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Previous studies have demonstrated that hydrophobic hydroxymethyl glutaryl coenzyme A (HMG-CoA) re-
ductase inhibitors (statins) mobilize circulating endothelial progenitor cells (EPCs), and contribute to therapeutic
vasculogenesis. However, the effects of hydrophilic statin (pravastatin) on EPC kinetics remain to be investi-
gated. Here, we investigated whether pravastatin stimulates EPC kinetics via intracellular signal transduction
following its uptake by EPCs.

Pravastatin uptake by cultured EPCs was measured by “C-radio labeled molecules, and was compared with
that by HepG2 cells as a negative control (*29.15 + 2.80 vs 7.82 + 047 count/min/’ mg protein, *p<0.0001) . EPC mi-
gratory activity toward pravastatin was significantly stimulated when compared with the vehicle group. EPC an-
tiapoptotic assay by DAPI staining and cell death detection ELISA demonstrated abrogated apoptosis in the
pravastatin group. In addition, pravastatin activated the PI-3-kinase/Akt pathway leading to endothelial nitric-
oxide synthase (eNOS) activation. Co-treatment with PI-3/Akt inhibitors blocked pravastatin-induced Akt activa-
tion, indicating Akt activation through PI-3-kinase phosphorylation. When pravastatin was orally administered to
nude mice, the number of circulating EPCs increased in a time-dependent fashion.

These findings suggest that hydrophilic pravastatin exerts provasculogenic effects via the upregualtion of
EPC migration and survival through PI-3-kinase/Akt/eNOS pathway activation following intracellular uptake.
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Introduction

Hydroxymethyl glutaryl coenzyme A (HMG-
CoA) reductase inhibitors, statins, have been devel-
oped as lipid-lowering agents and have been found
to reduce morbidity and mortality from coronary
artery disease”™, Primary and secondary preven-
tion trials recently suggested that statins also have
pleiotropic effects, including cholesterol reduc-

4)~6

tion”™. Moreover, various investigations have re-

vealed direct physiological or molecular actions in

endothelial cells”™

. Kureishi et al reported that hy-
drophobic statins rapidly activate protein kinase

Akt/PKB in endothelial cells, following phospho-

rylation of the endogenous Akt substrate eNOS™.
In addition, these compounds stimulate postnatal
vasculogenesis via endothelial progenitor cells
(EPCs) derived from bone marrow, which are
known to incorporate into foci for physiological or
pathological neovascularization' ™.

Pravastatin is recognized as a “unique statin”, due
to its hydrophilic features that prevent penetration
through the cell membrane. Pravastatin has been
shown to inhibit cholesterol synthesis in vivo, spe-
cifically in the liver', which is the major site of cho-
lesterol synthesis. The fact that this inhibitory ef-
fect is restricted to the liver tissue has long been of
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great pharmacological and toxicological interest.
Considering the pharmacological kinetics of pravas-
tatin and its various functions, despite its hydrophil-
icity, about 30% is absorbed after oral administra-
tion in healthy subjects and the oral bioavailability
is about 20%, thus suggesting first-pass metabo-
lism'™. A human organic anion transporter, OATP2
(SLC21A6)®", recently detected by Abe et al and
Hsiang et al is expressed exclusively in intact hepa-
tocytes, and was found to transported pravastatin
to the intercellular space, but the transporter was
not expressed in Hep G2 cells of a human hepatoma
cell line, which do not transport pravastatin'®.

Another transporter of the OATP family, OATP-
B (SLC21A9), is broadly expressed in several tis-
sues™®, and was also found to transport pravasta-
tin®. However, at present, the cellular features of
such hydrophilic pravastatin uptake in cells other
than hepatocytes remain to be investigated. Hence,
we focused on the predictable provasculogeneic ef-
fects of pravastatin on EPC kinetics.

