten-week-old male ATG-~ mice, treated with saline {NS) or
candesartan (Can), were subjected to a sham or TAC operation.
Echocardiography and catheterization were done 2 weeks later, (a) Top,
M-mode echocardiograms; middle, gross appearance of the heart;
bottom, sections stained by H&E. (b) Echocardiographic results and

ture medium after stretch. AIl concentration varied considerably in
the conditioned media, whereas the degree of ERK activation
induced by stretch was constant, which also suggests that secreted
All is not involved in the stretch-induced activation of ERKs. A very
sensitive bioassay, as well as radioimmunoassay, showed that the
concentration of All in medium conditioned by stretch was less than
1071 M, which is far too low to evoke a hypertrophic response in
cardiomyocytes. The reason for the difference in the role of secreted
All by stretch between the previous report® and this study is not
clear at present. Many reports have shown that cardiomyocytes con-
tain about 10713 mol of AII per gram of cells?®-*0, Thus, even if all of
the AIl stored in cardiomyocytes were secreted by stretch, at most
about 10~!" M Al would be detected in the culture medium. We
detected roughly 2 x 10712 M AIl in culture medium conditioned by
stretch for 8 min, consistent with the theoretical concentrations.

haemodynamic parameters, shown as the mean + s.e.m. (n=3). *P<
0.05 versus sham operated; 1P < 0.05 versus saline. BW, body weight;
HR, heart rate; IVSTd, thickness of interventricular septum at diastole;
LVPWTd, posterior wall thickness of LV at diastole; LVIDd and LVIDs, LV
internal dimension at end diastole and systole, respectively; EF,
ejection fraction; HW, heart weight; BP, systolic blood pressure.

Although it is evident that mechanical stress is the primary trigger
of cardiac hypertrophy, it is not clear how mechanical stress is received
and converted into the active intracellular signalling responsible for
the development of cardiac hypertrophy. Muscle LIM protein, inte-
grins and their associated signalling machinery have been reported to
be sensors for mechanical stress?32, We propose that the AT receptor
is also a receptor for mechanical stress. Mechanical stretch did not
activate ERKs in HEK293 cells or COS7 cells, but expression of the
AT receptor gave these cells the ability to respond to stretch. Bioassays
using conditioned medium and RT-PCR analysis showed that there is
little or no AIl in HEK293 cells or COS7 cells. These results suggest
that the AT1 receptor is a ‘mechanical sensor’ and converts mechanical
stress into biochemical signals inside the cells.

This hypothesis was confirmed by results from cells expressing the
AT1-mutl, which cannot bind All, and from cardiomyocytes pre-
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pared from ATG~ mice. Although All did not activate ERKs in cells
expressing AT1-mutl, mechanical stretch activated ERKs in these
cells and this activation was inhibited by an AT1 receptor blocker,
candesartan. Mechanical stretch activated ERKs in cardiomyocytes
prepared from ATG™~ mice, which do not express All, and candesar-
tan inhibited this activation.

Because mechanical stretch did not activate ERKs in cells expressing
the ET1A or $2-AR receptors, not all GPCRs are necessarily a mechani-
cal sensor. Although we do not know at present why the AT receptor,
but not the ETIA or B2-AR receptor, is significantly activated by
mechanical stretch, there are a few possibilities. First, specificity may be
due to molecules that associate with the AT1 receptor. We found that in
the response to mechanical stretch, some unknown molecules bind to
the AT1 receptor (our own unpublished results). Second, diversity in
the structures and expression of the receptors may also determine their
responsibility to mechanical stress!®2733,

After binding to All, the AT1 receptor changes its conformation into
an active form and stimulates G proteins through its intracellular
domains!>?333* The intracellular loops and the region between
residues 312 and 318 in the carboxy-terminal tail of the AT receptor
have been reported to be essential for coupling and activating G pro-
teins®. After activation, G proteins dissociate into a- and By-subunits,
and the a-subunit is translocated into the cytosol*!. In addition, ligand
binding to the AT1 receptor induces association of the C terminus of
the AT1 receptor with Jak2, thereby resulting in activation of the
Jak2~STAT3 pathway?2~2. Although there is no direct evidence, our
results suggest that, similar to All binding to the AT1 receptor, mechan-
ical stress induces a conformational change in the AT1 receptor by a
mechanism independent of AIl binding, resulting in the association
and activation of G proteins and Jak2.

There are a few mechanisms by which mechanical stress might
activate the AT receptor without the involvement of AIl. First,
stretching the cell membrane may directly change the conforma-
tion of the AT1 receptor. Many receptors can change their confor-
mation between the active and inactive state under basal
conditions without ligands*37. Candesartan reduced the basal
activity of ERKs, suggesting that part of the wild-type AT receptor
is in an active state, and mechanical stress may increase the number
of AT1 receptors in the active state. Second, mechanical stretch
might activate specific mechanical sensors, which then activate the
AT1 receptor from inside the cells. Potential stretch sensors, such as
muscle LIM protein, integrins and stretch-sensitive ion channels,
might activate the AT] receptor, though the underlying mechanism
remains to be determined. ]

Strong pressure overload induced cardiac hypertrophy in
ATG™~ mice, indicating that mechanical stress can induce cardiac
hypertrophy without AIL Treatment with candesartan significantly
attenuated the development of cardiac hypertrophy without reducing
blood pressure, suggesting that mechanical stress activates the AT1
receptor and induces cardiac hypertrophy without the involvement of
All in vivo. We previously reported that pressure overload induces car-
diac hypertrophy in ATla receptor knockout mice®. The activity of
tyrosine kinases is upregulated before stretch and more strongly
enhanced by mechanical stretch in AT1a-receptor-deficient cardiomy-
ocytes as compared with wild-type cells through epidermal growth fac-
tor (EGF) receptor tyrosine kinases®®, suggesting that the AT1 receptor
is not indispensable for stretch-induced cardiac hypertrophy and that
some compensatory mechanisms operate and induce cardiac hypertro-
phy even in the absence of the AT1 receptor?®?,

Candesartan reduced the basal activity of ERKs and inositol phos-
phates in cells overexpressing AT1-WT and inhibited the

ARTICLES

stretch-induced activation of ERKs and increase in inositol phosphates
independently of All, suggesting that candesartan works as an inverse
agonist of the AT1 receptor. An inverse agonist of the AT1 receptor is
defined as an agent that stabilizes the AT1 receptor in an inactive con-
formation, thereby inhibiting signals evoked by the wild-type or active
AT1 receptor. As an inverse agonist, candesartan may inhibit changes in
conformation of AT1 receptor and thus may efficiently suppress its
activation induced by both mechanical stress and AIL. Much evidence
suggests that local RAS has a crucial role in injury to various
organs?62740_ It remains to be determined whether activation of the
AT1 receptor without AIl occurs in other organs, and whether inverse
agonists prevent organ damage more effectively than do competitive
antagonists. a

METHODS

cDNA constructs. The AT1a receptor mutants lacking binding activity with All
(ATI-mutl) or the Jak2 coupling domain (AT1-mut2) were generated by PCR
from the wild-type mouse AT1 receptor (GenBank accession number $37484)4!
by replacement of Lys 199 with glutamine!® or truncation of the C terminus
(residues 312-359)2, respectively. AT1-i2m?2, B2-AR* and ET1A%? were gifts
from J. Sadoshima, R ]. Lefkowitz and S. Kimura, respectively. The complementary
DNAs used in this study are summarized in Supplementary Information, Table 1.

Cell culture and transfection. We prepared primary cultures of cardiomyocytes
from the ventricles of 1-day-old Wistar rats or ATG™'~ mice as described!?. Adult
and neonatal cardiomyocytes of ATG™~ mice were prepared as described*,
HEK293 and COS7 cells were cultured in Dulbecco’s modified Eagle’s medium
with 10% serum. cDNAs were transfected by the calcium phosphate method as
described!®. Stable transformants were selected by the addition of hygromycin B
to the cells 3 d after transfection and for all subsequent passages of the cells!. All
cultures were transferred to serum-free conditions 48 h before stimulation,

Western blotting, Total proteins (50 pg) were size-fractionated by SDS-PAGE
and transferred to Immobilon-P membranes (Millipore). The blotted mem-
branes were incubated with antibodies against phosphorylated ERKs, phospho-
rylated Jak2, Jak2, AT1 or G,q;, (Santa Cruz).

ATG gene expression, Expression of the ATG gene was examined by RT-PCR using
specific primers (sense, 5'-TTCAGGCCAAGACCTCCC-3'; antisense, 5'-CCAGC-
CGGGAGGTGCAGT-3')*, We separated the PCR products on 1.29% agarose gels
and visualized them by using ethidium bromide.

Detection of inositol phosphates, Accumulation of inositol phosphates was
assayed in COS7 cells as described*®47. In brief, 24 h after transfection by the
DEAE-adenovirus method*8, cells were replated in 24-well plates at 1.5 x 103
cells per well and labelled for 24 h with myo-[*HJinositol (2 rCi mlY
Amersham). The cells were washed in medium containing 5 mM LiCl for 10
min, incubated with vehicle or candesartan for 5h, and then subjected to
mechanical stretch for 45 min in the presence of 5 mM LiCl. Inositol phosphates
and (otal inositol fractions were resolved on a Dowex AG 1-X8 formate column
(Bio-Rad), and inositol phosphate accumulation was estimated by determining
the ratio of inositol phosphate radioactivity to the sum of inositol phosphate
plus inositol radioactivity.

All in the medium of cultured cardiomyocytes. Culture medium (2 ml per
dish) was collected from dishes before and after stretching the cells by 20% for 8
min. We measured All concentration by radioimmunoassay using two antibod-
ies specific for A1l (SRL Co.).

TAC operation. TAC operation was done on 10-week-old male ATG™'~ mice and
wild-type C52/BL6 mice'4. A mini-osmotic pump (Alzet) filled with saline or can-
desartan was implanted subcutaneously in mice 3 d before TAC. All mouse proto-
cols were approved by the guidelines of Chiba University.

Haemodynamic parameters. Transthoratic echocardiography (UCG) was done
as reported®® using a Agilent sonos 4500 (Agilent Technologies Co.) equipped
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with a 11-MHz imaging transducer. Haemodynamic measurements were taken
by inserting a micronanometer catheter (Millar 1.4F SPR 671, Millar
Instruments) from the right common carotid artery into the aorta and then the
left ventricle (LV). The transducer was connected to the MacLab system (AD
Instruments) to record the pressure. For heart morphometry, hearts were per-
fused with 10% buffered formalin and subsequently embedded in paraffin, sec-
tioned and stained with haematoxylin and eosin (H&E).

