ROLES OF TNF RECEPTOR 1 AND 2 IN MYOCARDIAL INFARCTION

Table 3. Characteristics of animal models in the subacute phase of coronary artery ligation (day 28)

H747

Sham/WT ShanVRIKO Sham/R2KO
Echocardiographic data (under anesthesia)
n 25 25 25
Heart rate, beats/min 465*16 46715 471*16
LV EDD, mm 34202 34202 34+0.2
LV ESD, mm 2302 2302 23x0.2
Fractional shortening, % 31923 323*24 324*27
Infarct wall thickness, mm
Non-infarct wall thickness, mm 0.80+0.04 0.79+0.04 0.80+0.04
Hemodynamic data (Millar catheter, under anesthesia)
n 10 10 10
Heart rate, beats/min 454+24 452+23 45721
Mean aortic pressure, mmHg 82.5+5.1 81.8=50 824+43
LV EDP, mmHg 2405 2.5*06 2.5%0.6
LVdP/dfmax, mmHg/s 7,591 406 7,563 %365 7,620=365
LVdP/dfinie, mmHg/s 5,293+320 5,241 =315 5,301 =307
Organ weight data
n 25 25 25
Body wt, g 269+1.6 26.8+1.8 270 %1.7
Lung wt/body wit, mg/g 5.30+£0.37 5.36+0.59 5412049
Pleural effusion, % 0 0 0
n 15 15 15
LV wtbody wi, mg/g 3.13x0.13 3.19*0.16 3.25+0.19
n 10 10 10
Infarct area, %
MIWT MURIKO MI/R2KO
Echocardiographic data (under anesthesia)
n 35 43 33
Heart rate, beats/min 467+ 16 469 * 16 469 =18
LV EDD, mm 4.7+0.5* 4.4*04%% SO0 5%t
LV ESD, mm 4,1x0.5* 3.7+0.4*% 4.5*0.5%t
Fractional shortening, % B e T 14.9+2.0%¢ 9.5 1.6*¢
Infarct wall thickness, mm 0.39+0.02 0.40+0.03 0.39x0.02
Non-infarct wall thickness, mm 0.89+0.04* 0.90 =0.04* 0.89 +0.04%
Hemodynamic data (Millar catheter, under anesthesia)
n 15 15 14
Heart rate, beats/min 452+31 454=27 45534
Mean aortic pressure, mmHg 79.3x4.6 781 =39 78.0x5.0
LV EDP, mmHg B3+2.4* 6242.1* 12.6+4.8%
LVdP/dtmas, mmHg/s 5,051 +731* 5,765 = 802*% 4,362 +652*%F
LVdP/dtgun, mmHg/s 3.649£517* 4,171 £622* 3047 £547%¢
Organ weight data

n 35 43 33
Body wt, g 26.3%1.7 26.1=1.6 27119
Lung wt/body wt, mg/g 6.86%2.62* 6.16=1.34 B.10x2.68%F
Pleural effusion, % 17 9 52
n 20 28 19
LV wt/body wt, mg/g 3.78x0.49* 3.66=0.39* 4.26*x0.32*t
n 15 15 14
Infarct area, % 53.0%28 52,725 53.1%=26

Values are means (SD). EDP, end-diastolic pressure; wt. weight. *P < 0.05 vs. Sham/WT, 1P < 0.05 vs. MI/WT.

not differ significantly in MI/RIKO compared with MI/WT
mice. Collagen was visualized in LV cross sections with
Picrosirius red staining (Fig. 2C). Collagen volume fraction,
which was increased in M/WT noninfarct myocardium, was
further increased significantly in MI/R2KO mice (Fig. 2D).
Increased myocardial expression of TNFR1 by R2KO. Mul-
tiprobe RPA was used to evaluate the expression of TNFRI
and TNFR2 in noninfarct myocardium 28 days after MI or
sham operation (Fig. 3A). The transcript level of TNFRI,

which was nullified in RIKO, was not affected by MI but was
significantly upregulated in MI/RZKO mice (Fig. 38). In con-
trast, the transcript level of TNFR2, which was nullified by
R2KO, was significantly upregulated by MI and was not
further upregulated in MI/RTKO mice.

