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Abstract
Notch signaling is reported to regulate angiogenesis, interacting with vascular endothelial growth
factor (VEGF) signaling. HMG CoA reductase inhibitors (statins) also alter Notch signaling in
vascular cells, but the mechanism and involvement of Notch and VEGF signaling in statin-
mediated angiogenesis remain unclear. Here, we examined how statins activate the endothelial
Notch1, and promote angiogenesis and arteriogenesis. We examined blood flow recovery after
hindlimb ischemia in wild-type (WT) and Notch1 mutant mice treated with or without pitavastatin
(3 mg/kg/day, p.o.). Although VEGF induction was not altered in ischemic limbs, pitavastatin
promoted blood flow recovery in ischemic limbs in control mice but not in Notch1 mutant mice.
Furthermore, pitavastatin induced endothelial ephrinB2 downstream of Notch1 and increased the
density of both capillaries and arterioles in the ischemic limbs of WT but not of Notch1 mutant
mice. Pitavastatin (100 nmol/l) rapidly activated γ-secretase and Notch1 in human umbilical vein
endothelial cells without VEGF induction, which was suppressed by pharmacological inhibition
and knockdown of Akt. Pitavastatin also augmented endothelial proliferation and tube formation
on Matrigel, which were suppressed by either γ-secretase inhibition or knockdown of Notch1.
Pitavastatin-induced microvascular sprouting was also impaired in Notch1 mutant aortic explants.
Taken together, pitavastatin activates Notch1 through Akt-dependent stimulation of γ-secretase in
endothelial cells, and thereby increases vasculogenesis without VEGF induction.
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Statins were developed to lower plasma cholesterol by inhibiting HMG-CoA reductase, the
rate-limiting enzyme in the mevalonate pathway responsible for cholesterol synthesis.
Statins also have cholesterol-independent or ‘pleiotropic’ effects, including direct inhibition
of small GTP-binding proteins to activate various signaling cascades in vascular cells.1,2 It
has been reported that low-dose statin administration promotes blood flow recovery in
animal ischemia models, and that this mechanism is involved in the activation of
phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway.3,4

Notch receptors are highly conserved membrane-bound receptors, which regulate binary cell
fate during development and in the adult.5 These receptors directly transduce a signal from
the cell surface to the nucleus through regulated intramembrane proteolysis. Binding of
ligands promotes a terminal ectodomain-shedding extracellular cleavage followed by γ-
secretase-mediated proteolysis within the trans-membrane domain. These events release the
Notch intra-cellular domain into the nucleus, in which it interacts with RBP-J protein, and
the complex functions as a transcription factor for downstream target genes such as hairy
enhancer of split homolog-1 (Hes-1). Thus, γ-secretase strictly regulates the terminal
cleavage event and Notch signal activity.6 The Notch signaling pathway regulates
vasculogenesis downstream of vascular endothelial growth factor (VEGF) and upstream of
ephrinB2.7,8 Endothelial ephrinB2 reverse signaling has been shown to promote embryonic
and post-natal angio/arteriogenesis in vivo.9–11 Thus, Notch1 receptor is a key molecule
involved in angio/arteriogenesis in adults.

Notch1 and 4 are highly expressed in endothelial cells,6 which have overlapping roles in
vascular remodeling and morphogenesis during development.12 We have shown that
endothelial Notch1 has a critical role in angiogenetic vascular remodeling during
embryogenesis13 and angiogenesis in adult ischemic limbs, downstream the VEGF signaling
pathway.14 Statins reportedly increase the expression of Notch-related proteins in neural
progenitor cells and vascular cells of a rat stroke model,15,16 however; the mechanisms
involved in the regulation of Notch and VEGF signaling are complicated. In the growing
vessels of retina, Notch ligand, Delta-like 4 (Dll4) activates Notch signal to reduce VEGF
receptor 2 and 3 expression, and suppress sprouting and branching, which was antagonized
by Notch signal activation by Jagged-1.17,18 Meanwhile, a recent report showed that Notch1
signaling augments adult angiogenesis by induction of VEGF receptor 1.19

Using a hindlimb ischemia model of Notch1-deficient mice, we investigated the role of
Notch1 in statin-mediated angio/arteriogenesis in ischemic tissues. Furthermore, we
examined the interaction among statin, VEGF and its receptors, γ-secretase and Notch1 in
vascular cells. The results showed that pitavastatin activates endothelial Notch1 downstream
of PI3K/Akt pathway, resulting in enhanced angio/arteriogenesis in ischemic limbs without
VEGF induction.

MATERIALS AND METHODS Animals
The investigation conformed to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No. 85–23, revised
1996). The experimental protocol was approved by the Animal Studies Committee of
Nagoya University. Notch1 heterozygous-deficient mice (N1+/−) with C57BL/6J
background (Jackson Laboratory) and wild-type mice (WT) were generated as described
previously.14 Pitavastatin (1.0 and 3.0 mg/kg/day, a generous gift from Kowa Soyaku) or
vehicle (0.5% carboxymethylcellulose) was administered orally to each 20 mice for 8
weeks.
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Surgical Induction of Hindlimb Ischemia
Following surgical hindlimb ischemia,14,20 blood flow recovery was monitored in real-time
with a Laser Doppler blood flow (LDBF) analyzer (Moor LDI; Moor Instruments). The left
femoral artery and vein were then gently excised from the proximal portion of the femoral
artery to the distal portion of the saphenous artery. The remaining arterial branches
including the perforator arteries were also excised. Blood flow was monitored with a LDBF
analyzer before and on post-operative days 0, 3, 7 and 14. To avoid data variability due to
ambient light and temperature, the hindlimb blood flow was expressed as the ratio of left
(ischemic) to right (non-ischemic) LDBF.