Statistics, Data are shown as mean * s.e.m. Multiple group comparison was
done by a one-way analysis of variance (ANOVA), followed by the Bonferroni
procedure for comparison of means. A two-tailed Student’s
t-test was used to compare drug-treated and vehicle-treated specimens under
identical  conditions.  Values of P<0.05 were considered
statistically significant.

Note: Supplementary Information is available on the Nature Cell Biolagy
website.
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Akt negatively regulates the in vitro lifespan of
human endothelial cells via a p53/p21-dependent

pathway
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The signaling pathway of insulin/insulin-like growth fac-
tor-1/phosphatidylinositol-3 kinase/Akt is known to reg-
ulate longevity as well as resistance to oxidative stress in
the nematode Caenorhabditis elegans. This regulatory pro-
cess involves the activity of DAF-16, a forkhead transcrip-
tion factor. Although reduction-of-function mutations in
components of this pathway have been shown to extend
the lifespan in organisms ranging from yeast to mice,
activation of Akt has been reported to promote prolifera-
tion and survival of mammalian cells. Here we show that
Akt activity increases along with cellular senescence and
that inhibition of Akt extends the lifespan of primary
cultured human endothelial cells. Constitutive activation
of Akt promotes senescence-like arrest of cell growth via a
p53/p21-dependent pathway, and inhibition of forkhead
transcription factor FOX03a by Akt is essential for this
growth arrest to occur. FOX03a influences p53 activity by
regulating the level of reactive oxygen species. These
findings reveal a novel role of Akt in regulating the
cellular lifespan and suggest that the mechanism of long-
evity is conserved in primary cultured human cells and
that Akt-induced senescence may be involved in vascular
pathophysiology.
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introduction

Cellular senescence is the limited ability of primary human
cells to divide when cultured in vitro and is accompanied by a
specific set of changes in cell morphology, gene expression and
function. These phenotypic changes have been implicated in
human aging (Faragher and Kipling, 1998). This hypothesis,
the cellular hypothesis of aging, was established by Hayflick
(1975) and is supported by evidence that the replicative
potential of primary cultured human cells is dependent on
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donor age and that the growth potential of cultured cells
correlates well with the mean maximum lifespan of the species
from which the cells are derived (Rohme, 1981), although
some conflicting data have been reported (Cristofalo et al,
1998). Primary cultured cells obtained from patients with
premature aging syndromes, such as Werner syndrome and
Bloom syndrome, are known to have a shorter lifespan than
the cells from age-matched healthy populations (Rohme, 1981;
Thompson and Holliday, 1983), further supporting this hy-
pothesis. Cell division is essential for the survival of multi-
cellular organisms that contain renewable tissues, but also
places the organism at the risk of developing cancer. It has
been suggested that complex organisms have evolved at least
two cellular mechanisms to prevent oncogenic transformation,
which are apoptosis and cellular senescence (Campisi, 2001).
Accordingly, age-associated diseases could be regarded as a
by-product of the tumor suppressor mechanism, cellular se-
nescence (Weinstein and Ciszek, 2002).

Many molecular mechanisms have been suggested to con-
tribute to human aging and its associated diseases. Recent
genetic analyses have demonstrated that reduction-of-function
mutations in the signaling pathway of insulin/insulin-like
growth  factor-1  (IGF-1)/phosphatidylinositol-3  kinase
(PI3K)/Akt (also known as protein kinase B) extend the long-
evity of the nematode Caenorhabditis elegans (Kenyon et al,
1993; Morris et al, 1996; Paradis and Ruvkun, 1998; Guarente
and Kenyon, 2000; Kenyon, 2001; Lee et al, 2001; Lin et al,
2001; Longo and Finch, 2003). The forkhead transcription
factor DAF-16, which is phosphorylated and thereby inacti-
vated by Akt {Lee et al, 2001; Lin et al, 2001), plays an essential
role in this longevity pathway (Lin et al, 1997; Ogg et al, 1997).
More recently, it has been reported that the genes regulating
longevity are conserved in organisms ranging from yeast to
mice. Mutation of Sch9, which is homologous to Ak, extends
the lifespan of yeast (Fabrizio et al, 2001), and mutations that
decrease the activity of the insulin/IGF-1-like pathway increase
the longevity of fruit {lies (Tatar et al, 2001) and mice (Bluher
et al, 2003; Holzenberger et al, 2003). These mutations that
extend the lifespan are associated with increased resistance to
oxidative stress, which is partly mediated by the increased
expression of antioxidant genes (Honda and Honda, 1999;
Fabrizio et al, 2003; Murphy et al, 2003).

In mammalian cells, activation of Akt has been reporied to
induce proliferation and survival, thereby promoting tumor-
igenesis (Datta et al, 1999; Blume-Jensen and Hunter, 2001;
Testa and Bellacosa, 2001). Overexpression of Akt can trans-
form NIH3T3 cells (Cheng et al, 1997), while introduction of
Akt antisense RNA inhibits the tumorigenic phenotype of
cancer cells expressing high levels of Akt (Cheng et al, 1996).
The mechanisms by which Akt promotes cell proliferation
and survival are likely to be multifactorial, because it
has been reported to directly phosphorylate several compo-
nents of the cell cycle machinery as well as the cell death
machinery (Datta et al, 1999). Akt counteracts the effect of
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cyclin-dependent kinase inhibitors on cell cycle progression
by modulating their intracellular localization and level of
transcription (Medema et al, 2000; Shin et al, 2002; Viglietto
et al, 2002; Zhou et al, 2001a). Akt also increases the cyclin
D1 level by inhibiting its degradation, which is important in
the G1/S phase transition (Diehl et al, 1998). Moreover, it is
known that Akt phosphorylates and inactivates proapoptotic
factors such as BAD ({Datta et al, 1997; del Peso et al, 1997)
and procaspase-9 (Cardone et al, 1998), thereby promoting
cell survival. Although these reports have suggested an
important role of Akt in human malignancy (Blume-Jensen
and Hunter, 2001; Testa and Bellacosa, 2001), it has mainly
been examined in immortal cell lines and the impact of Akt
activation on the growth and lifespan of primary cultured
human cells is unknown.

In the present study, we found that inhibition of Akt could
prolong the lifespan of primary cultured human endothelial
cells, whereas constitutive activation of Akt promoted senes-
cence-like growth arrest via a p53/p2l-dependent pathway.
Akt-induced growth arrest was inhibited by a mutated fork-
head transcription factor that was resistant to Akt phosphor-
ylation. These findings disclose a novel role of Akt in
regulating the lifespan of cells and suggest that the mechan-
ism of longevity is conserved in primary cultured human cells.

Results

Akt activation reduces the lifespan of human
endothelial cells

We first investigated whether Akt activity was associated
with cellular senescence of primary cultured human endothe-
lial cells. Senescent endothelial cells had higher phospho-Akt
levels than young endothelial cells (Figure 1A). To assess the
actual role of Akt activity in regulating cellular lifespan, we
infected primary cultured human endothelial cells with a
retroviral vector encoding either constitutively activated
myc-tagged Akt (AktCA) or dominant-negative myc-tagged
Akt (AktDN). The empty retroviral vector pLNCX (Mock),
encoding a neomycin resistance gene alone, was also trans-
duced into endothelial cells as a control. Infected cells were
purified using G418 for 7 days and then recultured until the
cells underwent senescence. The 8th day after infection is
designated as day 0 in all of the following experiments.
Western blot analysis with anti-c-Myc antibody and anti-Akt
antibody demonstrated that both AktCA and AktDN proteins
were expressed by the endothelial cells, showing an approxi-
mately 4- to 8-fold increase of total Akt protein compared
to endogenous Akt protein (Figure 1B). Long-term culture
studies showed that constitutive activation of Akt signifi-
cantly shortened the lifespan of the endothelial cells, whereas
inhibition of Akt activity delayed senescence compared
with mock-infected cells (Figure 1B). Introduction of AktDN
influenced cellular lifespan in the late passages, but not in the
early passages, suggesting that Akt activity increased
with further cell division and thus promoted senescence.
Expression of AktCA markedly reduced cell growth by day
7 (Figure 1C). AktCA-transduced endothelial cells were
flattened and enlarged, while mock- or AktDN-infected
endothelial cells exhibited normal morphology and growth
(Figures 1C and D). Senescence-associated B-galactosidase
activity was also increased in AktCA-transduced cells
(Figure 1D). These changes of the phenotype, which were
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suggestive of senescence, were observed in various types of
endothelial cells including microvascular endothelial cells
(Supplementary Figure 1). The same senescence-like changes
also occurred in confluent endothelial cells (Supplementary
Figure 2). Thus, constitutive activation of Akt induced a
senescence-like phenotype in human endothelial cells irre-
spective of the cell type and growth pattern. To further
explore the relationship between Akt activity and cell growth,
we isolated clones from AktCA-infected endothelial cells and
determined the phospho-Akt level and the cell number on
day 30. Clones obtained from mock-infected cell populations
could be expanded up to 1-3 x10° cells on average and
revealed little Akt activity (Figure 1E, lane 1). In contrast,
most of the AktCA-infected clones showed almost complete
growth arrest and high levels of phospho-Akt expression
(Figure 1E, lanes 5-7). However, some AktCA-infected clones
showed low phospho-Akt levels and continued to proliferate
(Figure 1E, lanes 2-4). Such proliferating populations may
lead to underestimation of the growth inhibitory effect of
AktCA in long-term culture experiments. The level of phos-
pho-Akt was inversely correlated with the number of cells on
day 30 (Figure 1E, right graph). Thus, we concluded that Akt
is a negative regulator of the lifespan of primary cultured
human endothelial cells.