Materials and Methods

Materials

Pravastatin and radiolabeled [*C] pravastatin so-
dium salt (specific activity: 14.36 uCi/umol)were
kindly supplied by Sankyo Co. Ltd. (Tokyo, Japan).
Hep G2 cells were purchased from Japan Health
Sciences Foundation (Tokyo, Japan). Experiments
were initiated by addition of the indicated amount
of pravastatin, 100 ng/ml vascular endothelial
growth factor (VEGF; Peprotech EC, Ltd.) or vehi-
cle control. All other chemicals used were of re-
agent grade.

Animals

All aspects of this study were approved by the
Tokai University Animal Care and Use Committee.
Female FVB/NJcl mice (n=6, 810 weeks old, 18 to
23 g weight, Clea Japan Co. Ltd., Tokyo, Japan)
were fed with a daily oral dose of pravastatin (0.2 or
1 mg/kg/day) or vehicle (sterilized water) for two
weeks and anesthetized with 160 mg/kg intraperi-
toneal pentobarbital for surgical procedure.

Human EPC Culture

Peripheral blood mononuclear cells {PBMNC)
were isolated from the blood of human volunteers
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by density gradient centrifugation with Histopaque-
1077 (Sigma, St. Louis, Missouri, USA), and were cul-
tured for 7 days on human fibronectin-coated tissue
culture dishes, as described previously® ™. Cul-
tured EPCs were used for all experiments.

Uptake Experiments

[“C] Pravastatin uptake by cultured EPCs was as-
sessed as described previously”™. Briefly, Hep G2
cells were cultured in DMEM (Sigma) with 10% fe-
tal bovine serum and penicillin-streptomycin (100
U/100 mg/ml). Cultured human EPCs or Hep G2
cells at the cell density of 2x10°/ml per well were
reseeded onto 24-well tissue culture plates for 24 hr
before the uptake study. To measure cellular up-
take of pravastatin, medium was removed, cells
were then washed with prewarmed, serum-free me-
dium, and medium containing radiolabeled [*C]
pravastatin was added. Plates were incubated in a
CO; incubator for 1 hr, and cells were washed with
ice-cold phosphate-buffered saline and lysed with
0.1 N NaOH. A fraction of the lysate was used to de-
termine radiolabel incorporation by liquid scintilla-
tion counting on a Packard 2550 TR/AB (PerkinEl-
mer, Inc.,, Boston, Massachusetts, USA), and another
fraction was used to determine protein concentra-
tion by Bradford assay with bovine serum albumin
(BSA,; Sigma) as a standard.

Migration assay and apoptosis assay

EPC migration was evaluated using a modified
Boyden chamber assay, as described previously™?.
Briefly, 1 uM pravastatin, 50 ng/ml VEGF or vehi-
cle, in serum-free EBM-2 media with 0.1% BSA, was
placed in the lower compartment of the chambers.
A total of 1x10° EPCs in 100 ul of EBM-2 supple-
mented with 0.1% BSA were seeded in the upper
compartment of the chambers. Cell migration was
quantified by counting cells in 13 randomly selected

w® - All groups were studied in

high-power fields
triplicate.

The antiapoptotic effects of pravastatin were as-
sessed by cell death detection ELISA™ (Roche Di-
agnostics GmbH, Mannheim, Germany). Cultured
EPCs were reseeded on 96-well plate two days be-
fore apoptosis assay. Media were replaced with

serum-free EBM-2 media containing 1 uM pravasta-
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tin, 50 ng/ml VEGF or vehicle at 12 hr before the
assay. Plates were then centrifuged and superna-
tant containing necrotic DNA that leaked through
the membrane during incubation was discarded.
Pellets were lysed with lysis buffer, and an aliquot
of the resulting mixture was transferred the ELISA
plate. Immunolabeled plates were spectrophotomet-
rically measured using a plate reader (Molecular
Devices spectra MAX 250, Global Medical Instru-
mentation, Inc., Ramsey, Minnesota, USA) at 405
nm. Antiapoptotic activity was independently
evaluated per 1x10° cells seeded on a 4-chamber
slide and exposed to 1 uM pravastatin or vehicle for
24 hr. Pyknotic nuclei were manually counted after
DAPI (Vector Laboratories, Inc., Burlingame, Cali-
fornia, USA) staining, as described previously*®.
All studies were performed in duplicate.