Immunohistochemistry
The thigh adductor skeletal muscles were processed for immunohistochemistry of CD31 and
α-smooth muscle actin (αSMA) as described previously.14 The primary antibody for CD31
(1:500; BD Pharmingen, Franklin Lakes, NJ, USA) and αSMA (1:500; Sigma, St Louis,
MO, USA) was applied to the sections overnight at 4°C to detect the endothelium and
smooth muscle layer, respectively. After washing, the sections were sequentially incubated
with proper fluorescein iso-thiocyanate (FITC)- or PE-conjugated secondary antibodies
(Molecular Probes, Eugene, OR, USA; Vector Laboratories, Burlingame, CA, USA) for 1 h,
counterstained with 4′,6′-diamidino-2-phenylindole (DAPI; Molecular Probes) and
coverslipped with Antifade mounting medium (Vector Laboratories). Some samples were
processed for immunohistochemical staining for biotinylated Griffonia simplicifolia
isolectinB4 (Vector Laboratories) and αSMA (Dako, Carpinteria, CA, USA), and developed
with Vector ABC Biotin Kit and Vectastain DAB Substrate Kit (Vector Laboratories) to
detect capillaries and arterioles, respectively, followed by counterstaining with methyl
green. Digital images of five microscopic fields from four different sections from each
animal were stored. Capillary density was expressed as the number of isolectinB4-positive
cells under high-power field (h.p.f.) (magnification, × 400). Arteriole density was expressed
as the number of circumvented signals of αSMA-positive cells/h.p.f. (magnification, × 200).
For arterial diameter measurement, the αSMA-stained thick wall vessels and short (10 μm)
arterial diameters were measured with the software Scion image (Scion corporation) and
averaged. The data are presented as averaged diameter and perimeter in eight regions.

Cell Culture and Reagents
Human umbilical vein endothelial cells (HUVECs; Clonetics, Lonza Cologne, Cologne,
Germany) of passages 3 through 5 were cultured in EGM-2 (Lonza Cologne). Human aortic
smooth muscle cells (HASMC; Lonza Cologne) of passages 3 through 5 were cultured in
HuMedia (Lonza Cologne). In some experiments, the cells were pretreated with vehicle
(DMSO), mevalonate (200 μmol/l; Sigma), inhibitors for PI3-kinase, (LY294002 at 10
μmol/l; Calbiochem), Akt (SH-5 at 10 μmol/l; Calbiochem), nitric oxide synthetase (NOS)
(NG-nitro-L-arginine methyl ester or L-NAME at 1 mmol/l; Dojin Molecular Technologies,
Kumamoto, Japan) and γ–secretase (N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester or DAPT at 20 μmol/l; Calbiochem), and stimulated with various
concentrations of pitavastatin (kindly supplied by Kowa Pharmaceutical), atorvastatin (10
nmol/l; Sigma Aldrich) and rosuvastatin (10 nmol/l; Sigma Aldrich). Antibodies for VEGF,
total Akt, phospho-Akt, total Jagged-1, total Notch1, cleaved Notch1 and presenilin1 (C-
terminal antibody), ephrin B2 and β-actin were described previously.14 Rabbit anti-Hes-1
antibody was generously provided by Dr Tetsuo Sudo, (TORAY Corporation, Yokohama,
Japan).14,21 Antibodies for Flk-1 and Flt-1 were purchased from Santa Cruz Biotechnology
and Cell Signaling, respectively.
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SiRNA Delivery to HUVECS
HUVECs were transfected with either a Qiagen small-interfering RNA (siRNA) against Akt
(catalog #SI02757244) at 200 pmol, Notch1 (catalog #SI00119028) at 200 pmol or non-
silencing control RNA (catalog #1027290) at 200 pmol, using Lipofectamine 2000 reagent
(Invitrogen Life Technologies, Carlsbad, CA, USA), using the instructions provided by the
manufacturer. Cells were used in the experiments at 24 h after transfection.