Upregulation of p21 is essential for Aki-induced growth
arrest

To clarify the mechanism of cell growth arrest induced by
activation of Akt, we examined the expression of cell cycle
regulatory proteins. Expression of p53 and p21 /€1yt
not p16™*43, was elevated, while the level of phosphorylated
Rb was decreased in AktCA-infected cells compared with
mock-infected cells (Figure 2A}), suggesting that Akt may
induce growth arrest by upregulating p53 and p21. To deter-
mine the role of p21 in Akt-induced cell growth arrest, we
infected primary cultured mouse embryonic fibroblasts
(MEF) derived from p2l-deficient or wild-type mice with
AktCA. Similar to endothelial cells, the growth of wild-type
MEF was markedly reduced by activation of Akt compared
with mock infection (Figure 2B, p21*/*). In contrast, Akt-
induced cell growth arrest was restored in p2I-deficient MEF
(Figure 2B, p217/7), suggesting that p21 is essential for Akt-
induced growth arrest of these cells. It has been reported that
expression of p21 is regulated by p53-dependent or -indepen-
dent transcriptional mechanisms (el-Deiry et al, 1993) as well
as protein degradation (Maki and Howley, 1997}). To investi-
gate the mechanism by which Akt activation increases p21
expression, we assessed the stability of p21 protein and the
extent of p2I transcription. The half-life of p21 protein did not
differ between mock- and AktCA-infected endothelial cells
(Figure 2C). Northern blot analysis revealed that the level of
p21 mRNA was significantly increased in Akt-infected cells
compared with mock-infected cells (Figure 2D). Activation of
Akt enhanced transcription of the luciferase reporter gene
controlled by the promoter fragment of the human p2I gene
(Figure 2E), indicating that activation of Akt caused the
transcriptional upregulation of p21 expression.

Critical role of p53 transcriptional activity in Akt-induced
growth arrest

To ascertain whether Akt activation induces the transcrip-
tional activity of pS3, we transfected Akt-infected endothelial
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Figure 1 Akt negatively regulates the lifespan of primary cultured human endothelial cells. (A) Whole-cell lysates (30 iig) of young (passage 4)
or senescent (passages 14-15) human endothelial cells were analyzed for the expression of phospho-Akt (pAkt, Ser473) and actin (loading
control) by Western blotting. (B} Human endothelial cells were infected with pLNCX (Mock), AktCA or AktDN. After purification, infected cell
populations were passaged until they underwent senescence, and the number of cumulative population doublings was determined. Similar
results were obtained from three independent experiments. To validate the transduction of AktCA and AktDN, whole-cell lysates (30 ug) of each
infected population were examined for the expression of exogenous myc-tagged Akt (c-Myc) and total Akt (Akt). (C) Human endothelial cells
infected with pLNCX (Mock), AKICA or AKtDN were purified with G418 for 7 days and seeded at a density of 3 x 10° cells per 100 mm plate on
day 0. Cell number per 100 mm plate was then counted at indicated time points. *P<0.001 versus Mock, ANOVA, n1=4. (D) Cell morphology
{upper panel) and senescence-associated B-galactosidase staining (lower panel} in endathelial cells infected with pLNCX (Mock), AktCA or
AKIDN. (E) Independent clones were isolated from pLNCX (Mock)- or AktCA-infected endothelial cells. At 30 days after isolation, the cell
number of each clone was counted. Whole-cell lysates (~10pg) of isolated clones were also prepared and analyzed for the expression of
phospho-Akt by Western blotting (left panel, mock-infected clone for lane 1 and AktCA-infected clones for lanes 2-7}. The cell number of each
clone was as follows: 16.6 x 10° for lane 1; 6-10 x 10° for lanes 2-4; 0.1-2 x 10° for lanes 5-7. As the availability of samples was limited in the
case of most AktCA-infected clones, the lysates used were less than 10 ug (lanes 5-7). Therefore, the levels of phospho-Akt were standardized
on the basis of actin expression, and the relative level of phospho-Akt and the cell number of each clone were plotted in the graph (right panel,
r=0.92, P<0.01). The corrected value of phospho-Akt in mock-infected clones (lane 1) is set at 1.

cells with the luciferase reporter gene containing 13 copies of subjected to infection with pLNCX or AKICA. Activation of
the p53-binding consensus sequence (PG13). Introduction of Akt markedly inhibited the growth of pBabe-infected en-
AktCA induced p53 promoter-driven luciferase activity com- dothelial cells (Figure 3B, pBabe), while growth inhibition
pared with mock infection, but not luciferase activity driven was completely abolished in E6-infected cells (Figure 3B, EG).
by a promoter containing 15 copies of a similar sequence with Changes of cell morphology were also reversed to normal by
mutation at critical positions (MG15) (Figure 3A). To further introduction of E6 (Figure 3C). Ablation of p53 also lessened
assess the relation between Akt and p53 transcription activ- the decrease in the lifespan of AkiCA-infected cells
ity, we tested whether ablation of p53 could circumvent Akt- (Supplementary Figure 3). These results indicate a critical
induced growth arrest. We infected human endothelial cells role of p53 in Akt-induced cell growth arrest. Introduction of
with a retroviral vector encoding the E6 oncoprotein of AktCA did not induce p21 expression in E6-infected cells
HPV16, which binds p53 and facilitates its destruction by (Figure 3D), suggesting that constitutive activation of Akt
ubiquitin-mediated proteolysis (pBabe E6). We also infected increases induction of the transcription of p2I by a p53-
the same cells with the empty vector encoding resistance to dependent mechanism and thereby promotes cell growth
puromycin alone (pBabe). Both cell populations were then arrest.
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Figure 2 Upregulation of p21 is essential for Akt-induced growth arrest. (A) Whole-cell lysates (30 ug) of pLNCX (Mock)- or AktCA-infected
endothelial cells on day 0 were examined for the expression of phospho-Akt (pAkt), cell cycle regulatory proteins and tubulin (loading control)
by Western blotting. (B) MEF derived from wild-type (p2l +/+Y or p21-deficient mice (p21~/7) were infected with pLNCX (Mock) or AktCA,
purified with G418 for 7 days and seeded at a density of 1 x 10° cells per 100 mm plate on day 0. Cell number per 100 mm plate was then
counted at indicated time points. *P<0.001 versus Mock, ANOVA, n=4. (C) Human endothelial cells infected with pLNCX (Mock) or AktCA
were treated with cycloheximide (10 pg/ml) for the indicated time interval. Whole-cell lysates (30 jig) were then prepared at each time point
and assayed for the expression of p21 and actin (loading control) by Western blotting. The graph indicates the results of densitometric analysis
for the levels of p21 protein relative to actin expression. The value at time 0 is set at 100%. (D) Total RNA (30 ug) was extracted from human
endothelial cells infected with pLNCX (Mock) or AktCA and analyzed for p21 mRNA levels by Northern blotting (upper panel). Ribosomal RNA
was used as an internal control (lower panel). (E) The luciferase reporter gene plasmid controlled by the promoter of the human p21 gene was
transfected into endothelial cells infected with pLNCX (Mock) or AktCA 24 h before the luciferase activity was measured. The activity in mock-
infected cells is set at 100%. *P<0.05 versus Mock, paired t-test, n=4.
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Figure 3 Critical role of p53 transcriptional activity in Akt-induced growth arrest. (A) The luciferase reporter gene plasmid pPG13-Luc
containing the p53-binding sequence or pMG15-Luc containing the mutated p53-binding sequence was transfected into endothelial cells
infected with pLNCX (Mock) or AktCA 24 h before the luciferase activity was measured. The activity of PG13-Luc in mock-infected cells is set at
100%. *P<0.005 versus Mock, ANOVA, n= 4. (B) Human endothelial cells were infected with pBabe {empty vector) or pBabe E6 and purified
with puromycin. Infected cells were then transduced with pLNCX or AktCA as described in Figure 1C and seeded at a density of 2 x 10° cells per
100 mm plate on day 0. Cell number was then counted at indicated time points. *P<0.05 versus Mock, ANOVA, n=4. (C) Morphology of cell

populations prepared in (B). (D) Whole-cell lysates (30 ug) were extracted from cells prepared in (B) and examined for the expression of p53,
p21 and actin (loading control).

Forkhead transcription factor mediates Akt-induced DAF-16, resulting in extension of the lifespan, and this effect is
growth arrest inhibited by mutations of antioxidant genes (Murphy et al,
In C. elegans, a reduction-of-function mutation in the PI3K/Akt 2003). Recent evidence indicates that the mammalian forkhead
pathway leads to activation of the forkhead transcription factor transcription factor FOXO3a (also known as FKHR-L1)
©2004 European Molecular Biology Organization The EMBO Journal VOL 23 | NO 1| 2004 215
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Figure 4 FOX03a mediates Akt-induced growth arrest via the ROS/p53/p21-dependent mechanisms. (A) Whole-cell lysates (30 ug) of pLNCX
{Mock)- or AktCA-infected endothelial cells were examined for expression of phospho-FOX03a (pFOX03a, Thr32), total FOX03a (FOX03a),
MnSOD, catalase and tubulin (loading control) by Western blotting. (B) Human endothelial cells infected with PLNCX (Mock) or AKtCA were
loaded with DCF for 30 min and analyzed by FACS. Representative results from two independent experiments are shown. (C) The luciferase
reporter gene plasmid PG13-Luc was transfected into endothelial cells infected with pLNCX (Mock) or AKtCA and cultured in the absence or
presence of NAC {0.5mM). At 24 h after transfection, the luciferase activity was measured. The activity in mock-infected cells is set at 100%.
*P<0.01 versus Mock, #P<0.001 versus AktCA + NAC, ANOVA, n =4. (D) Human endothelial cells were infected with pBabe (empty vector)
or pBabe mutant FOXO3a (FOXO). Infected cell populations were then transduced with pLNCX (Mock) or AktCA and seeded at a density of
3 x 10° cells per 100 mm plate on day 0. Cell number was then counted at indicated time points. *P<0.05 versus Mock, ANOVA, n =3, (E)
Morphology of Akt-infected cell populations prepared in (D). (F) Whole-cell lysates (30 ug) prepared in (D) were examined for the expression of
p21 and actin (loading control) by Western blotting. Constitutive activation of Akt inhibits the transcriptional activity of FOXO3a and thereby
downregulates MnSOD, leading to an increase of ROS that promotes senescence-like growth arrest via the p53/p21-dependent pathway. (G)
Proposed signaling pathway of Akt-induced senescence in human endothelial cells compared with that in C. elegans. Akt inactivates FOXO3a
and thereby downregulates its target antioxidant gene MnSOD, leading to an increase of ROS. ROS induces p53 activity, resulting in
upregulation of p2] expression, which promotes cellular senescence in human endothelial cells. In C. elegans, the PI3K/Akt pathway also

negatively regulates longevity by inactivating DAF-16 activity. This regulatory pathway partly involves the decreased expression of anti-stress
genes including SOD.