ELISA was used to evaluate protein levels of TNFRI and
TNFR2 in noninfarct myocardium on day 28 (Fig. 3C). Abla-
tion of the appropriate TNF receptor was evidenced by the fact
that TNFR1 and TNFR2 protein levels were not appreciable in
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Fig. 2. A and B: effects of myocardial infarction (MI) on ventricular hypertrophy: representative micrographs of hematoxyhin-eosin staining of myocardium (A)
and cross-sectional area (CSA) of cardiomyocytes (B). C and 1: collagen volume analysis of the noninfarct myocardium on de) 28 after MI: representative
micrographs of Picrosirius red staining (C) and summarized data for collagen volume fraction (D). Values are means (SD). Sham denotes sham-operated mice

P < (.05 vs. sham/WT mice. 1P < 0.05 vs. MI/WT mice.

the MI/RIKO and MI/R2KO mice. respectively (approxi-
mately equal to or lower than the limit of detection, <1.56
pg/mg protein). Consistent with the transcript levels, the car-
diac TNFR1 protein level, which was not affected by MI in
WT mice, was elevated approximately twofold in MI/RZKO
compared with MI/WT mice. In contrast, the cardiac TNFR2
protein level was elevated approximately threefold by MI and
was not increased further by R1KO.

To confirm the increased expression of TNFR1 protein in
MI/R2KO mice, we performed immunohistochemical staining
of TNFR1 (Fig. 4A). Consistent with the results of ELISA,
TNFRI staining did not increase in MI/WT mice but increased
in MI/R2KO mice. Next, immunohistochemical staining of
TNFR2 was performed to confirm the increased expression of
TNFR2 protein in MU/WT and MIURIKO mice (Fig. 4B).
Consistent with the results of ELISA, TNFR2 staining was

increased in response to MI in WT and RIKO mice. The
staining was localized to the membrane of cardiomyo-
cyles.

Augmented myocardial expression of proinflammatory cyto-
kines with R2KO. Multiprobe RPA was also used to cvaluate
the expression of proinflammatory cytokines and chemokines
in noninfarct myocardium 28 days after MI or sham operation
(Fig. 5A). The transcript level of TNF-« was significantly
upregulated in noninfarct myocardium in WT and was not
modified by the ablation of TNFRI or TNFR2 (Fig. 58).
Transcript levels of IL-6, IL-1B, TGF-B, and MCP-1, which
were significantly upregulated in M/WT noninfarct myocar-
dium, were significantly downregulated in M/RIKO com-
pared with MI/WT mice. In contrast, transcript levels of IL-6
and IL-1p were significantly further upregulated in MI/R2KO
noninfarct myocardium compared with MU/WT mice (Fig. 5C).
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Fig. 3. A and B: multiprobe RNase protection assays for TNF receptors in noninfarct myocardium on day 28 after MI: representative gels (A) and summarized
data for densitometric analysis (B). Each value is normalized to that of GAPDH, included in each template set as an internal control. C: enzyme-linked
immunosorbent assay for TNF receptors. Values are means (SD). *P < 0.05 vs. sham/WT mice. 1P < 0.05 vs. MI/WT mice.

DISCUSSION

Proinflammatory cytokines including TNF-a have been impli-
cated in the pathogenesis of cardiovascular diseases (5, 20).
However, the roles of TNF-a in MI remain controversial. Block-
ade of TNF-a has been reported to be both beneficial (1, 15, 24,
26, 27) and deleterious (2, 18, 22). In the present study, we
evaluated the pathophysiological roles of two distinct cell surface
receptors (TNFR1 and TNFR2) in the process of infarct healing