Western Blot Analysis
Western blot analysis was performed to examine in tissues and cells treated with the
reagents as previously described.14

Assay for γ-Secretase Activity
The assay for γ-secretase activity was performed as described previously.22 Briefly,
solubilized membrane preparations were incubated with 8 μmol/l intramolecularly quenched
fluorogenic peptide probe, harboring the substrate for γ-secretase (Peptode International).
Fluorescence was measured using a plate reader (Fluoroskan Ascent CF, Labsystems) with
excitation wavelength at 355 nm and emission wavelength at 440 nm.14,22

Endothelial Cell Proliferation Assay
Cell proliferation assay was determined with cell count and 5-bromo-2′-deoxyuridine
(BrdU) uptake as described previously.14 HUVECs (2500 cells) were pretreated with or
without mevalonate (200 μmol/l), LY294002 (10 μmol/l), SH-5 (10 μmol/l) or DAPT (20
μmol/l), and then stimulated with pitavastatin (0–1.0 μmol/l). After 72-h incubation, the
cells were fixed and stained with 0.1% crystal violet solution to quantify the number of cells.
Cellular DNA synthesis was also assessed using the BrdU incorporation assay kit (Roche
Applied Science, Indianapolis, IN, USA). HUVECs were pretreated as described above and
then stimulated with pitavastatin (0–1.0 μmol/l, 16 h). The cells were properly labeled,
stained and then incorporation of BrdU was measured according to the protocol.
Experiments were performed for eight separate times for each group in triplicate.14

Assessment of Tube Formation
Cells were washed with Hank’s balanced salt solution, stained with Calcein AM (8 μg/ml in
Hank’s balanced salt solution; Dojin Molecular Technologies), and seeded on Matrigel-
coated plates at a density of 2 × 104 cells per well in Dulbecco’s modified Eagle medium
(DMEM) with 1% fetal bovine serum (FBS), with and without pitavastatin (100 nmol/l) and
DAPT (20 μmol/l). Some cells were incubated with pitavastatin (100 nmol/l) followed by
siRNA transfection described above. The cells were incubated for 6 h at 37°C and
photomicrographs were taken at × 40 magnification.14 Total tube length was measured using
the Scion Image program and expressed as percentage of control.

Aortic Ring Assay
This ex vivo angiogenesis assay was performed essentially as described previously.14

Descending thoracic aortas from WT and N1 +/− mice were collected, the adventitia was
dissected free and the aorta was cut into several 1-mm rings. Rings were then embedded on
the growth factor-reduced Matrigel (BD Bioscience) supplemented with DMEM, 1% FBS,
heparin (10 U/ml), antibiotics, pitavastatin (100 nmol/l) and DAPT (20 μmol/l).
Experiments were performed using aortic rings from five mice per group.14 Sprout length
was quantified using the software Scion image with a calibrated micrometer. The greatest
distance from the aortic ring body to the end of the vascular sprouts was measured at three
distinct points per ring and in three different rings per mice.
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Statistical Analysis
All group data except arterial diameter and perimeter in the text and figures are reported as
mean ± s.d. The data on arterial diameter and perimeter are expressed as mean ± s.e.
Statistical analysis of the data was carried out using Student’s unpaired t-test. Values of
P<0.05 were considered significant.

RESULTS
Notch1 is Involved in Statin-Induced Blood Flow Recovery Following Ischemia

To examine the role of Notch1 in statin-induced angiogenesis in response to ischemia, we
subjected WT and N1+/− mice to a hindlimb ischemia and examined the blood flow recovery
(Figure 1a). With vehicle treatment, total cholesterol levels were significantly higher in
N1+/− mice compared with WT mice, though the difference was small (WT vs N1+/−; 1.71 ±
0.07 vs 2.25 ± 0.07 mmol/l, respectively, P<0.001; n = 5 for each group; Table 1).
Treatment with pitavastatin reduced total cholesterol levels to a similar extent in both groups
(Table 1).

As reported previously,14 blood flow recovery in N1+/− was impaired as early as 7 post-
operative day (ratio of ischemic to control limb: WT vs N1+/−; 0.34 ± 0.12 and 0.14 ± 0.05,
respectively, P<0.01) and reduced up to 47.3% of that of WT at 14 post-operative days (WT
vs N1+/−; 0.56 ± 0.04 and 0.29 ± 0.03, respectively, P<0.001; n = 8 for each group). We also
examined the effect of oral pitavastatin at two doses on blood flow recovery in WT mice.
Pitavastatin at 1.0 mg/kg/day hardly improved the recovery in WT mice (data not shown).
However, at 3.0 mg/kg/day, pitavastatin significantly augmented the flow recovery in WT
mice by about 50% at 14 post-operative days (WT with vehicle and WT with pitavastatin;
0.56 ± 0.04 and 0.73 ± 0.07, respectively, P<0.001; n = 8 for each group). However,
pitavastatin did not result in the recovery of impaired blood flow in N1+/− mice (N1 +/− with
vehicle and N1 +/− with pitavastatin; 0.29 ± 0.03 and 0.34 ± 0.02, respectively, P = NS; n =
8 for each group). Four out of eight N1 +/− mice treated with the vehicle and three out of
eight N1+/− mice treated with the pitavastatin, but none of WT mice, showed limb necrosis.

As the improvement in blood flow recovery corresponds to increased tissue capillary
density, we examined the capillary densities in ischemic adductor muscles of WT and N1 +/−

mice. As reported previously,14 there was no difference in capillary density in the control
limbs between WT and N1 +/− mice with or without the treatment (data not shown). Notch1
haploinsufficiency was associated with reduced capillary density in the ischemic limbs,
which was not restored by the statin treatment (Figure 1b). The capillary density in WT mice
was significantly increased by the treatment, and was remarkably higher than that of N1+/−

after the statin treatment (62 ± 5.2 and 39 ± 4.1 capillaries/h.p.f., respectively; n = 8
**P<0.01 compared with WT mice).