upregulates radical scavenger genes that have a protective tate (DCF) (Figure 4B). Since oxidative stress is postulated to
effect against oxidative damage in human cells (Kops et al, induce the activation of p53 (Finkel and Holbrook, 2000), we
2002; Nemoto and Finkel, 2002). To investigate the role of examined the effect of an ROS scavenger, N-acetyl cysteine
FOXO3a in Akt-induced growth arrest, we examined the (NAC), on p53 promoter activity (PG13) in AktCA-infected
expression of FOX03a and antioxidant genes. Phosphorylated endothelial cells. The enhancement of p53 promoter-driven
FOX03a (the inactive form) was increased in AktCA-infected luciferase activity by AktCA was significantly lessened after
endothelial cells compared with mock-infected cells treatment with NAC, suggesting that ROS are involved in Akt-
(Figure 4A). The level of manganese superoxide dismutase induced senescence-like growth arrest (Figure 4C). To further
(MnSOD), but not catalase, was reduced in AktCA-infected determine the causal link between Akt-induced growth arrest
endothelial cells (Figure 4A). Consistent with the decreased and phosphorylation of FOX03a, we tested a mutated FOXO3a
level of MnSOD, AktCA-infected endothelial cells exhibited an that was resistant to phosphorylation by Akt. Introduction of
increase of reactive oxygen species (ROS), as assessed using this FOX0O3a mutant prevented senescence-like growth arrest
the redox-sensitive fluorophore 2/,7'-dichlorofluorescein diace- and cellular morphological changes induced by activation of
216 The EMBO Journal VOL 23 | NO 1| 2004 ©2004 European Molecular Biology Organization
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Akt {Figures 4D and E). Moreover, induction of p21 expression
by Akt activation was effectively inhibited by the mutant form
of FOXO3a (Figure 4F). These results suggest that constitutive
activation of Akt inhibits the transcriptional activity of FOXO3a
and thereby downregulates MnSOD, leading to an increase of
ROS that promotes senescence-like growth arrest via the p53/
p2l-dependent pathway (Figure 4G). This signaling pathway
could be recaptured in endothelial cells undergoing replicative
senescence (Supplementary Figure 4), which suggests that
Akt-induced growth arrest is relevant to physiological senes-
cence and may also be involved in human vasculopathy.

Pathophysiological role of Akt-induced endothelial cell
senescence

To investigate whether atherogenic stimuli could activate Akt
in human atheroma tissues, we examined Akt activity in
coronary arteries obtained at autopsy from patients who had
ischemic heart disease. We detected Akt activity in endothe-
lial cells on the surface of coronary atherosclerotic lesions,
but not in those of the internal mammary arteries from the
same patients, which showed minimal atherosclerotic
changes (Figure 5A). To investigate the potential role of
Akt-induced endothelial senescence in the pathogenesis of
vasculopathy, we examined the effect of Akt on angiogenic
activity and the expression of proinflammatory molecules.
Tube formation by AktCA-infected endothelial cells was sig-
nificantly reduced compared with that by mock-infected cells
(Figure 5B). In addition, expression of intercellular adhesion
molecule (ICAM)-1 was increased in AktCA-infected endothe-
lial cells (Figure 5C). To further explore the role of Akt-
induced senescence, we tested the influence of insulin on
endothelial cell senescence. Treatment with insulin at a
pathological dose caused increases in phospho-FOXO3a and
p53 activity (Figures 6A and B), which were comparable to
the changes seen in AktCA-infected cells. This increase was
inhibited by introduction of AktDN (data not shown), indi-
cating that it was dependent on Akt activity. Insulin induced
p53 activity in a dose-dependent manner (Figure 6B).
Moreover, continuous incubation with insulin was found to
accelerate senescence of human endothelial cells, and this
effect was also dose dependent (Figure 6C). Thus, it is
conceivable that constitutive activation of Akt by growth
factors may promote endothelial cell senescence and thereby
contribute to vascular pathophysiology.
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Discussion

Our results suggested a critical role of Akt activation in
regulating the lifespan of primary cultured human cells in a
manner similar to the control of longevity by the P13K/Akt
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Figure 5 Pathophysiological role of Akt-induced endothelial cell
senescence. (A) Immunohistochemistry for phospho-Akt (brown)
in the coronary arteries (CA) and the internal mammary arteries
(IMA) from the same patients. Scale bar: 10 pm. (B) Tube formation
assay. Human endothelial cells infected with pLNCX (Mock) or
AktCA were seeded onto Matrigel. After 48 h, the total tube length
was estimated by an angiogenesis image analyzer (Kurabo, Osaka,
Japan). The graph shows relative tube length in Mock- and AktCA-
infected cells. The length in Mock-infected cells is set at 100%.
*P<0.005 versus Mock, unpaired t-test, n=4. (C) Whole-cell
lysates {30pg) of pLNCX (Mock)- or AktCA-infected endothelial
cells were examined for the expression of ICAM-1 and tubulin
(loading control) by Western blotting.
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Figure 6 Insulin promotes endothelial cell senescence. (A) Whole-cell lysates (30 pg) of human endothelial cells treated with insulin (1000 pU/
ml) for 30min were analyzed for the levels of phosphorylated FOX0O3a and actin (loading control) by Western blotting. {B) The luciferase
reporter gene plasmid PG13-Luc was transfected into endothelial cells in the presence of insulin at the indicated dose. At 24 h after transfection,
the luciferase activity was measured. The activity in controls is set at 100%. *P<0.05, **P<0.0001 versus control, #7<0.01, #4P<0.001 versus
insulin 30 pU/ml, n = 4. (C) Human endothelial cells were cultured in the presence of insulin at the indicated dose and passaged. The number

of cumulative population doublings was determined (n=3).
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signaling pathway in C. elegans. We have previously demon-
strated that senescent endothelial cells are present in human
atherosclerotic plaques, but not nonatherosclerotic lesions,
and express high levels of proinflammatory molecules that
are known to promote atherogenesis (Minamino et al, 2002).
Since Akt is known to be activated by various atherogenic
stimuli (Cantley, 2002), our findings imply that constitutive
activation of Akt by atherogenic stimuli may induce endothe-
lial cell senescence in atheroma tissue and thereby contribute
to atherogenesis. Consistent with this hypothesis, we ob-
served that Akt was phosphorylated in human atheroma
but not in normal arteries, and that expression of proinflam-
matory molecules was increased in AktCA-infected endothe-
lial cells compared with mock-infected cells. Moreover,
insulin increased p53 activity via an Akt-dependent mechan-
ism and reduced the lifespan of endothelial cells. Thus, an
Akt-induced senescence-like phenotype may be particularly
involved in diabetic vasculopathy, since hyperinsulinemia
could constitutively activate Akt in endothelial cells.

Although one supposes that Akt-induced senescence might
be an artifact, the following points suggest that our findings
are valid. First, we observed that Akt activity was increased
in endothelial cells undergoing replicative senescence and
that inhibition of this endogenous increase in Akt activity by
AKIDN led to prolongation of the cellular lifespan. This is
compatible with many earlier studies demonstrating that
reduction-of-function mutations in the insulin/PI3K/Akt
pathway extend longevity in organisms ranging from yeast
to mice (Longo and Finch, 2003). This signaling pathway
(including phosphorylation of FOXO3a and downregulation
of MnSOD induced by Akt) could be recaptured in endothelial
cells undergoing replicative senescence (Supplementary
Figure 4), which suggests that Akt-induced growth arrest
may be relevant to physiological senescence. Second, we
found that growth was significantly decreased in cloned
populations obtained from cells infected with AktCA that
exhibited a moderate increase in Akt activity (Figure 1, lanes
2-4). The level of Akt activity in these cells was similar to
that in endothelial cells undergoing replicative senescence,
suggesting that a physiological level of Akt activation may be
able to promote cellular senescence. Third, we found that
phospho-FOX03a levels in AkiCA-infected cells were compar-
able to those in endothelial cells stimulated by insulin at the
level seen in patients with type 11 diabetes. The p53 transcrip-
tional activity in AktCA-infected cells was also similar to that
of cells treated with insulin. These results indicate that the
pathophysiological activation of Akt was mimicked by infec-
tion with AktCA.

Gain-of-function mutations in the PI3K/Akt signaling path-
way are frequently found in human cancers (Testa and
Bellacosa, 2001). Thus, Akt-induced growth arrest may be
another antitumorigenesis mechanism similar to Ras-induced
senescence (Serrano et al, 1997; Campisi, 2001; Wright and
Shay, 2001). We found that ablation of p53 prevented Akt-
induced growth arrest, whereas both the p53- and pl6-
dependent pathways are reported to be essential for Ras-
induced senescence (Serrano et al, 1997; Lin et al, 1998).
Oncogenic Ras also induced premature senescence of primary
cultured human vascular cells, which was suppressed by
inhibition of mitogen-activated protein kinase kinase but
not P13K (Minamino et al, 2003), suggesting that Akt-induced
growth arrest may be distinct from Ras-induced senescence.
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A recent study demonstrated that senescent cells could
potentiate the oncogenic transformation of nearby normal
cells (Krtolica et al, 2001), which suggests that induction of
senescence by Akt as well as Ras may actually be pro-
oncogenic.

We found that Akt increased the transcriptional activity of
p53, resulting in upregulation of p2I in primary cultured
human endothelial cells. Our results are consistent with
previous reports that Akt mediates induction of p21 expres-
sion by various stimuli in myoblasts and vascular cells
(Lawlor and Rotwein, 2000a,b; Schonherr et al, 2001).
However, Akt is also reported to induce cytoplasmic localiza-
tion of p2l (Zhou et al, 2001a), thereby promoting cell
proliferation, and to promote nuclear translocation of
Mdm2 (a negative regulator of p53), leading to a reduction
of both p53 levels and transactivation (Mayo and Donner,
2001; Zhou et al, 2001b). Such changes were not observed in
human endothelial cells (H Miyauchi, unpublished data). It is
noteworthy that most other studies have examined immortal
cells, in which the normal cell cycle machinery might be
impaired, and the effects of constitutive Akt activation have
not been explored. Although the effects of tissue-specific
transgenic expression of constitutively activated Akt alleles
have been reported in several different murine models, most
of these animals do not develop tumors (Vivanco and
Sawyers, 2002), suggesting that activation of Akt is insuffi-
cient to cause cancer unless combined with other oncogenic
stimuli. Thus, like Ras, Akt may promote cell proliferation
and survival or senescence-like growth arrest, depending on
various factors including the cellular context as well as the
duration and extent of its activation.

In conclusion, we found that Akt negatively regulates the
lifespan of primary cultured human endothelial cells via the
p53/p2l-dependent pathway, and this action is mediated at
least partly by the forkhead transcription factor that regulates
cellular ROS levels. Our data not only support the previous
findings about the signaling pathway for longevity in C.
elegans, but also provide a novel insight for research on the
treatments of human vasculopathy and cancer.