and cardiac remodeling after ML Inhibition of TNFR1-mediated
pathways attenuated ventricular dysfunction and improved
post-MI survival, concomitant with downregulation of other
proinflammatory cytokines in noninfarct myocardium. In contrast,
inhibition of TNFR2-mediated pathways exacerbated ventricular
dysfunction and remodeling, accompanied by upregulation of
TNFRI1 and other proinflammatory cytokines in noninfarct myo-
cardium. To the best of our knowledge, this study is the first to
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Fig. 4. Immunohistochemistry for TNF re-
ceptors in noninfarct myocardium on day 28
after MI: representative micrographs of
TNFRI staining (A) and representative mi-
crographs of TNFR2 staining (B). Higher
power, X400 magnification. B
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document that the ablation of TNFR2 exacerbates ventricular
dysfunction and remodeling after ML

Most biological activities of TNF-« have been considered to
be mediated by TNFRI pathways (33). Three functional do-
mains of TNFR1, the COOH-terminal death domain (28) and
the adjacent N-SMase (neutral sphingomyelinase) and
A-SMase (acidic sphingomyelinase) activating domains (NSD
and ASD, respectively) (25, 34), transfer signals from cxtra-
cellular TNF-« to intracellular adaptor proteins. The ASD is
capable of inducing activation of NF-«B to protect cells against
apoptosis (31, 32) and promote inflammation. Ramani et al.
(24) have reported that knockout of TNFRI improves the
survival of MI mice. Activation of TNFRI has been shown to
induce various proinflammatory cytokines and chemokincs,
most of which are considered to be cardiotoxic (5, 20). In the
present study, we demonstrated that knockout of TNFR1 sup-
presses the induction of proinflammatory cytokines and che-
mokines after MI. These results suggest that TNFR1-mediated
pathways are cardiotoxic by inducing various proinflammatory
cytokines and chemokines.

Little is known about the roles of TNFR2-mediated path-
ways. TNFR2 lacks an intracellular death domain (33), sug-
gesting that TNFR2 uses distinct signaling pathways to induce
apoptosis (19). Furthermore, whether TNFR2 alone can medi-
ate the activation of NF-kB is controversial (3, 11, 12). Higuchi
et al. (10) demonstrated that knockout of TNFR2 increased the
mortality by exacerbating the development of heart failure in
transgenic mice with cardiac-specific overexpression of
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TNF-a. In the present study, we have demonstrated that knock-
out of TNFR2 exacerbates ventricular dysfunction and remod-
eling after MI together with upregulation of IL-6 and IL-1B.
These results suggest that TNF-a may protect the myocardium
via TNFR2-mediated pathways. Because knockout of TNFR2
upregulates TNFRI after MI, the beneficial roles of TNFR2
may be mediated partially by suppression of TNFRI-mediated
pathways. The interaction of TNFR1 and TNFR2 pathways
may play important roles in ML In addition, Goukassian et al.
(7) recently reported that in a hindlimb ischemia model, endo-
thelial cell apoptosis was increased, and capillary density was
decreased in R2KO ischemic tissue. We indeed have evaluated
apoptosis in the present study. The number of TdT-mediated
dUTP nick end labeling-positive cells increased only slightly in
the noninfarct myocardium on day 28 after M1, regardless of
RIKO or R2KO (data not shown). DNA laddering assay also
indicated slightly increased apoptosis in noninfarct myocar-
dium and also was not affected by RIKO or R2ZKO (data not
shown). These results indicate that apoptosis in the noninfarct
myocardium is not affected by the presence or absence of
TNFR1 or TNFR2. The effects of TNFRI and TNFR2 path-
ways on nonischemic myocardium after MI may be different
from those on ischemic limb tissue.

There are several important aspects to consider in interpret-
ing the results of the present study. First, we used knockout
mice to completely block the activation of TNFR1 or TNFR2
pathways. Although growth, appearance, and cardiac function
under unstressed conditions scem to be unaffected by RIKO or
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Fig. 5. Multiprobe RNase protection assays for proinflammatory cytokines and chemokines in noninfarct myocardium on day 28 after MI: representative gels
(A) and summarized data for densitometric analysis (8 and C). TGF-B, transforming growth factor-B; MCP-1, monocyte chemotactic protein-1. Each value is
normalized to that of GAPDH, included in each template set as an internal contral. Values are means (SD). *F < 0.05 vs. sham/WT mice, #£ < 0.05 vs. MI'WT

mice.