Western blot analysis

Cultured EPCs were stimulated for 5 min with or
without pravastatin (10 uM). Afterwards, proteins
were incubated in RIPA buffer for Western blot
analysis. Phosphatase inhibitors were added to pro-
tein lysis buffer according to standard protocols. PI-
3-kinase inhibitors, LY 294002 (10 uM, Sigma) and
wortmannin (100 nM, Sigma), were added 30 min
prior to statin treatment. SDS-PAGE/Western blot
was performed as described previously®. Briefly,
7.5% polyacrylamide gels were used for electropho-
resis. Proteins were transferred to PVDF mem-
branes (Amersham). Membranes were incubated
overnight with primary antibodies against phospho-
Akt serine 473 (1 : 1,000; Cell Signaling), total Akt
(1:1,000; Cell Signaling), phospho-eNOS serine 1,177
(1 : 1,000; Cell Signaling), total eNOS (1 : 1,000; Santa
Cruz Biotechnology) followed by anti-rabbit secon-
dary antibodies (1 : 2,000; Amersham Bioscience) for
2 hours. Bands were detected by enhanced chemilu-
minescence (CoolSaver AE-6955, ATTO; Tokyo).

RT-PCR

Total RNA from cultured EPCs was extracted us-
ing the SV total RNA isolation system (Promega
Co., Madison, Wisconsin, USA). cDNA synthesis was
performed with 0.75 pg of total RNA using the Ad-
vantage RT-for-PCR kit (Clontech, Palo Alto, Cali-
fornia, USA). Reverse transcription-polymerase

chain reaction (RT-PCR) products were analyzed by
2% agarose gel electrophoresis. The following oli-
gonucleotides were used as forward and reverse
primers to amplify the indicated cDNA: OATP2, 5
CATGCTGATTGTTAAAATTGTTCAACC-3 (for-
ward), 5-CCCTTAACAATGTGTTTCACTATCT-
GC3’ (reverse).

Mouse EPC culture assay

PBMNCs were obtained by density gradient cen-
trifugation with Histopaque-1083 (Sigma) from the
blood of athymic nude mice orally treated with or
without pravastatin at physiological doses (control,
0.2 mg/kg, or 1 mg/kg; n=5, 5, or 6) for 2 weeks.
One week after culture, EPCs were assayed by up-
take of 1,1"-dioctadecyl—3,3,3",3 -tetramethylindocar-
bocyanine-labeled acetylated LDL (acLDL-Dil; Bio-
medical Technologies) and staining with FITC-
conjugated BS-1 lectin (Vector Laboratories) to con-
firm endothelial lineage. Blinded investigators
counted the stained EPCs by fluorescence micros-
copy

Statistical Analysis

All data are presented as means + SEM. Differ-
ences between group means were assessed by un-

24)25)30)

paired Student’s t test for single comparisons and
by ANOVA for multiple comparisons. Statistical
significance was assumed if the null hypothesis
could be rejected at p<0.05.
Results

Cellular uptake of [**C] Pravastatin by EPCs

HepG2 cells served as negative controls, because
the cell line does not take up pravastatin due to the
lack of OATP2”. Uptake of pravastatin into cul-
tured EPCs increased significantly in a dose-
dependent manner as compared with Hep G2 cells
(EPCs vs Hep G2: 10 uM pravastatin; *3.03 = 0.24 vs
0.82+0.07, 25 uM; *7.58 = 1.22 vs 1.73 £0.07, 50 uM;
*891 =083 vs 347 £0.90, 150 uM; *29.15 = 2.80 vs
7.82 £0.47 count/min/mg protein, *p<0.0001, Fig. 1).
Nevertheless, expression of OATP2 was not de-
tected in EPCs by RT-PCR (data not shown). These
findings suggest another mechanism for pravasta-
tin uptake in EPCs.
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Migratory and antiapoptotic effects of pravas- 29.8 £ 44, NS). Moreover, pravastatin showed an-
tatin in EPCs tiapoptotic effects in serum starved EPCs, as con-