Materials and methods

Cell culture

Human aortic endothelial cells, human dermal microvascular
endothelial cells and human umbilical vein endothelial cells were
purchased from Bio Whittaker (Walkersville, MD), and cultured
according to the manufacturer’s instructions. These cells gave
similar results (data not shown). We defined senescent cells as the
cultures that do not increase in the cell number and remain
subconfluent for 2 weeks. We confirmed the senescent phenotype
with SA-B-gal activity assay. Wild-type and p21-deficient MEFs were
prepared from day 13.5 embryos derived from crosses between
p21 ™/~ mice (Jackson, Bar Harbor, ME) and cultured in DMEM
plus 10% fetal bovine serum. Senescence-associated B-galactosi-
dase staining was performed as described (Minamino et al, 2002).
Tube formation assay was performed according to the manufac-
turer’s instructions (BioCoat Angiogenesis System, Clontech, Palo
Alto, CA).

Retroviral infection

The following plasmids were used for generating retroviruses:
PLNCX (Clontech, Palo Alto, CA) and pBabe (a gift from Dr CW
Lowe, Cold Spring Harbor Laboratory, Cold Spring Harbor, NY). We
created the pLNCX-based vector expressing a constitutively active
form of Akt (AktCA) or a dominant-negative form of Akt (AktDN)
by using the fragment derived from the plasmid pBS-CA-Akt or
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pBS-DN-Akt (Fujishiro et al, 2001}, respectively (a gift from Dr T
Asano, Tokyo University, Tokyo, Japan). The pBabe-based vector
expressing a mutant form of FOX03a was constructed by using the
fragment derived from pECE FOX03aTM (Brunet et al, 1999} (a gift
from Dr ME Greenberg, Harvard Medical School, Boston, MA). We
also constructed the pBabe-based vector expressing E6 (pBabe E6).
Details of the construct are available upon request. Retroviral stocks
were generated by transient transfection of packaging cell line
(PT67, Clontech) and stored at —80°C until use. Human endothelial
cells (passage 4-6) were plated at 5 x 10° cells per 100-mm-diameter
dish 24 h before infections. For infections, the culture medium was
replaced by retroviral stocks supplemented with 8 pg/ml polybrene
(Sigma, Tokyo, Japan). At 48h after infections, the infected cell
populations were selected by culture in 500 pg/ml G418 for 7 days
(pLNCX-based vectors). After selection, 1-3 x 10° cells were seeded
onto 100-mm-diameter dishes on the 8th day postinfection. The 8th
day after infection is designated as day 0. For double infection,
endothelial cells were infected with pBabe, pBabe FOX03a or pBabe
E6 purified with 0.8 ug/ml puromycin for 4 days and subjected to
the second infection as described above.

Western blotting and antibodies

Whole-cell lysates (30 pg) were resolved by SDS polyacrylamide gel
electrophoresis (PAGE). Proteins were transferred onto a polyviny-
lidene difluoride (PVDF) membrane (Millipore, Bedford, MA) and
incubated with the first antibody followed by an anti-rabbit
immunoglobulin G-horseradish peroxidase antibody or anti-mouse
immunoglobulin G-horseradish peroxidase antibody (Jackson,
West Grove, PA). Specific proteins were detected using enhanced
chemiluminescence (Amersham, Tokyo, Japan). The first antibo-
dies used for Western blotting are as follows: antibodies to Akt, p53,
ICAM-1, actin and tubulin (Santa Cruz, Santa Cruz, CA); antibodies
to retinoblastoma protein and pl6 (Pharmingen, Tokyo, Japan);
anti-p21 antibody (Oncogene, Cambridge, MA); anti-phospho-Akt
(Ser473) antibody (Cell Signaling, Beverly, MA); anti-catalase
antibody (Sigma); antibodies to FOX03a, phospho-FOXO3a
(Thr32) and MnSOD (Upstate Biotechnology, Lake Placid, NY}.

Northern blotting

Total RNA (30ug) was extracted using RNA zol B (Tel Test,
Friendswood, TX) according to the manufacturer’s instructions,
separated on a formaldehyde denaturing gel and transferred to a
nylon membrane (Amersham). The blot was then hybridized with
radiolabeled p21 c¢cDNA probes using the Quickhyb hybridization
solution (Stratagene, Tokyo, Japan) according to the manufacturer’s
instructions.
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Luciferase assays

The reporter gene plasmid (1 ug) was transfected into endothelial
cells infected with pLNCX (Mock) or AktCA 24 h before luciferase
assay. The control vector encoding Renilla luciferase (0.1 pg) was
co-transfected for an internal control. Luciferase assay was carried
out using a dual-luciferase reporter assay system (Promega,
Madison, WI} according to the manufacturer’s instructions. The
plasmids pPG13-Luc, pPG15-Luc and pWWP-LUC-1 (el-Deiry et al,
1993) were a gift from Dr B Vogelstein (Johns Hopkins University,
Baltimore, MD).

Tissue specimens and histology

Human coronary arteries and internal mammary arteries were
obtained from four autopsied individuals who had ischemic heart
disease. For immunohistochemistry, the frozen sections (6pum)
were treated with 0.3% hydrogen peroxide in methanol for 20 min,
preincubated with 5% goat serum and then treated with anti-
phospho-Akt antibody (1:100; Santa Cruz, Santa Cruz, CA) for 1 h at
37°C. Next, the sections were incubated with a biotinylated goat
secondary antibody, treated with the avidin-biotin complex (Elite
ABC kit, Vector, Burlingame, CA) and stained with diaminobenzi-
dine tetrahydrochloride and hydrogen peroxide. To verify the
specificity of the first antibodies, we performed a control staining
with nonimmune IgG and excluded the possibility of nonspecific
signals. The studies on human samples were approved by our
institutional review board.

Statistical analysis

All values were expressed as mean+s.e.m. Comparison of results
between different groups was performed by one-way analysis of
variance, paired t-test and unpaired t-test using StatView 4.5
(Abacus Concepts, Berkeley, CA).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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Salt-sensitive hypertension is triggered by Ca?* entry via
Na*/Ca?* exchanger type-1 in vascular smooth muscle

Takahiro Iwamoto®?, Satomi Kital»%, Jin Zhang?, Mordecai P Blaustein?, Yuji Arai®, Shigeru Yoshida®,

Koji Wakimoto®, Issei Komuro? & Takeshi Katsuragi!

Excessive salt intake is a major risk factor for hypertension. Here we identify the role of Na*/Ca?*+ exchanger type 1 (NCX1) in
salt-sensitive hypertension using SEA0400, a specific inhibitor of Ca2* entry through NCX1, and genetically engineered mice.
SEA0400 lowers arterial blood pressure in salt-dependent hypertensive rat models, but not in other types of hypertensive rats or
in normotensive rats. Infusion of SEA0400 into the femoral artery in salt-dependent hypertensive rats increases arterial blood
flow, indicating peripheral vasodilation. SEA0400 reverses ouabain-induced cytosolic Ca2+ elevation and vasoconstriction in
arteries. Furthermore, heterozygous NCX1-deficient mice have low salt sensitivity, whereas transgenic mice that specifically
express NCX1.3 in smooth muscie are hypersensitive to salt. SEA0400 lowers the blood pressure in salt-dependent hypertensive
mice expressing NCX1.3, but not in SEA0400-insensitive NCX1.3 mutants. These findings indicate that salt-sensitive
hypertension is triggered by Ca2* entry through NCX1 in arterial smooth muscle and suggest that NCX1 inhibitors might be

useful therapeutically.

Hypertension is the most common chronic disease, and is the leading
risk factor for death that is due to stroke, myocardial infarction or end-
stage renal failure!2, The critical importance of excess salt intake in the
pathogenesis of hypertension is widely recognized*®, but the mecha-
nism by which excess salt intake elevates blood pressure has puzzled
researchers. Recently discovered cardiotonic steroids (CTS), such as
endogenous ouabain’, and other steroids®'0, including marinobufa-
genin, proscillaridin A and bufalin, have been proposed as candidate
intermediaries. In humans, a chronic high-salt diet causes a rise in
plasma CTS'~13, Moreover, ~50% of patients with essential hyperten-
sion have substantially elevated levels of endogenous ouabain!®!>.
Plasma CTS are also high in several salt-dependent hypertensive ani-
mals”!™16, Indeed, PST2238, a ouabain antagonist, lowers blood pres-
sure in salt-dependent hypertensive rats and in certain patients with
essential hypertension'”'®, Generally, it is believed that CTS inhibit the
plasma membrane Na®/K* ATPase, the ‘sodium-potassium pump, and
lead to an increase in cytosolic Na* concentration ([Na*}m). Cellular
Na* accumulation raises the cytosolic Ca®* concentration ([Caz*‘}cyt)
through the involvement of the Na*/Ca?* exchanger (NCX), and
thereby increases contraction in vascular or heart muscle. This may lead
to hypertension'?, but the hypothesis has not yet been critically tested
because little is understood of the function of NCX in these processes.
NCX is a plasma membrane transporter expressed in various cell
types. Membrane potential and transmembrane gradients of Na* and
Ca”* control this bidirectional exchanger. The mammalian NCX fam-

ily comprises three isoforms?®. NCX1 is abundant in the heart, but is
also expressed in many other tissues. In contrast, expression of NCX2
and NCX3 is restricted to brain and skeletal muscle. Extensive alter-
native splicing of NCX1 generates tissue-specific variants?'=2% the
heart expresses exclusively NCX1.1, and vascular tissue predomi-
nantly NCX1.3 and NCX1.7. Although the importance of this diver-
sity is unclear, it may reflect different requirements for the
maintenance of Ca** homeostasis in various cell types®®. In car-
diomyocytes, NCX1 has the primary role in Ca?* extrusion during
excitation-contraction coupling?®. Under pathological conditions
such as cardiac ischemia-reperfusion injury?>2, NCX1 is thought to
cause Ca?* overload resulting from elevated {Na']; thisleads to car-
diac dysfunction. In other tissues, including vascular smooth muscle
(VSM), NCX1 is also believed to extrude Ca®' from the cytosol®, but
the physiological roles of vascular NCX1 are still unclear.