R2KO, the absence of TNFR1 or TNFR2 during embryogen-
esis and development may alter other signaling pathways o
secure physiological growth of these mice. Therefore, caution
has to be exercised in interpreting the present results in asso-
ciation with those obtained from clinical trials. Further studies
with selective pharmacological ablation of TNFR1 or TNFR2
pathways are required to validate the results of the present
study in clinical settings. Second, it is possible that various
proinflammatory cytokines play dual roles in post-MI cardiac
remodeling and function, as is the case with TNF-o. Therefore,

we cannol simply conclude that overexpression of these cyto-
kines in post-MI myocardium is detrimental. Alternatively,
overexpression of IL-6 and IL-1B in MI/R2ZKO mice may
represent a compensatory mechanism to salvage the dysfunc-
tional myocardium.

In conclusion, in a murine model of MI, inhibition of
TNFR I-mediated pathways attenuates ventricular dysfunction
and improves survival with downregulation of other proinflam-
matory cytokines. In contrast, inhibition of TNFR2-mediated
pathways exacerbate ventricular dysfunction and remodeling
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with upregulation of TNFR1 and other proinflammatory cyto-
kines in noninfarct myocardium. The findings of the present
study may partially explain the unexpected results of anti-
TNF-a clinical trials for heart failure. Because TNF-a seems to
play both toxic and protective roles in cardiovascular discases,
selective blockade of cardiotoxic TNFR1 may be a candidate
therapeutic intervention in clinical practice.
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Inducible cAMP Early Repressor Inhibits Growth of
Vascular Smooth Muscle Cell

Hideki Ohtsubo, Toshihiro Ichiki, Ryohei Miyazaki, Keita Inanaga, Ikuyo Imayama,
Yasuko Hashiguchi, Junichi Sadoshima, Kenji Sunagawa

Objective—The role of inducible cAMP early repressor (ICER), a transcriptional repressor, in the vascular remodeling
process has not been determined. We examined whether ICER affects growth of vascular smooth muscle cells (VSMCs).
Methods and Results—Semi-quantitative RT-PCR and Western blot analysis showed that expression of ICER was
increased in beraprost (a prostaglandin I, analogue)-stimulated VSMCs in a time- and dose-dependent manner. The
induction of ICER was inhibited by pretreatment with H89, a protein kinase A (PKA) inhibitor, suggesting that PKA
mediates the induction of ICER expression. Beraprost suppressed platelet-derived growth factor—induced thymidine
incorporation in VSMCs, which was reversed by transfection of short interfering RNA for ICER, not by scramble RNA.
Overexpression of ICER by an adenovirus vector attenuated neointimal formation (intima/media ratio) by 50%
compared with overexpression of LacZ. The number of terminal deoxynucleotidyl transferase-mediated dUTP nick
end-labeling—positive cells was increased and the number of Ki-67—-positive cells was decreased in ICER-transduced

artery.

Conclusion—These results suggest that ICER induces apoptosis and inhibits proliferation of VSMCs, and plays a critical
role in beraprost-mediated suppression of VSMC proliferation. ICER may be an important endogenous inhibitor of
vascular proliferation. (Arterioscler Thromb Vasc Biol. 2007;27:1549-1555.)