Statins Accelerate Arteriogenesis via Notch1 Signaling
To determine the effects of Notch1 haploinsufficiency in arteriogenesis, we examined the
formation of small arteries by immunohistochemistry using CD31 (endothelial cell layer)
and αSMA. As shown in Figure 2a, there was no difference in the arterioles of the control
limbs between WT and N1 +/− mice following treatment. However, the αSMA-positive
vessel walls of collateral arteries in the ischemic limb were thicker in WT than in N1+/−

mice. Furthermore, the vessel walls were thicker and larger in WT mice treated with
pitavastatin compared with those with the vehicle-treated WT mice. Pitavastatin had no such
effect in N1 +/− mice. The new arterioles of pitavastatin-treated and -untreated N1 +/− mice
had smaller vessel areas (Figure 2a). Indeed the pitavastatin treatment significantly enlarged
perimeter and diameter of new arterioles in WT mice but not in N1 +/− mice. We also
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examined the density of αSMA-positive arterioles in the ischemic adductor muscles of WT
and N1+/− mice, with or without the treatment. Haploinsufficiency of Notch1 reduced
arteriole density in the ischemic limbs. After the statin treatment, which was concordant
with the data of blood flow recovery (Figure 1a), the density of arterioles was significantly
higher in WT mice (5.0 ± 0.65/h.p.f.) than in N1 +/− mice (2.4 ± 0.50/h.p.f., n = 8 each,
**P<0.001 compared with WT mice, Figure 2b).

To investigate whether pitavastatin induces ephrinB2, downstream of Notch1 activation,
HUVECs were incubated in the presence of pitavastatin followed by transfection with
scramble or Notch1 siRNA (Figure 2c). Pitavastatin increased cleaved or active Notch1 in
control and scramble-transfected HUVECs within 2 h, resulting in the induction of
ephrinB2, but had no effect on the expression of total Notch1. Knockdown of Notch1
markedly reduced Notch1 expression in HUVECs. The induction of ephrinB2 was
diminished by Notch1 knockdown (Figure 2c).

Pitavastatin Unchanged VEGF, Flt-1 and Flk-1 Expression in Ischemic Limbs
As VEGF signaling is involved in the activation of endothelial Notch signaling,14 we
examined the expression of VEGF in control and ischemic limbs (Figure 2d) at 3 days after
the procedure. As reported previously,14 similar VEGF expression was noted in the control
and ischemic limbs in WT and N1 +/− mice (Figure 2d, data on control limbs not shown).
Pitavastatin neither increased VEGF, Flt-1 or Flk-1 expression in both groups of mice
(Figure 2c) nor altered VEGF expression in cultured HUVECs (Figure 3a). However, the
expression of Flt-1 was decreased in ischemic limbs in N1 +/− mice with or without the
pitavastatin treatment (Figure 3d). Meanwhile, pitavastatin increased the expression of Flt-1
in cultured HUVECs (Figure 3e).

Pitavastatin Activates Endothelial Notch1 and γ-Secretase Activity
To test whether statins activate Notch1 in endothelial cells, HUVECs were treated with
pitavastatin at 100 nmol/l for up to 120 min. Pitavastatin rapidly increased the cleavage of
Notch1 in HUVECs, reaching a peak level at 30 min (Figure 3). This corresponded to an
increase in Hes-1. These changes were also associated with Akt phosphorylation. Short-term
treatment with pitavastatin did not change the levels of total Notch1 or Jagged-1 in
endothelial cells. Pitavastatin-induced Notch1 activation reached a peak level at a lower
concentration (as low as 100 nmol/l, Figure 4a). Stimulation of HASMCs with various
concentrations of pitavastatin (0–10 μM) resulted in little or no change in activation of Akt
and Notch1 (Figure 4b). Treatment with atorvastatin (10 nmol/l) also activated endothelial
Notch1, but this was not observed with rosuvastatin (10 nmol/l) (Figure 4a). This tendency
was concordant with Akt activation (data not shown) and γ-secretase activity (Figure 4c).
Treatment of HUVECs with pitavastatin significantly increased γ-secretase activity in a
dose-dependent manner (control vs pitavastatin at 10 nmol/l and 100 nmol/l; 100 ± 6.0%,
188 ± 23%, 263 ± 18%, respectively. Figure 4c).

Akt Mediates Pitavastatin-Induced Notch1 Activation
Excess mevalonate (200 μmol/l) reversed the Notch1 activation effect of pitavastatin (Figure
5a). Co-treatment with 10 μmol/l of LY294002, a PI3K inhibitor, or 10 μmol/l of SH-5, an
Akt inhibitor, suppressed the statin-induced Notch1 cleavage and Hes-1 expression. γ-
Secretase inhibitor, DAPT (20 μmol/l), efficiently blocked the statin-induced Notch1
cleavage and Hes-1 expression, but NOS inhibitor, L-NAME (1 mmol/l), had no effect on
Notch1 activation. These results were concordant with γ-secretase activity. Co-treatment
with mevalonate, LY294002 and DAPT reduced γ-secretase activity down to the control
level (Figure 4c). To analyze whether Akt mediates statin-induced Notch1 activation,
HUVECs were transfected with scramble and Akt siRNA in the presence or absence of
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pitavastatin (Figure 5b). Similar to Figure 3, pitavastatin increased active Notch1 and Hes-1
in control and scramble siRNA-transfected HUVECs. Pitavastatin also increased the C-
terminal fragment of presenilin1 in control and scramble siRNA-transfected HUVECs,
which was concordant with activation of γ-secretase (Figure 4c). Transfection with Akt
siRNA efficiently decreased total and phospho-Akt (Figure 5b). Indeed transfection with
Akt siRNA reduced the cleavage of presenilin1 and Notch1, and the induction of Hes-1.