Recently, SEA0400, a specific NCX inhibitor that preferentially
blocks the Ca”* entry mode?”?, was developed. We now report that
SEA0400 lowers arterial blood pressure in salt- or ouabain-dependent
hypertensive models, but not in normotensive rats or in other types of
hypertensive rats. SEA0400 reverses the cytosolic Ca?* elevation and
vasoconstriction induced by nanomolar ouabain. Furthermore, we
found that heterozygous mice with reduced expression of NCX1 resist
development of salt-dependent hypertension. Conversely, transgenic
mice with VSM-specific expression of NCX1 readily develop
hypertension after high salt intake. These data provide compelling
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Figure 1 NCX1 inhibition and antihypertensive effects of SEAO400. (a) Concentration-response curves of SEA0400 for intracellular Na* (Na*;)-dependent
45Ca2+ uptake into fibroblasts overexpressing variously spliced isoforms of human NCX1. Expression levels and NCX activities in these transfectants are
shown in Supplementary Figure 1 online. (b) Recordings over 24 h (9 a.m. to 9 a.m.) of SBP after oral administration of vehicle or SEA0400 (1-10 mg/kg)
in DOCA-salt hypertensive rats. (c) Peak changes in SBP in various types of hypertensive rats treated with oral SEA0400. SHR, Dahl salt-resistant rats
(Dahl-R) and Dahl salt-sensitive rats (Dahl-S) were fed a normal (0.3% NaCl) or high-salt diet (8% NaCl; +salt) for 4-6 weeks. Change in SBP in mmHg for
the respective rats is indicated. Bars represent means + s.e.m. (n = 4-6). WKY, Wistar Kyoto rats; SHRSP, stroke-prone SHR; 2K, 1C, two-kidney, one-clip

rats, *P < 0.05, **P < 0.01 compared with each vehicle group.

evidence that salt-dependent hypertension is triggered by Ca®* entry
through NCX1 in VSM cells. This finding also suggests that vascular
NCX1 is a new therapeutic or diagnostic target for salt-sensitive
hypertension.

RESULTS

Antihypertensive effects of SEAQ400

In VSM cells, NCX1.3 and NCX1.7 are the dominant splicing iso-
forms?'-23, By measuring intracellular Na*-dependent Ca* uptake
into fibroblasts overexpressing splicing isoforms of NCX1, we found
that SEA0400, a specific inhibitor for Ca®* entry through NCX1, pref-
erentially blocks the vascular isoforms, especially NCX1.3 (Fig. 1a and
Supplementary Fig. 1 online). This finding indicates that SEA0400 is
an excellent pharmacological tool for studying the vascular function
of NCX1.

To evaluate the role of NCX1 in hypertension, we tested the effects of
SEA0400 on various hypertensive models. A single oral dose of
SEA0400 (1-10 mg/kg) caused a dose-dependent and long-lasting
decrease in systolic blood pressure (SBP) in deoxycorticosterone acetate
(DOCA)-salt hypertensive rats (Fig. 1b). Intravenous administration of
SEA0400 (0.3-3 mg/kg) also lowered SBP in anesthetized DOCA-salt
hypertensive rats (data not shown). Notably, however, SEA0400 did not
significantly affect SBP in spontaneously hypertensive rats (SHR) or
Wistar Kyoto rats (P > 0.05; Fig. 1¢c). We also examined the antihyper-
tensive effect of SEA0400 in other hypertensive models. SEA0400 sig-
nificantly decreased SBP in Dahl salt-sensitive rats and SHR when they
were chronically loaded with high salt (P < 0.01; Fig. Ic). On the other
hand, SEA0400 had no effect on SBP in stroke-prone SHR, salt-loaded
or salt-unloaded Dahl salt-resistant rats, salt-unloaded Dahl
salt-sensitive rats, or two-kidney, one-clip renal hypertensive rats. Thus,
SEA0400 selectively suppresses salt-dependent hypertension,

The effect of chronic treatment with SEA0400 was also tested in
DOCA-salt hypertensive rats. Administration of SEA0400 (3 or 10
mg/kg) for 3 weeks efficiently overcame the development of hyper-
tension, vascular hypertrophy and renal dysfunction induced by
DOCA-salt treatment (Supplementary Fig. 2 and Supplementary
Tables 1 and 2 online). This suggests that SEA0400 has therapeutic
potential as a new antihypertensive drug.

Direct vasodilation by SEA0400
To analyze its antihypertensive mechanism, we infused SEA0400 into
the femoral artery of anesthetized DOCA-salt hypertensive rats

(Fig. 2a). Intrafemoral infusion of SEA0400 (10 pg/kg/min) markedly
increased femoral blood flow (FBF), indicating that SEA0400 caused
peripheral vasodilation. A similar infusion did not affect FBF in nor-
motensive sham rats. On the other hand, when the femoral artery of
the sham rat (recipient) was crossperfused with aortic blood from the
DOCA-salt hypertensive rat (donor), the intrafemoral infusion of
SEA0400 significantly increased the FBF (P < 0.05; Fig. 2b). SEA0400
had no effect in the crossperfusion between two sham rats. This sug-
gests that humoral vasoconstrictors participate in DOCA-salt hyper-
tension; these vasoconstrictor effects can be antagonized by SEA0400.

Endogenous CTS are thought to contribute to the pathogenesis of
salt-sensitive hypertension in patients and experimental ani-
mals”!-16, Indeed, chronic administration of ouabain to rats causes
hypertension®®30. Therefore, we examined the effect of SEA0400 on
ouabain-induced hypertension. SEA0400 (1 or 10 mg/kg) suppressed
hypertension in a dose-dependent manner in Sprague-Dawley rats on
long-term ouabain treatment (Fig. 3a). SEA0400 did not affect the
vasopressor responses to intravenous administration of norepineph-
rine, angiotensin IT and endothelin-1 in anesthetized Sprague-Dawley
rats (data not shown). Furthermore, to check the antagonistic inter-
action between ouabain and SEA0400, either ouabain or SEA0400, or
both, were infused into the femoral arteries of anesthetized beagles.
Intrafemoral infusion of SEA0400 (50 pg/kg/min) alone did not
affect FBE. Infusion of either ouabain (0.5 pg/kg/min), however,
reduced the FBF by approximately 50%; addition of SEA0400 then
restored FBF to the basal level (Fig. 3b).

Effects of SEA0400 on pressurized small arteries
In VSM cells, inhibition of sarcolemmal Na*/K* ATPases by endogenous
CTS would be expected to increase [Na'] oyt and subsequently to raise
[C32+]q,| through the NCX. To test this hypothesis, we examined the
effects of low-dose ouabain and SEA0400 on [Ca®*] eyt (measured as fluo-
4 fluorescence) and vasoconstriction in intact, pressurized mouse small
mesenteric arteries with myogenic tone. Quabain (100 nM) increased
fluo-4 fluorescence by ~12% and myogenic tone by 20-25% (Fig. 4). The
physiological consequences of even small changes are profound because
of Poiseuille’s law™!: resistance to blood flow, R, is inversely proportional
to the fourth power of the internal radius, r (R < 1/1). Thus, a 5-10% rise
in [Ca?*],,, should augment myogenic tone*? enough to increase R (and
blood pressure) by ~20-50% (Fig. 4).

SEA0400 (300 nM) abolished the effects induced by low-dose
ouabain. A video clip of the fluo-4 fluorescence data shown in
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Figure 2 Vascular responses to intrafemoral infusion of SEA0400 in
anesthetized DOCA-salt hypertensive or uninephrectomized sham rats.

(a) SEAO400 or vehicle was infused at a rate of 20 pl/min into the femoral
artery while monitoring the heart rate (HR), mean blood pressure (MBP),
and femoral biood flow (FBF). (b) SEA0400 was infused into the femoral
artery of the recipient (sham rat) crossperfused with the blood from the
donor (DOCA-salt hypertensive rat or sham rat). Bars represent means +
s.eam. (n=4). *P< 0.05; **P< 0.01 compared with pretreatment values.

Figure 4b is available online as Supplementary Movie 1. In control
arteries, SEA0400 also lowered [Ca®*], slightly (data not shown)
and reduced normal myogenic tone by about 10% (Fig. 4c). SEA0400
had no effect on 75 mM K*¥-induced vasoconstriction (data not
shown), consistent with previous reports on SEA0400 selectivity?”3,
These results suggest that the increased myogenic tone induced by
low-dose ouabain, and even a part of the normal resting tone, may
depend upon Ca?* entry mediated by NCX.

Prevention of DOCA-salt hypertension in NCX1 heterozygous mice
To study the functional significance of NCX1 in salt-sensitive
hypertension, the hypertensive responsiveness to DOCA-salt treat-
ment was examined in heterozygous NCX1-deficient (Slc8al*")
mice. The NCX1 protein level in the aorta, as well as in other
organs, of Slc8al*~ mice was about 50% of that seen in wild-type
mice (Fig. 5). On the other hand, there were no differences in
expression levels of Na*/K*-ATPase (0, and 03), L-type Ca®* chan-
nel (0} and sarcolemmal Ca2*-ATPase in aortas from Slc8al*/~
mice (data not shown). Basal SBP of Slc8a1*/~ mice was no different
from that of wild-type mice. DOCA-salt treatment produced a pro-
gressive elevation in SBP in wild-type mice (P < 0.01), whereas the
same treatment did not significantly alter the SBP of Slc8al*/~ mice
(P > 0.05; Fig. 5a). When the sodium level in drinking water for
DOCA-salt treatment was increased from 1% to 2%, Slc8aI*~ mice
responded with a mild increase in SBP (108 £ 3 mmHg (n = 5) at
3 weeks, P < 0.05), though wild-type mice experienced severe hyper-
tension (128 £ 5 mmHg (1 =5), P < 0.01). In contrast, hypertensive
responses to chronic angiotensin II infusion were similar in
Slc8al*’~ and wild-type mice (Fig. 5b).
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Salt hypersensitivity in VSM-specific NCX1.3 transgenic mice
To test further whether vascular NCX1 has a critical role in salt-
sensitive hypertension, we created transgenic mice (N1.3T¥/T8)
expressing canine Nex1.3 driven by the smooth muscle ¢-actin pro-
moter (Fig. 6a). Southern blotting indicated that four founders had
2-4 copies of the transgene (data not shown). From among them, two
independent transgenic lines were selected for detailed study. Western
blot analysis showed that NCX1.3 protein was overexpressed in the
aortas, but not in the hearts, of these transgenic mice at 6- to 8-fold
the level of endogenous NCX! (Supplementary Fig. 3 online).
Immunohistochemical staining indicated dense localization of
NCX1.3 in the medial layer of aortas from NI1.3T¥#T mice (Fig. 6b).
On the other hand, no difference was observed in protein levels of
Na*/K*-ATPase (0, and 03), L-type Ca®" channel (0,,¢) and sar-
colemmal Ca2* ATPase in aortas from N1.37#T¢ mice by western blot-
ting (data not shown). Functional augmentation was correlated with
increased NCX1 protein levels in aortas from NI.3T¥T8 mice, as
shown by measuring the rate and degree of contraction evoked by
Na* removal in aortic rings pretreated with ouabain (Supplementary
Fig. 3 online). Furthermore, the 10 {M ouabain-induced [Ca®*],
rise in mesenteric arteries from NI1.3T#T¢ mice was notably greater
than in those from wild-type mice (Fig. 6¢,d).