Key Words: PGI, analogue m inducible cAMP early repressor m neointimal formation m VSMC

Trunscriptinn of many cellular genes is regulated by
changes of intracellular cAMP levels. The increased
cAMP activates protein kinase A (PKA), resulting in the
PKA-dependent phosphorylation of nuclear proteins that
belong to the cAMP response element (CRE)-binding protein
(CREB) family of transcription factors, such as CREB,
cAMP response clement modulator (CREM), and activating
transcription factor-1.' Inducible cAMP early repressor
(ICER), an isoform of CREM, has a DNA binding domain
but lacks a transactivation domain.? Therefore, ICER binds to
CRE sites but inhibits CRE-dependent gene transcription,
which makes ICER serve as a transcriptional repressor.
Expression of ICER is inducible in various cell types such as
pituitary cells, and cardiac myocytes.*=®

Activation of CREB family protein is generally mediated
by phosphorylation.! Activity of ICER, however, depends on
the level of its expression, because ICER dose not contain a
PKA-dependent phosphorylation site.? Although Yehia et al
previously reported that ICER was phosphorylated by mito-
gen activated protein kinase (MAPK), phosphorylation of
ICER affected stability of ICER protein without an effect on
ICER activity.”

Beraprost, a prostaglandin I, (PGI,) analogue, has anti-
platelet and vasodilatory effects.®® Beraprost is, therefore,

clinically used for the treatment of arteriosclerosis obliterans
and pulmonary hypertension. Beraprost functions through
cell surface G protein—coupled PGI, receptor designated IP
receptor.'® Activation of IP receptor increases intracellular
cAMP level via stimulation of adenylyl cyclase.!! Activation
of adenylyl cyclase increases intracellular cAMP level, which
is followed by PKA activation.!!

It has been reported that beraprost suppresses platelet-
derived growth factor (PDGF)-induced DNA synthesis of
vascular smooth muscle cells (VSMCs).12 However, a key
regulatory molecule of beraprost-mediated suppression of
PDGF-stimulated DNA synthesis has not been determined.
The role of ICER in blood vessels and atherogenesis is also
poorly characterized. We showed in the present study that
beraprost suppresses PDGEF-stimulated DNA synthesis
through induction of ICER, and overexpression of ICER
suppresses neointimal formation in balloon-injured rat carotid
artery.

Materials and Methods

Materials
Dulbecco modified Eagle medium (DMEM) was purchased from
Gibco BRL, and fetal bovine serum (FBS) were purchased from JRH
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Biosciences Inc. Bovine serum albumin (BSA) was purchased from
Sigma Chemical Co. Horseradish peroxidase-conjugated secondary
antibodies (anti-rabbit or anti-mouse [gG) were purchased from
VECTOR Laboratories Inc. A rabbit polyclonal antibody against
CREM-I for detection of ICER was obtained from Santa Cruz
Biotechnology. An anti-CREB antibody was purchased from Cell
Signaling Technology. An antibody against Ki-67 antigen was
purchased from Dako Cytomation Corporation. Beraprost sodium
was provided by Astellas Pharma Inc. Other chemical reagents
were purchased from Wako Pure Chemicals unless
specifically mentioned.

Cell Culture

VSMCs were isolated from the thoracic aorta of Sprague-Dawley rat
by an explant method and maintained in DMEM supplemented with
10% FBS in a humidified atmosphere of 95% air-5% CO, at 37°C.
VSMCs were cultured until grown to confluence, cultured in DMEM
with 0.1% BSA for additional 2 days, and used in the experiment.
Cells between passage 5 and 14 were used.

Adenovirus Vector Expressing ICER and LacZ

A recombinant adenovirus vector expressing ICER (AdICER) was
reported previously.'* Confluent VSMCs were washed 2 times with
phosphate-buffered saline (PBS) and incubated with AJICER or an
adenovirus vector expressing LacZ (AdLacZ) under gentle agitation
for 2 hours at room temperature. Then the cells were washed 3 times
with PBS, cultured in DMEM with 0.1% BSA for 2 days, and used
for the experiments. Multiplicity of infection (moi) indicates the
number of virus per cell added to a culture dish.