Notch1 Mediates Statin-Induced Endothelial Proliferation
The effect of pitavastatin on endothelial proliferation was determined by determining the
cell counts and BrdU incorporation because endothelial proliferation reflects pro-
angiogenetic activity (Figure 6). Pitavastatin significantly increased the cell count in a dose-
dependent manner, which decreased at 1 μM (Figure 6a). This was reversed by excess
mevalonate and suppressed by inhibitors of PI3K, Akt and γ-secretase similar to endothelial
Notch1 activation (Figures 4a and 6a). Pitavastatin also increased BrdU incorporation in
HUVECs, whereas excess mevalonate and inhibitors of PI3K, Akt and γ-secretase reduced
the incorporation, in agreement with the changes in the cell count (Figure 6b).

Notch1 Mediates Statin-Induced In Vitro Tube Formation and Ex Vivo Microvascular
Sprouting

Matrigel-based in vitro angiogenesis assay was performed to determine whether Notch1
contributes to the statin-induced angiogenesis (Figure 7). Compared with basal conditions,
endothelial cells formed tubular networks progressively following exposure to pitavastatin
(Figure 7a). Notch signal inhibition combined with a γ-secretase inhibitor blocked
pitavastatin-induced tubular formation (Figure 7a). To determine the involvement of Notch1
in the pitavastatin-induced tubular formation, tube-forming assay was performed after
transfection of scramble and Notch1 siRNA. Knockdown of Notch1 efficiently suppressed
the expression of Notch1, resulting in suppression of tube formation (Figure 7b).

Further microvascular sprouting was examined in aortic rings from WT and N1 +/− cultured
with or without pitavastatin (Figure 7c). Microvessel sprouting was significantly impaired in
aortic rings from N1 +/− mice (100 ± 8.9 vs 26.6 ± 1.3% of control, WT vs N1+/−, n = 5,
**P<0.001), as reported previously.14 Pitavastatin increased sprouting in aortic rings of WT
mice compared with the control (100 ± 8.9 vs 205 ± 24% of control, n = 5, *P< 0.001), but
did not affect that in N1+/− mice (26.6 ± 1.3 vs 28.5 ± 2.3% of control, n = 5, P = NS). This
effect was diminished by pharmacological Notch signal inhibition in aortic rings from WT
mice (205 ± 24 vs 68 ± 6.4% of control, respectively; n = 5, #P<0.001 compared with aortic
rings from WT mice with the treatment).

DISCUSSION
We demonstrated in the present study that pitavastatin promoted angio/arteriogenesis in
ischemic limbs of WT mice but not of N1+/− mice (Figures 1 and 2). The aortic explant
assay highlighted the importance of endothelial Notch1 for pitavastatin-enhanced
microvessel outgrowth (Figure 7c). The results also showed that pitavastatin activated
endothelial γ-secretase and Notch1 signaling downstream of the PI3K/Akt pathway (Figures
3–5). Furthermore, pitavastatin augmented the expression of its downstream targets, Hes-1,
and the arterial marker, ephrinB2, to promote arteriogenesis (Figures 2 and 3). Notch1 has a
critical role in endothelial proliferation and migration activity.14,23 Indeed, pitavastatin
increased the pro-angiogenic activity of endothelial cells, including proliferation and tube
formation, which was ameliorated by Notch1 inhibition or knockdown (Figures 6 and 7).
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Recent reports have demonstrated that statins induce Notch-related proteins in neural
progenitor cells and vascular cells in a rat stroke model,15,16 and cultured bone marrow
stromal cells.24 However, it has not been clear whether Notch1 activation in vessels
contributes to statin-induced angio/arteriogenesis in vivo, and how statins activate
endothelial Notch signal in detail. Accordingly, we compared statin-induced angiogenic
effects in WT and N1 +/− mice, and have shown the direct evidence that Notch1 is indeed
involved in statin-mediated angio/arteriogenesis in vivo for the first time. We also addressed
the more in-depth mechanism of statin-mediated Notch signal activation through Akt and γ-
secrtase activation (Figure 3), according to our previous findings.14 It was hardly discussed
how the statin treatment promotes arteriogenesis apart from endothelial activation and
increased blood flow recovery, but we showed endothelial ephrin B2 induction by
pitavastatin in the downstream of Notch1 activation, resulting in statin-mediated
arteriogenesis (Figure 2).