Notably, the basal SBP of NI.37#/T¢ mice (103 £ 1.4 mmHg, 1 = 6)
was slightly, but significantly (P < 0.05), higher than that of wild-type
mice (92 £ 1.1 mmHg, # = 5). When these mice were fed an §% NaCl
diet with 1% NaCl drinking water, SBP in N1.3T#T& mice, but not in
wild-type mice, progressively rose to 124 £ 3.5 mmHg (1 = 6) at
4 weeks after the start of salt loading (Fig. 6e). Oral administration of
SEA0400 (10 mg/kg) markedly lowered the SBP of salt-loaded
N1.3T¢T¢ mice, but not of salt-loaded wild-type mice (Fig. 6f).
Intravenous administration of SEA0400 (0.3 mg/kg) also lowered
SBP in anesthetized N1.3T¥T¢ mice by about 20 mmHg (data not
shown). In addition, oral administration of SEA0400 suppressed
basal SBP (mild hypertension) of N1.378T& mice, but not of wild-type
mice, and abolished the difference between the two groups
(Supplementary Fig. 3 online).

Fipure 3 Effects of SEAOD400 on ouabain-induced hypertension and
vasoconstriction. (a) Recordings over 24 h of SBP after oral administration

of SEAD400 in hypertensive rats infused subcutaneously with ouabain

(30 ug/kg/d for 5 weeks). **P < 0.01 compared with the vehicle group (n=5).
{b) Femoral blood flow (FBF) response to intrafemoral infusion of SEA0400 or
vehicle at a rate of 0.2 ml/kg/min in the presence (right) or absence (left) of
ouabain in anesthetized beagles. MBP and HR were monitored during the
experimental periods. * P < 0.05 compared with pretreatment values (n=4).
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Figure 4 Effects of low-dose ouabain and SEA0400 on cytosolic Ca2* level and myogenic tone (MT) in pressurized mouse small mesenteric arteries.

(a) Simulitaneous recording of fluorescence and internal diameter (Int. diam.) changes in a fluo-4 loaded artery (pressurized to 70 mmHg) by laser confocal
microscopy. The fluo-4 fluorescence, indicated in arbitrary units (a.u.), reflects [Ca2+]cy,. Periods of exposure to ouabain, SEAO400 and Ca?*-free medium
(OCa) are indicated by colored bars. The dotted line shows the passive internal diameter (PD) in OCa. {(b) Fluorescent image on the left shows individual
myocytes loaded with fluo-4 (arrows); the artery has only a single layer of myocytes. Pseudocolor images (A-C) indicate the relative [Caz"]cyt at the times
shown in a. L, artery lumen. A video clip of the original data from this experiment is available at Supplementary Movie 1 online. (c) Summary of the effects
of ouabain and SEAO400 on MT, normalized to MT under control conditions. Mean PD was 107 £ 4 pm. At 70 mmHg, arteries constricted to 77 + 4 pm
internal diameter (= control MT). Ouabain caused a further constriction to 70 + 4 um; based on Poiseuille’s law3?, this should increase resistance to blood
flow (and blood pressure) by ~46%. *P < 0.05; **P< 0.01 versus pretreatment values ('-SEA0400"). ##P < 0,01 versus control values (n = 6).

To verify that the antihypertensive effect of SEA0400 results from  hypertension is widely recognized®®. But the molecular mechanisms
the inhibition of genetically overexpressed NCX1.3, we generated underlying salt-sensitive hypertension remain obscure. Here we show
transgenic mice (mN1.3T¢T¢) expressing an SEA0400-insensitive  that SEA0400 lowers arterial blood pressure in various models of salt-
G833C mutant?® (Fig. 6a). Three independent lines of mN1.3T¢T¢  dependent hypertension. SEA0400 does not, however, affect arterial
mice were selected for detailed analysis. The phenotypes of blood pressure in normotensive rats or in other types of hypertensive
mN1.379T8 mice were very similar to those of N1.37#T¢ mice, except ~ rats. Furthermore, NCX1 heterozygous mice are resistant to DOCA-
for their vascular response to SEA0400 (Fig, 6b—e and Supplementary  salt hypertension, but not to angiotensin II-induced hypertension.
Fig. 3 online); this drug blocked the contraction evoked by Na*  These findings suggest that vascular NCX1 is critical in the develop-
removal in ouabain-pretreated aortic rings and the ouabain-induced  ment of salt-sensitive hypertension.

[Ca%*],,, rise in arterial strips from N1.378Té mice, but not from The contraction of VSM cells is initiated by a rise in [Ca“]cy‘
mNI,3TYH’Tg mice. In mN1.3TT¢ mice, SEA0400 (10 mg/kg) did not  through voltage-gated or receptor-operated Ca2* channels in the sar-
show a reduction in high salt-induced hypertension (Fig. 6f) and  colemma, or both, or through Ca?*-release channels in the sarcoplas-
basal SBP (Supplementary Fig. 3 online). This shows that SEA0400  mic reticulum membrane5-3¢, In general, sarcolemmal NCX, like the
acts on the overexpressed NCX1.3 in VSM cells. sarcolemmal or sarcoplasmic reticulum Ca*ATPases, is thought to

Given the possibility of nonspecific effects associated with NCX1  contribute to Ca®* extrusion from the cytosol in the relaxation
overexpression, as a further control we generated transgenic mice  process. Data obtained using antisense oligonucleotides indicate that
(N1.IT¥T8) expressing canine NexI.1 driven by the o-myosin heavy-  NCXI knockdown prolongs agonist responses by delaying the return
chain promoter. In established N1.1T#/T¢ lines, hearts, but not aortas,  of [Ca?*) oye to the resting level in cultured VSM cells*%,
showed a 2- to 3-fold increase in the level of NCX1 protein, Basal SBP To confirm the in vivo function of vascular NCX1 in mice, we gen-
of NI1.1T¢'T¢ mice was normal, and was similar to that of wild-type  erated VSM-specific transgenic mice expressing either wild-type
mice. Furthermore, the blood pressure of NLI1T¢T¢ mice, like that of NCX1.3 (NL.3T8T8) or the SEA0400-insensitive G833C mutant
wild-type mice, was resistant to long-term salt-loading and insensi-  (mN1.3T8/T8). Comparative experiments using these mutants and

tive to the effect of SEA0400 (Supplementary Fig. 4 online). SEA0400 are useful for assessing the pharmacological significance of
NCX inhibition®®, Interestingly, both kinds of transgenic mice were
DISCUSSION mildly hypertensive (by about 10 mmHg) compared with wild-type

The critical importance of sodium retention, resulting from excess  mice. They also exhibited high salt-induced hypertension as a result
salt intake or reduced renal salt excretion, in the pathogenesis of of increased salt sensitivity. Administration of SEA0400 normalized

Figure 5 Prevention of DOCA-salt hypertension

in S/c8al*" mice. (a) Uninephrectomized a Aot wWT Slc8at+- b 1304 WT  Scsat

Sic8al*~ and wild-type (WT) mice received ora @ DOCA-=salt & DOCA-salt @Angh A Angh

DOCA (75 mgrkg) subcutaneously twice a 120 ©O Sham & Sham 5 1204 OSham A Sham

week, and were given tap water containing = E

1% NaCl for 4 weeks. Sham mice were £ 110 £ 1104

uninephrectomized but not given DOCA and E &

salt. (b} Miniosmotic pumps containing a 100 % 400

angiotensin [ (Ang!l) or vehicle (sham) were 3

subcutaneously implanted in S/c8al*~ and 90 g0

WT mice on day 0. Systolic blood pressure . L . A \ ) . \ \ ) ;
(SBP) was monitored by tail cuff, **P < 0,01 0 1 2 3 4 0 2 6 10
versus control groups (n =5 or 6). Time (week) Time (d)
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blood pressure and suppressed salt-depend- e
ent hypertension in N1.3T¥T¢ mice, but not mo 1 o
in mN1.3T¢Te mice. The latter mutation £ 120 4| @ Highsat
interferes with SEA0400 binding but does §,11o oo
not affect Na*/Ca2* exchange?. In contrast, b % 100 A:ﬁ;‘;:‘”
heart-specific transgenic mice expressing WT N1.3970.40  mN1.37978.7 04 & - ) : ) gﬁ%ﬂhhgah
NCX1.1 were salt-insensitive, and their blood 2
pressure did not respond to SEA0400. These
results indicate that vascular NCX1 acts f
primarily as a Ca®* entry pathway for regu- 130
lating arterial tone, especially under sodium- 120 o wr
retaining conditions. SEA0400 exerts its E 110 aNtLFweto
antihypertensive effect by blocking this Ca* € o 08 emm— Quabeln & 100 o
entry in arterial myocytes. wr § [ ToTA _