Semi-Quantitative Reverse Transcription
Polymerase Chain Reaction

Total RNA was prepared according to an acid guanidinium-phenol-
chloroform extraction method. Total RNA was phenol-chloroform-
extracted and ethanol-precipitated, Then, the total RNA (0.4 ug) was
reverse-transcribed (RT) using molony murine leukemia virus re-
verse transcriptase (ReverTra Ace-a kit, TOYOBO) in 4 ul of

reaction mixtures. Semi-quantitative PCR was performed with a
T3000 Thermocycler (Biometra) according to the manufacturer's
instruction. An aliquot of RT-reaction mixture (0.5 pL for amplifi-
cation of ICER and 0.2 uL for amplification of Glyceraldehyde-3-
phosphate dehydrogenase [GAPDH]) was subjected to PCR. The
sequences for sense and antisense primers for ICER were 5'-CTT
TATTTT GGA CTG TGG TAC GG-3"and 5'-TAC TAA TCT GTT
TTG GGA GAG CA-3', respectively. GAPDH was used as a
reference for the amount of ¢cDNA. The sequences for sense and
antisense primers for GAPDH were 5'-TTC TTG TGC AGT GCC
AGC CTC GTC-3" and 5'-TAG GAA CAG GGA AGG CCA TGC
CAG-3', respectively. Appropriate cycles for [CER and GAPDH
were determined to confirm the linear amplification of ¢cDNA by
PCR (data not shown). Thirty cycles for ICER and 24 cycles for
GAPDH were used. The cDNAs of ICER and GAPDH after PCR
reaction were electrophoresed on 2% agarose gel, and stained with
ethidiumbromide. The density of ICER and GAPDH ¢DNA visual-
ized by ultraviolet transillumination was quantified with Image
Gauge Softwear (Version 3.45).

Western Blot Analysis

VSMCs were lysed in a lysis buffer containing RIPA (100mmol/L
sodium, 60mmol/L Na.HPO,, 100mmol/L NaF, 10mmol/LL. EDTA,
and 20mmol/L Tris), 1% aprotinin, (0.5% pepstatin A, | mmol/L
PMSF, and 0.05% leupeptin. Protein concentrations were determined
with the bicinchoninic acid protein assay kit (Pierce Chemical Co).
Cell lysates were heated in a sample buffer (62.5mmol/L Tris-HCI
[pH 6.8], 10% glycerol, 2% SDS, 0.05% bromophenolblue, and
715mmol/L 2-mercaptoethanol) at 95°C for 3 minutes, electropho-
resed on 12% SDS-polyacrylamide gel, and transferred to polyvi-
nylidene difluoride membrane (Immobilon-P, Millipore). The blots
were blocked with TBS-T (20mmol/L Tris-HCI [pH 7.6],
137mmol/L. NaCl, 0.1% Tween 20) containing 5% skim milk at
room temperature for 30 minutes, Western blot analysis of ICER and
a-tubulin were performed as described previously. '

Short Interfering RNA
The annealed form of siRNA of ICER was constructed from a 19 to
21 bp of ICER (NCBI nucleotide accession number S66024) by
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Samchully Pharm Co. The optimal ICER sequence was 5'-CUU
AUA GAG GAG CUU GAA A-3'. A scrambled sequence, 5'-GAG
UAC UUA AGG AUG ACU ATT-3', that does not contain any
significant homology to ICER sequence was used as a control.
Introduction of siRNA and scrambled RNA (scRNA) for ICER 1o
VSMCs was performed by lipofection method (Lipofectoamine
2000, Invitrogen Co) according to the manufacturer’s instruction.

Measurement of CRE-Dependent Gene

Promoter Activity

VSMCs (5% 10°) were prepared in a 6-cm tissue culture dish. Five
pg of CRE (3 copies)-luciferase fusion DNA with thymidine kinase
gene promoter and 2 pg of B-galactosidase gene were introduced to
VSMCs by lipofection method according to the manufacturer's
instruction (Invitrogen Co) with siRNA or scRNA for ICER. The
cells were cultured in DMEM with 10% FBS for 6 hours, washed
twice with PBS, cultured in DMEM with 0.1% BSA for 24 hours,
and stimulated with beraprost (107® mol/L) for 6 hours. Then, the
cells were lysed in 200 pL of Reporter lysis buffer (Promega
Corporation). Luciferase assay and p-galactosidase assay were
performed as described previously's,