In the present study, pitavastatin did not alter VEGF expression in ischemic limbs and
cultured endothelial cells, suggesting that VEGF induction is not involved in pitavastatin-
induced Notch signal activation (Figures 2 and 3). The pitavastatin treatment did not change
the expression of VEGF receptors in ischemic limbs of both mice. On the other hand,
decrease in Flt-1 expression was observed in ischemic limbs of N1+/− mice. This would be
concordant to the recent reports that Notch1 signal inhibition reduces the expression of
Flt-1.19,25 Funahashi et al19 showed that Notch1 decoy treatment reduced tumor
angiogenesis and the expression of endothelial Flt-1 without alteration of Flk-1. Thus,
haplo-insufficiency of Notch1 might decline the responsiveness to VEGF and placental
growth factor derived from ischemic skeletal muscle. Meanwhile, the pitavastatin treatment
increased Flt-1 expression in cultured HUVECs (Figure 2e). This would suggest that the
pleiotropic effects of statins would be closely involved in Notch and VEGF signaling
without VEGF induction.

It is reported that statins improve endothelial function by reducing cholesterol and through
other cholesterol-independent pleiotropic effects.2 One of the potent pleiotropic effects is
believed to be activation of the PI3K/protein kinase Akt/eNOS axis in endothelial cells.3 As
pitavastatin reduced total cholesterol levels in both groups to the same level (Table 1), Notch
signal pathway is unlikely to be involved in the cholesterol-dependent effect of pitavastatin.
Akt and Notch1 activation by pitavastatin peaked at 100 nmol/l and decreased at 1 μM, and
pharmacological inhibition and knockdown of Akt diminished pitavastatin-mediated Notch1
activation in HUVECs. Furthermore, we also demonstrated that other statins also activated
Notch1 in cultured HUVECs and observed the same effects for atorvastatin. However,
Notch1 activation in vitro was hardly detected in rosuvastatin-treated HUVECs. The reason
for this finding is likely because of the fact that rosuvastatin is a hydrophilic agent with poor
penetration in HUVECs and difficult to activate Akt in an in vitro system.26 Indeed,
pitavastatin activated endothelial Akt and Notch1 in a similar manner, which reflects dual
concentration-dependent effects on endothelial proliferation (Figure 6). Thus, Notch1, a
critical angiogenesis regulator, could contribute at least in part to the Akt-mediated effects
of pitavastatin. Interestingly, L-NAME, a NOS inhibitor, had little or no effect on
pitavastatin-induced Notch1 activation in agreement with our previous report that L-NAME
did not change VEGF-mediated Notch1 activation (Figure 4a).14 These results indicate a
strong relationship between Akt and Notch signal activation. We reported previously that
Notch 1 activation in SMCs promotes neointimal formation.27 The present results also
confirmed that pitavastatin did not change Akt and Notch1 activation in SMCs and, thus,
does not cause exacerbation of arteriosclerosis (Figure 4b).

We also investigated the mechanism of γ-secretase-dependent Notch signal activation. The
multiprotein enzyme complex γ-secretase, which includes presenilin, nicastrin, Aph-1 and
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Pen-2, cleaves Notch receptors.28 γ-Secretase is a critical target to regulate angiogenesis and
tumorigenesis through Notch signal activation.29 However, regulation of presenilin, which
comprises the active catalytic core of γ-secretase, is still unknown in detail. As shown in
Figures 4c and 5b, pitavastatin increased presenilin1 cleavage and γ-secretase activity in
HUVECs downstream Akt activation, resulting in endothelial Notch1 activation. Indeed,
knockdown of Akt and pharmacological inhibition of PI3K and Akt decreased γ-secretase
activity, resulting in reduced statin-mediated Notch1 activation. These findings are quite
consistent with our previous study that VEGF increases endothelial presenilin processing, γ-
secretase activity and Notch1 activation through the PI3K/Akt pathway.14

Growing evidence indicates that Notch signaling promotes angio/arteriogenesis not only in
developmental state but also in ischemia-induced angiogenesis in adults.6–8,13,14,19

Meanwhile, Notch signal activation regulates VEGF receptor expression and angiogenic
activity in retinal endothelial cells in a ligand-dependent manner. Dll4-mediated Notch
signaling suppresses tip cells sprouting in retina, which was antagonized by Notch signal
activation by Jagged-1.17,18 Thus, negative and positive roles for Notch signaling in
endothelial sprouting and angiogenetic activity have been discussed. In the present study, we
observed abundant Jagged-1 expression in HUVECs (Figure 3a). However, we could not
detect the expression of Dll4 in HUVECs and vessels in ischemic limbs with western
blotting and immunohistochemistry (antibody; R&D systems, AF1389), even after the statin
treatment. This might suggest that the results in the present study are mainly dependent on
Jagged-1-mediated Notch activation to promote angio/arteriogenesis. Furthermore, statins
would activate endothelial Notch1 signal in ischemic limbs in a manner distinct from retinal
model. For instance, retinal endothelial tip cell filopodia are guided by a gradient of VEGF.
However, in hindlimb ischemia model, the source of VEGF is likely to be more diffused.