Indeed, SEA0400 reverses the vasocon- T 07
striction and hypertension induced by exoge- 08 P
nous ouabain, which may facilitate Ca?* N1.3we-10 § [ W i .
entry through NCX due to elevated [Na*],,, o7 em——— g High salt intake
although SEA0400 does not directly affect g""‘ crs$ SEAD400
the activity of Na*/K*-ATPases?”. Notably, in mN1.ST-7 &, [J el A NCXL3 S

i /

VSM cells the NCX1 is colocalized with
Na*/K*-ATPase o, and @ isoforms, which  d
have high affinity for ouabain®, in plasma
membrane microdomains adjacent to the
sarcoplasmic reticulum®®#. Functional cou-
pling between NCX and Na*/K*-ATPase has
been reported in vascular and cardiac 0
myocytes’42-#, As  described  above,
endogenous plasma CTS are increased under
pathological conditions such as salt-sensitive
hypertension”!1-16,  'When CTS inhibit
Nat/K*-ATPases (0, and 03) in VSM cells,
the elevation of local Na* in the submem-
brane area is expected to facilitate Ca** entry
through NCX1, resulting in vasoconstriction.
Our data indicate that blood from DOCA-
salt hypertensive rats contains humoral vaso-
constrictors whose action is counteracted by
SEA0400. Also, using isolated, pressurized
mouse small mesenteric arteries, we con-
firmed that 100 nM ouabain increases both
[Ca?*],, and myogenic tone by about
20-25% and that SEA0400 completely abol-
ishes these effects. In addition, the 10 uM
ouabain-induced [Ca*']., rise in arterial
strips from transgenic mice was greater than
in those from wild-type mice. SEA0400 blocked these [Ca?*],, rises
in N1.3T¢/T8 and wild-type mice, but not in mN1.37#T8 mice. These
data provide evidence that ouabain triggers Ca?* entry through
NCXI in VSM cells by inhibiting high ouabain-affinity Na* pumps
(0, or 03) and elevating submembrane Na*, Although ouabain has
also been reported to mediate other signaling pathways*®, they appar-
ently are not involved in the VSM mechanism described here.
SEA0400 does not affect arterial blood pressure in normotensive or
salt-independent hypertensive animals. Intrafemoral infusion of
SEA0400 in normal rats and beagles does not change arterial blood
flow unless the arteries are perfused with exogenous ouabain or aortic
blood from salt-dependent hypertensive animals. In addition, NCX1
heterozygous mice maintain normal blood pressure. Thus, the Calt
entry mode of NCX1 in VSM cells apparently has little role in blood
pressure control in normotensive or in salt-insensitive hypertensive

0.076
0.050

AR340I380

0.025

WT  N71.3707-10 mN1.3T0Te.7

Na* K*-ATPase

Arterial smooth muscle &
Arterial tone‘%‘ i
v
Hypertension 3

Figure 6 Enhanced salt-sensitivity in N1.3T8Te or mN1.3T8/8 mice. (a) Schematic representation of
the transgene used to generate VSM-specific transgenic mice. The Ncx1.3 or its GB33C mutant
(Nex1.3%833C) was brought under the control of human smooth muscle o-actin (SMoA) promoter.

(b) Immunohistochemical iocalization of NCX1 proteins in the medial layer of thoracic aortas from
wild-type (WT) mice and two representative transgenic lines (V1.3'¢T8-10 and mN1.3T¢78-7). Scale
bars, 50 pm. (c) Effects of ouabain and SEAO400 on [Ca2+]y (fura-PE3 fluorescence ratio (Rz4o/3g0))
in isolated mesenteric arteries from transgenic and WT mice. Periods of exposure to 10 pM ouabain,

1 pM SEA0400 and 4 mM EGTA are indicated by bars. All experiments were performed in the
presence of 10 uM nicardipine to suppress L-type Ca2* channels. (d) Summary of the experiments
shown in (c). **P < 0.01 versus pretreatment values {“+Ouabain’). ##P < 0.01 versus WT groups

(n = 5). (e,) Salt-induced hypertension and antihypertensive effects of SEAG400 (10 mg/kg) in
transgenic and WT mice treated with a high-salt diet (8% NaCl) and tap water containing 1% NaCl for
4 weeks, *P< 0.05; **P< 0.01 (n=5or 6). {g) Proposed pathway responsible for salt-sensitive
hypertension. High salt intake causes the levels of endogenous CTS to rise in the plasma. This results
in the increase in subplasma membrane [Na*] of arterial smooth muscle. The restricted [Na*]
accumulation elevates [Ca®*]., by vascular NCX1 isoform-mediated Ca?* entry. This enhances
arterial tone and causes hypertension. SEA0400 blocks this Ca?* entry and exerts an antihypertensive
effect in salt-sensitive hypertension.

animals, probably owing to low plasma levels of CTS and to the over-
riding effects of reflex regulatory mechanisms. Nevertheless, the Ca*
entry mode of NCX1 could have a role in regional blood flow even in
normotensive and salt-insensitive animals, because SEA0400 slightly
suppresses basal myogenic tone with a small reduction of [Ca**] , in
pressurized mouse small mesenteric arteries. '

In conclusion, our results show that the Ca’* entry mode of vascu-
lar NCX1 is involved in the contractile regulation of small arteries and
in the development of salt-dependent hypertension. Notably, recent
human genome-wide linkage analysis of genes that affect blood pres-
sure identified four regions, one of which includes SLC8AI, as loci
containing candidate genes that influence blood pressure. In
humans and animals, endogenous CTS levels increase in plasma dur-
ing salt retention”!1-19, Inhibition of Na* pumps by CTS should ele-
vate local Nat and, through NCX1, [Ca“]cyt in VSM cells, thereby
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promoting vasoconstriction (Fig. 6g). In this pathway, vascular NCX1
is a key mediator. SEA0400 selectively blocks NCX1.3, the vascular
isoform of NCX1, and suppresses salt-dependent hypertension and
associated secondary organ damage. Thus, the Ca?* entry mode of
vascular NCX1 may be a useful target for the development of thera-
pies for salt-sensitive hypertension, Indeed, response to inhibitors of
NCX1 may be diagnostic for salt-sensitive hypertension and involve-
ment of the pathway illustrated in Figure 6g.

METHODS

5Ca¥* uptake. To examine the splice isoform selectivity of SEA0400, we
cloned NCX1.1, NCX1.3, NCX1.4, NCX1.6 and NCX1.7 into pcDNA3.1
(Invitrogen) by PCR using human aortic cDNAs (Clontech). We transfected
these plasmids with Lipofectin (Invitrogen) into CCL39 fibroblasts and we
selected cells stably expressing NCX1 using a Ca®*-killing procedure?’.
Intracellular Na*-dependent 4°Ca?* uptake into cells was assayed as
described?” (see Supplementary Methods online).

Experimental hypertensive models. To produce DOCA-salt hypertensive ani-
mals, 5-week-old male Sprague-Dawley rats or 12-week-old male mice were
unilaterally nephrectomized under anesthesia with sodium pentobarbital.
After allowing the animals a 1-week recovery, we administered DOCA
(15 mg/kg for rats or 75 mg/kg for mice) with corn oil subcutaneously twice a
week for 4 weeks. These animals then drank tap water containing 1% NaCl.
Control animals (sham} were uninephrectomized but not given DOCA and
salt. In the preparation of two-kidney, one-clip renal hypertensive rats, we
anesthetized male Sprague-Dawley rats with sodium pentobarbital, and par-
tially occluded the left renal artery by a silver clip (0.2 mm in diameter) for
4 weeks. To produce ouabain-induced hypertension, we infused ouabain sub-
cutaneously at a rate of 30 pg/kg/day into male Sprague-Dawley rats by min-
iosmotic pumps (ALZET 2002) for 5 weeks. Quabain was dissolved in sterile
phosphate-buffered saline. To produce angiotensin Il~induced hypertension,
we subcutaneously implanted miniosmotic pumps containing either vehicle
(0.01 N acetic acid in saline solution) or angiotensin 11 (750 pg/kg/d for 10 d)
in male mice. We measured SBP at room temperature by a tail cuff method
using an MK2000 blood pressure monitor (Muromachi Kikai). Rats or mice
were acclimated to the procedures of blood pressure measurement for a week
preceding actual data collection. We administered SEA0400 orally or intra-
venously with 5% gum arabic or a lipid emulsion containing 20% soybean oil
(vehicle), respectively.

Intrafemoral infusion. To determine the peripheral vasodilation, we infused
SEA0400 (10 pg/kg/min) or vehicle at a rate of 20 pl/min through a polyethyl-
ene tube in the right femoral artery of DOCA-salt hypertensive rats or
uninephrectomized sham rats, anesthetized with sodium pentobarbital, In
other experiments, we infused SEA0400 into the right femoral artery of the
sham rat (recipient), which was crossperfused with vena caval and aortic blood
of the donor rat and stabilized for 30 min. In yet other experiments, we infused
SEA0400 (50 pg/kg/min) alone or in with  ouabain
(0.5 ng/kg/min) at a rate of 0.2 ml/min into the left femoral artery of anes-
thetized male beagles {910 kg). In all these experiments, FBE systemic blood
pressure and heart rate were monitored directly with a square-wave flownietler
and a pressure transducer (Nihon Koden), respectively.

combination

Transgenic mice. We constructed the transgene by inserting canine Nexl.3 or
its G833C mutant®® between the human smooth muscle o-actin promoter and
the 5V40 polyadenylation sequence of the plasmid (T. Miwa). We also pre-
pared an additional transgene by inserting canine Nex1.1 between the mouse
o-myosin heavy chain promoter and the SV40 polyadenylation sequence of
the plasmid (J. Robbins). Each transgene was microinjected into the pronuclei
of fertilized C57BL/6] mouse embryos at the single-cell stage. We implanted
the embryos into pseudopregnant foster mothers. Positive transgenic mice
were identified as described™; mice were bred to homozygosity.

Imaging of small mesenteric arteries. Diameter measurement and Ca2* imag-
ing of mouse mesenteric artery were performed as described®®, Distal mesen-
teric arteries (2-3 mm length, 120150 um passive external diameter) from

male C57BL/6) mice were cannulated at both ends and continuously super-
fused with gassed Krebs solution (37 °C, 70 mmHg) to induce myogenic tone.
For measurement of diameter only, the artery outer diameter was continu-
ously monitored by a real-time edge-detection system (National Instruments).
For Ca?* imaging, arterial segments were loaded with 15 UM fluo-4-AM for
~3 h. We imaged dye-loaded arteries with a confocal imaging system (Nipkow-
Yokogawa dual spinning disk, Solamere Technology) connected to a Nikon
Eclipse 2000 microscope equipped with a water immersion objective (X60).
Images were captured at the rate of 2-4 frames/s.

Other procedures and materials. Immunoblotting for membrane proteins
and immunohistochemistry of frozen sections were performed as
described*”?, with some modifications. We performed analyses of aortic
morphology and renal function as described™. We also performed measure-
ments of contraction in aortic rings and [Cﬂ“]cy{ (fura-PE3 fluorescence
ratio; Rygq/age) 10 arterial strips as described?®, with some modifications
(see Supplementary Methods online). We used an unpaired i-test, one-way
ANOVA followed by Dunnett’s test or two-way ANOVA for statistical analyses.
Values of P < 0.05 were considered statistically significant. SEA0400
(2-4-[(2,5-difluorophenyl}methoxy| phenoxy|-5-ethoxyaniline) was synthe-
sized by Taisho Pharmaceutical Co. Ltd.

Animal regulations, We used all animals in accordance with the Guidelines for
Animal Experiments in Fukuoka University and the US National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Note: Supplementary information is available an the Nature Medicine website.
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