The effects of pravastatin on EPC migration firmed by manually counting the apoptotic cells (%
were analyzed using a modified Boyden chamber pyknotic nuclei change in EPCs; pravastatin vs ve-
assay. The migratory activity of EPCs was signifi- hicle: *56.2+4.4% vs 79.7 £ 41%, *p<0.01, Fig. 3A).
cantly stimulated by 1 uM pravastatin (migrated The antiapoptotic effects of pravastatin were also
cells / high power field; pravastatin vs vehicle: verified by ELISA (pravastatin and VEGF vs vehi-

*20.7+28 vs 19721, *p<0.01, Fig. 2) to the same cle: *0.66 = 0.07 and *0.39 = 0.04 vs 1.01 +0.08, *p<
extent as VEGF (Pravastatin vs VEGF: 20.7 £ 2.8 vs 0.0001, Fig. 3B).

On the other hand, pravastatin did not affect the
proliferation of EPCs using the previously validated

_ 1 colorimetric MTS assay, as reported previously®.

é 301 Western blot analysis

550 231 In order to confirm whether the PI-3-kinase/Akt
S 20 signaling pathway in EPCs activated by pravasta-
hi 154 tin, Western immunoblot analysis of Akt phospho-
§ 104 rylation was performed with or without pravasta-
E tin. This assay revealed that pravastatin treatment
S at a concentration of 1 uM led to serine 473 Akt

0 10 25 50 130 phosphorylation within 5 min (Fig. 4A). This Akt ac-

Pravastatin concentration (M) tivation was abrogated by PI-3-kinase inhibitors,

Fig. 1 Dose dependence of cellular uptake of pravas- LY 294002 (10 uM) and/or wortmannin (100 nM),
tatin by EPCs (@) and HepG2 cells (A )
*29.15 + / — 280 vs 782 + / — 047 count/min/mg
protein, *p < 0.0001.

suggesting that the PI-3-kinase/Akt signaling path-
way is activated by pravastatin (Fig. 4A). Further-

A
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Fig. 2 Representative photomicrographs from each group of EPCs (A) and migratory re-
sponse of EPCs toward the indicated dosage of pravastatin, as measured by modified Boy-

den chamber migration assay (B)
Migration activity was almost equivalent to that induced by VEGF.
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Fig. 3 Pravastatin inhibits EPC apoptosis induced by serum starvation
A; Percentage of pyknotic nuclei determined by DAPI staining, after serum starvation with

or without pravastatin supplementation.

B:; Light absorbance of apoptotic cells determined by cell death detection ELISAPs, Positive
control was DNA-histone complex to ensure experimental accuracy.

Pravastatin (10 uM) — + + +
LY294002 (10puM) — — + —
Wortmannin (100nM) _ _  _ 4

p-Akt Ser473
Total Akt

B

Pravastatin (10 pM) 0 5
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Total eNOS

15 30 (min)

Fig. 4

A; Pravastatin rapidly activates Akt at 10 uM (5 min),
and this effect was abrogated by wortmannin and
1Y294002, inhibitors of PI-3-kinase.

B; Time-course analysis of eNOS phosphorylation with
10 uM pravastatin treatment in EPCs. Pravastatin
upregulates the phospho-eNOS signal in EPCs from 5
to 30 min after exposure.

more, the downstream signal of the PI-3-kinase/Akt
kinase cascade of EPCs was investigated using an

eNOS antibody. Pravastatin rapidly activated eNOS
at the same concentration and this effect was de-
tected for 30 min (Fig. 4B). The findings show that
the effects of pravastatin on EPCs are mediated by
eNOS activation through the PI-3-kinase/Akt path-
way.