The ephrin B2/EphB4 signaling has a critical role during development to determine the fate
of blood vessel identity downstream of the Notch1 in endothelium.12,13,30 Arterial and
venous specification in the developing embryo is genetically identified through the
distinctive expression of ephrinB2 in cells that form future arteries.31 Recent studies also
reported that EphB4/ephrinB2 regulates tumor vessel remodeling and promotes post-natal
angiogenesis in a myocardial ischemia model.32,33 Thus, the ephrin B2/EphB4 signaling is a
critical target to modulate proper angio/arterio genesis downstream of Notch1. Indeed, we
showed that pitavastatin increased ephrinB2 in endothelial cells by Notch1 activation
(Figure 2c), and promoted the growth of collateral arteries with larger vessel areas in WT
but not in N1+/− mice. These findings suggest that Notch1 is an important downstream target
of pleiotropic effects in vascular endothelial cells, consistent with the pro-angiogenic effects
of statin.3

In conclusion, we have demonstrated in the present study that statin-mediated angio/
arteriogenesis were reduced in Notch1 mutant mice. We also investigated the mechanisms of
pitavastatin-induced activation of endothelial Notch1. Our study provided direct evidence
for the involvement of Notch signaling pathway in angio/arteriogenesis in vivo by statins.
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Figure 1.
Impaired blood flow recovery and angiogenesis in Notch1 heterozygous-deficient mice
(N1 +/−) mice treated with pitavastatin (3 mg/kg/day). (a) LDBF showing high-perfusion
signal (red to white) in ischemic hindlimb of wild-type (WT), which was augmented by
pitavastatin treatment (top left), compared with low-perfusion signal (dark blue) in ischemic
hindlimbs of N1 +/− mice, with or without pitavastatin treatment (bottom left). Quantitative
analysis of blood flow recovery, following femoral artery ligation, expressed as ischemic to
control LDBF ratio in WT and N1 +/− mice (right). *P<0.01 compared with N1 +/− with
vehicle on day 7, **P<0.001 compared with N1 +/− with vehicle on day 14 and #P<0.001
compared with WT with vehicle on day 14, n = 8 in each group. (b) Immunostaining for
isolectin B4 (brown-red color) in ischemic adductor muscle tissues of WT and N1 +/− mice
(left), with and without pitavastatin treatment. The photomicrographs are representative data
from eight individual mice from each group. Bar = 25 μm. Quantitative analysis of capillary
density (five microscopic fields from four different sections per mice; eight mice each) in
WT and N1 +/− mice with or without the pitavastatin treatment (number/h.p.f.; × 400
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magnification) (right). *P<0.05 compared with WT mice with vehicle. **P<0.01 compared
with WT mice with pitavastatin.
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Figure 2.
Impaired post-natal arteriogenesis in Notch1 heterozygous-deficient mice (N1 +/−) mice
treated with pitavastatin. (a) Top: representative pictures of immunostaining for α-smooth
muscle actin (SMA) and CD31 for new vessels from eight individual mice from each group.
Bar = 10 μm. Bottom: arterial perimeter and diameter quantitative data in ischemic limbs
from wild-type (WT) and N1 +/− mice with the vehicle and pitavastatin treatment and
control limbs. *P<0.05 compared WT mice with the vehicle treatment. **P<0.05 compared
WT mice with the pitavastatin treatment. (b) Left: representative photomicrographs of
αSMA-positive arterioles in the ischemic adductor muscles of WT and N1 +/− mice, with the
vehicle or pitavastatin treatment from eight individual mice from each group. Bar = 50 μm.
Right: quantitative analysis of arteriole density (five microscopic fields from four different
sections per mice; eight mice each; number/h.p.f.; ×200 magnification). *P<0.05, compared
with WT with the vehicle treatment. **P<0.001 compared with WT mice with the
pitavastatin treatment. (c) Immunoblots showing total and cleaved Notch1 (t- and c-Notch1),
and Ephrin-B2 expression in human umbilical vein endothelial cells (HUVECs) transfected
with scramble or Notch1 small-interfering RNA (siRNA) in the absence or presence of
pitavastatin (100 nmol/l, 2 h). Representative data of three independent experiments with
similar results. (d) Immunoblots showing VEGF, Flt-1 and Flk-1 expression in ischemic
limbs from WT and N1 +/− mice in the absence or presence of pitavastatin at 3 post-
operative days. Representative data of three independent experiments with similar results.
(e) Immunoblots showing Flt-1 and Flk-1 expression in HUVECs in the absence or presence
of pitavastatin. Representative data of three independent experiments with similar results.
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Figure 3.
Pitavastatin induces Notch1 cleavage and Hes-1 expression through Akt. (a) Immunoblots
showing the time course of pitavastatin (100 nmol/l)-induced Akt and Notch1 activation,
VEGF, Notch1 ligand (Jagged-1) and Hes-1 expression in human umbilical vein endothelial
cells (HUVECs). Activation of Akt was assessed by Ser473 phosphorylation of Akt (p-Akt)
relative to the total Akt (t-Akt). Activation of Notch1 was determined by the amount of