Measurement of DNA Synthesis

siRNA for ICER was introduced into VSMCs by lipofection method.
After introduction of siRNA, VSMCs were washed with PBS, and
cultured in DMEM with 0.1% BSA for 2 days. VSMCs were
pretreated with or without beraprost (I umol/L) for | hour, VSMCs
were, then, stimulated with or without PDGF-BB (50 ng/mL) for 24
hours. The cells were labeled with [*H]-thymidine (PerkinElmer Life
Sciences) for the last 4 hours. After labeling, the cells were washed
with PBS, fixed in 10% trichloroacetic acid (TCA), and then washed
with a mixture of ethanol and ether (2:1). The cells were lysed in
0.5N NaOH, and incorporated ['H]-thymidine was measured by a
liquid scintillation counter.

Detection of Apoptosis In Vitro

VSMCs were stimulated with beraprost (1 wmol/L), or infected with
AdLacZ (100 moi) or AdICER (100 moi) and maintained in DMEM
supplemented with 0.1% BSA for 2 days. VSMCs were isolated

through trypsinization. The isolated cells and cells in the medium
were collected by centrifugation and stained with propidium
iodide (PI). The number of hypodiploid cells was counted from
10 000 cells with Fluorescence-activated cell sorting (FACS:
EPICS ALTRA MuluCOMP, Beckman Coulter) analysis as
described previously.'®

Balloon Injury Model and Infection
With Adenovirus

All procedures were approved by the institutional animal use and
care committee, and were conducted in conformity with institutional
guidelines. Balloon injury and infection with adenovirus were
performed as described previously.'® Male Sprague-Dawley rats
(Kyndo Co, Japan) (370 1o 400g) were anesthetized by intraperito-
neal administration of pentobarbital sodium. The left common artery
was denuded of the endothelium with 2F Fogarty balloon catheter
(Baxter) that was introduced through the external carotd artery.
Inflation and retraction of the balloon catheter were repeated 3 times.
AdICER (5x10° plaque forming unit [PFU]) or AdLacZ
(5% 10°PFU) was introduced into the lumen, and the carotid artery
was incubated for 15 minutes without blood flow. Then, the viral
solution was removed, and the blood flow was restored.

Morphometry and Detection of Apoptosis and Cell
Proliferation In Vivo

Morphometry was performed as described previously.'s Apoptotic
cells were detected by the terminal deoxynucleotidyl transferase-
mediated dUTP nick end-labeling (TUNEL) method with an apopto-
sis in situ detection kit (Wako Pure Chemicals). The counterstain
was hematoxylin. Cell proliferation was examined by immunohisto-
chemistry with anti-Ki-67 antibody (Dako Inc), which was a nuclear
protein preferentially expressed during all active phase of the cell
cycle (G,. S, G,, and M phases). but absent in resting (G,) cells.'” In
brief, after the rats were killed, the carotid artery was excised, and
fixed with methacarn (methanol: chloroform: acetic acid=6:3:1).
After fixation, the carotid artery was embedded into paraffin. The
samples were sectioned serially at 4 wm thickness, fixed in acetone,
and stained immunohistochemically with an anti-Ki-67 antibody.
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Quantitative analysis was performed from 100 cells in 5 independent
sections from each rat (n=6).

B-Galactosidase Staining In Vivo

The balloon-injured rat carotid artery were stained with the
B-galactosidase staining buffer, which contains Smmol/L. K Fe(CN),,
Smmol/L K,Fe(CN),, and 1% 5-bromo-4-chloro-3-indole-S-p-
galactosidase (X-gal) in PBS, for 6 hours at 37°C. These arteries are
fixed in 4% paraformaldehyde and 0.2% gulutaraldehyde in PBS,
and embedded into paraffin. The samples were serially sectioned at
4 pm thickness and fixed in acetone. Hematoxylin and eosin were
used as counterstaining.