Effects of pravastatin on circulating EPC ki-
netics

As demonstrated in previous reports”**", hydro-
phobic statins induce the mobilization of circulating
EPCs. To assess whether pravastatin also induces
EPC mobilization, mouse EPC culture assay using
mouse PBMNCs was performed (Fig. 5A). Mouse
PBMNCs collected at each time point (0, 5 and 14
days) after treatment with pravastatin (0.2 or 1 mg/
kg/day) were applied to EPC culture assay. The
number of cultured EPCs from peripheral blood in-
creased significantly up to day 14, as compared
with day 0 (day 5 and 14 vs day 0, fold increase;
*1.3+£0.07 and *1.5 = 0.12, *p<0.05, Fig. 5C). However,
at the higher dose of pravastatin (I mg/kg/day), the
number of cultured EPCs was the same as that
with vehicle (Fig. 5B).
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Fig. 5

A; Representative EPC images are shown as double-positive staining by AcLDL and BS-1

lectin.

B; Lower dose of pravastatin increases the number of cultured EPCs by 1.5-fold compared
with controls at day 14. This effect was abolished at the higher dosage.
C; Pravastatin increases EPC number, depending on treatment duration.

Discussion

The impact of a hydrophilic statin (pravastatin)
on EPC mobilization was similar to that of hydro-
phobic statins (data not shown). Thus, we hypothe-
sized that pravastatin was taken up by human
EPCs and exerted provasculogenic activity, simi-
larly to hydrophobic statins.

In the present study, we demonstrated that
pravastatin promotes EPC activity, i.e., migration,
survival and mobilization, through the activation of
the PI-3 kinase/Akt/eNOS pathway after intracel-
lular uptake, although the uptake mechanism re-
mains unknown.

It was previously considered that hydrophilic sta-
tin could not penetrate the lipid bilayers of the cell
membrane in the absence of OATP2, except in he-

32)

patocytes that express a transporter™. However,
another transporter, OATP-B, is broadly expressed
in several human tissues, and reportedly transports
hydrophilic statin into the intracellular space. Here,
we demonstrated the cellular uptake of pravastatin
by EPCs and a novel role for hydrophilic statins,
namely the induction of vasculogenic potential in
EPCs. Moreover, we documented that the hydro-
philic statin activated eNOS via the PI-3 kinase/Akt

pathway. Although the transporting peptide was
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not detected in EPCs, pravastatin was taken up and
demonstrated potent migration and antiapoptotic
effects in EPCs at lower concentrations (1 uM).
However, higher concentrations (10 uM) of pravas-
tatin exerted the opposite effect (data not shown).
This ‘double-edged role’ of statin is in line with re-

¥ ie., atorvastatin induced a

cent publications
dose-dependent increase in EPC migration, with a
maximal effect at 0.01 uM, but this promigratory ef-
fect was diminished at higher concentrations (1
uM). Thus, pravastatin exerts marked provasculo-
genic effects in EPCs, and these effects were similar
to those of VEGF. Therefore, pravastatin may exert
equivalent provasculogenic ability as hydrophobic
statins, as a previous paper reported that a hydro-
phobic statin (simvastatin) had similar effects as
VEGF"”.

Furthermore, pravastatin upregulated the num-
ber of circulating EPCs in vivo, as assessed by EPC
culture assay, similarly to hydrophobic statins. In-
terestingly, the fold increase over controls by treat-
ment with pravastatin was similar to that reported
in human subjects with atorvastatin®.

This study thus revealed the provasculogenic ef-
fects of pravastatin in vitro and in vivo. We could
not directly confirm that circulating EPCs mobi-
lized by pravastatin contributed into ischemic tis-
sue due to the lack of a bone marrow transplanta-
tion model to investigate the incorporation of EPCs
into ischemic tissue. However, it is well established
that EPCs contribute to ischemic injury, and that
the proportional contribution of angiogenesis and
vasculogenesis to neovessel formation in ischemic
tissue remains to be verified. It is thus possible that
EPCs mobilized by pravastatin play a pivotal role in
the recovery of neovessel formation in ischemic tis-
sue, particularly considering previous reports?*®.