cleaved Notch1 (c-Notch1) relative to total Notch1 (t-Notch1). Representative blots of three
independent experiments with similar results. (b) Quantitative data based on three
independent experiments. *P<0.001 and #P<0.05, compared with the control (0 time point).
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Figure 4.
(a) Immunoblots showing Notch1 activation by 30-min treatment with pitavastatin (0–1.0
μmol/l), atorvastatin (10 nmol/l) and rosuvastatin (10 nmol/l). Experiments were performed
three times with similar results. (b) Immunoblots showing the lack of effect of 30-min
treatment with various concentrations of pitavastatin (0–10 μmol/l) on the expression of
active Akt and Notch1 in HASMCs. (c) Effect of mevalonate (Mev) (200 μmol/l), PI3K
inhibitor LY294002 (Ly) (10 μmol/l) and DAPT (20 μmol/l) in the absence or presence of
pitavastatin (10 or 100 nmol/l, 30 min), atorvastatin (10 nmol/l, 30 min) and rosuvastatin (10
nmol/l, 30 min) on γ-secretase activity in human umbilical vein endothelial cells. *P<0.01
compared with control, **P<0.001 compared with control and #P<0.001 compared with
pitavastatin 100 nmol/l alone. n = 3 for each group.
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Figure 5.
(a) Effects of mevalonate (200 μmol/l), LY294002 (10 μmol/l), Akt inhibitor SH-5 (10
μmol/l), γ-secretase inhibitor DAPT (20 μmol/l) and NOS inhibitor NG-nitro-L-arginine
methyl ester (L-NAME) (1 mmol/l) on pitavastatin (100 nmol/l) 30 min-induced Akt
activation (p-Akt), Notch1 cleavage (c-Notch1) and Hes-1 expression. Experiments were
performed three times with similar results. (b) Representative immunoblots showing total
and phosphorylated Akt (t- and p-Akt), C-terminal fragment of presenilin 1 (c-Presenilin 1),
Jagged-1, total and cleaved Notch (t- and c-Notch1) and Hes-1 expression in human
umbilical vein endothelial cells transfected with Akt small-interfering RNA (siRNA) in the
absence or presence of pitavastatin (100 nmol/l, 30 min). Three independent experiments
provided similar results.
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Figure 6.
Pitavastatin induces endothelial cell proliferation through γ-secretase activation. (a) Cell
counts. (b) 5-bromo-2′-deoxyuridine (BrdU) incorporation in human umbilical vein
endothelial cells in the absence or presence of pitavastatin (10 nmol/l–1.0 μmol/l). Effects of
mevalonate (200 μmol/l), LY294002 (Ly)(10 μmol/l), Akt inhibitor SH-5 (10 μmol/l), NOS
inhibitor NG-nitro-L-arginine methyl ester (L-NAME) (1 mmol/l) and γ-secretase inhibitor
DAPT (20 μmol/l) on proliferation were also determined. *P<0.007 compared with control
and **P<0.001 compared with control and #P<0.001 compared with pitavastatin (100 nmol/
l). n = 8 in each group.
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Figure 7.
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Notch1 mediates tube formation and microvascular sprouting in vitro. (a) Top:
representative photomicrographs (× 400 magnification) showing Matrigel-based, capillary-
like tube formation in human umbilical vein endothelial cells (HUVECs) treated with
pitavastatin (100 nmol/l) and γ-secretase inhibitor DAPT (20 μmol/l). Bottom: quantitative
data of capillary-like tube formation. Data shown are mean ± s.d., n = 5 in each group.
*P<0.01 compared with the absence of pitavastatin and **P<0.01 compared with
pitavastatin only. (b) Top: immunoblots showing the expression of Notch1 and β-actin in
HUVECs transfected with scramble or Notch1 small-interfering RNA (siRNA). Center:
representative photomicrographs (× 400 magnification) showing Matrigel-based, capillary-
like tube formation in HUVECs transfected with scramble or Notch1 siRNA in the presence
of pitavastatin (100 nmol/l). Bottom: quantitative data of capillary-like tube formation. Data
shown are mean ± s.d., n = 5 in each group. *P<0.01 compared with the absence of
pitavastatin and **P<0.01 compared with pitavastatin plus scramble siRNA. (c) Top:
representative fields (× 40 magnification) showing microvessel outgrowth in response to
pitavastatin (100 nmol/l) and DAPT (20 μmol/l) in aortic explants from wild-type (WT) and
Notch1 heterozygous-deficient mice (N1+/−) mice. Bottom: microvessel outgrowth was
quantified as percentage of that in WT in the absence of pitavastatin. Data shown are mean ±
s.d., n = 5 in each group, *P<0.001 compared with WT in the absence of
pitavastatin ,**P<0.001 compared with WT in the absence of pitavastatin and #P<0.001
compared with WT with pitavastatin.
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Table 1

Serum lipid profiles of WT and N1+/− mice treated with vehicle or pitavastatin (mmol/l)

Treatment T-CHO HDL-C TG

WT(Vehicle) 1.71 ± 0.07 0.83 ± 0.02 1.11 ± 0.15

N1+/− (Vehicle) 2.25 ± 0.07* 1.37 ± 0.10 1.05 ± 0.06

WT (Pitavastatin 3 mg/kg per day) 1.29 ± 0.14 0.54 ± 0.03 0.56 ± 0.01

N1+/− (Pitavastatin 3 mg/kg per day) 1.34 ± 0.12 0.67 ± 0.03 0.51 ± 0.09

Abbreviations: HDL-C, high-density lipoprotein cholesterol; T-CHO, total cholesterol; TG, triglycerides.

Data are shown as mean ± s.d.

*
P<0.001, compared with WT with vehicle. n = 5 for each group.
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