Because the mechanism of pravastatin uptake by
EPCs remains unknown, there are several hypothe-
ses to account for the physiological mechanisms.
Firstly, pravastatin may be able to penetrate the
lipid bhilayer, but only when cell membrane perme-
ability is high, such as during tissue or cellular
ischemia. Secondly, as discussed in a previous pa-
per, hydrophilic substances with a molecular

weight (MW) of around 400 kDa may be able to
penetrate the cell membrane through pore, i.e., pas-
sive diffusion®™. Considering this mechanism,
pravastatin (450 kDa) may have been able to pass
into the cells. Finally, on the surface of EPCs, there
may another transporter of the OATP family, such
as OATP-B, or a receptor that binds with pravasta-
tin.

Hydrophobic statins, such as simvastatin, affect
EPC proliferation", whereas pravastatin did not
[data not shown]. This implies the different molecu-
lar mechanisms for pravastatin and other hydro-
phobic statins.

Other hydrophobic statins are distributed in sev-
eral tissues, and this may occasionally cause unex-
pected side effects in clinical settings. Pravastatin
would be an ideal agent, if the compound has some
type of selective tissue distribution due to a unique
transport system.

In our experiments, pravastatin was shown to
promote EPC migration, and cell survival in vitro
via the PI-3 kinase/Akt/eNOS pathway in vitro,
and to increase the number of circulating EPCs in
vivo. eNOS activation is essential for EPC mobiliza-

1, and the results of

tion, as shown by Iwakura et a
this study thus suggest that pravastatin has a po-
tential role in the therapeutic neovascularization of
ischemic tissue, even in patients with normal cho-

lesterol levels.
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MEN AR OMEF LR KT SKBRI4FY (TI5R8F) OHE
R R AR DA 2
R F BRI IR
BB SE  FRSETSABEHES R 257 — A

173 aE-‘lz R ARAY YV a ¥ o4
AR BY-HEE BR - BRiER
HH A F vol FAHING ¥ hax

E R ERE FZP

Pt HMG-CoA V¥ 24— - £ v e s — (IRAHUAYF ) 12X 2 MENKEERMRE (EPC) #1R, &
WM ERRERUENRISHOBMENINTWE. LELEESLKBERYFV (751X 5 F ) @ EPC
WX AERIE TSI ST v, RBFRICE Y, KBRS 7B EPCRICIY A h, MilaNY 7+
NERIBT A2 L TEPCERBIERATAZEZHLNET S,

BCRERR T ISR F T D, HepGZ Mila 2 % 8H L LCEPC WD 7 I 3R Y F Y ELY AL % ME L 7o#
B OEPCEEIAZBIITINATF 2 MBNIZED AATE (%29.15+2.80 vs 7.82 =047 count/min/mg protein,
*0<0.0001). EPC O#ERMEERICBNT, TINAYF UBIINBRELRKRLT, AZICHEERLENSE
7z X7z, 7RIV AEHAEERICBWT, FONRAYF VBRI BEHEERLTEEICTRI—TV A%
PRIL Tz, B, 22870y b eifolk %, EPCHIZBWT T IV ¥ F ~ X PI-3-kinase/ Akt
BEEZHET 2 LI12LY, eNOSOY YELEIT) S LML, O RIGE PI-3/Akt BREANC X Y IHET
52 ki2k Y, Pl-3-kinase/Akt BIREGEMNTH 5 Z L IO SN2 Invivo lZBWT, TINRIF 23w
ARG Lz 25, IR 5 F VIGATIEEE L R U OIS R R ME \C SRAS I T 0 EPC a2 Him& ¢ 5 =
A L7z,

INOLDRERICZE Y, KBWAYF L THDETFIT/NAYF X, EPC A® Pl-3-kinase/Akt/eNOS BRI X 1,
EPC #E#ERE - M7 R b= AERAZ BT A EBHLr LR o7 .

—314—