Statistical Analysis

Statistical analysis was performed with |-way or 2-way ANOVA and
Fisher test if appropriate. P<<0.05 was considered to be statistically
significant. Data are shown as mean*SEM.

Results

Beraprost Induces Expression of ICER mRNA
To examine whether ICER is induced in VSMCs, VSMCs
were incubated with beraprost (| umol/L) for various periods,

NS. A representative photograph of agarose
gel analysis is shown. Bar graph shows
densitometric analysis of agarose gel
:4 (n=4). The ratio of ICER to GAPDH is indi-
cated as a percentage of unstimulated
control. *P<0.05 vs control, **P<0.01 vs
control, *P<0.05 vs beraprost. E. VSMCs
were stimulated with or without beraprost
(1umol/L) for 3 hours, then treated with
actinomycin D (ActD, 5 ug/mL). Total RNA
was prepared at the indicated time points
after ActD addition. The expression level
Beraprost of ICER mRNA and GAPDH mRNA was
determined by semiquantitative RT-PCR.
A line graph shows densitometric analysis
of agarose gel (n=4). The ratio of ICER to
GAPDH before addition of ActD in each
group was set as 100%. Statistical analy-
sis was performed by 2-way ANOVA. A
probability value between 2 groups is indi-
cated in the graph.

and expression of [CER mRNA was determined by semi-
quantitative RT-PCR method. Two species of ICER mRNA (I
and II), which are produced by alternative splicing, were
detected. Both bands were taken into account for the densi-
tometric analysis, Maximum expression of ICER mRNA was
observed at 3 hours after stimulation (Figure 1A, IB).
Expression of ICER mRNA was dose-dependently increased
by beraprost. (Figure 1C, 1D).

Beraprost Induces Expression of ICER Protein
VSMCs were incubated with beraprost (I umol/L) for various
periods, and expression of ICER protein was determined by
Western blot analysis. Maximum expression of ICER protein
was observed at 3 hours after stimulation (Figure 2A, 2B).
Expression of ICER protein was dose-dependently increased
by beraprost (Figure 2C, 2D). Two bands represented ICERI/
ICER I y or ICER II/ICER II ¥, which were produced by
alternative splicing of y exon.'®
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Figure 4. Overexpression of ICER attenuates neointimal forma-
tion in balloon-injured artery. A, Western blot analysis of ICER in
carotid artery is shown. Control indicates an intact carotid
artery. Expression of ICER protein was detected by Western
blot analysis. The membrane was stripped and reprobed with an
anti-a-tubulin antibody. A representative blot is shown. B, A bar
graph shows densitometric analysis of Westem blots (n=4). The
ratio of ICER to a-tubulin is indicated as a percentage of con-
trol. C, Representative micrographs of cross sections of injured
carotid arteries stained with hematoxylin-eosin after 14 days of
balloon injury are shown in the upper panel. To detect the
expression of recombinant adenovirus vector in carotid artery,
the B-galactosidase stained-micrographs of control and
AdlLacZ-infected artery are shown in the lower panel. D,
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Beraprost Induces Expression of [CER mRNA
Through PKA Pathway

We examined whether PKA pathway mediates induction of
ICER mRNA by beraprost. VSMCs were stimulated with
beraprost for 3 hours after pretreatment with or without H89,
a PKA inhibitor. H89 significantly inhibited the expression of
ICER mRNA induced by beraprost (Figure 3A, 3B). To
examine whether beraprost-induced expression of ICER
mRNA requires de novo protein synthesis, we examined the
effect of cycloheximide (CHX). Pretreatment with CHX (10
ug/mL) did not affect induction of ICER mRNA by beraprost
(Figure 3C, 3D), suggesting that de novo protein synthesis is
not required. We examined whether beraprost affects ICER
mRNA stability. Beraprost did not affect the degradation rate
of ICER mRNA (Figure 3E), suggesting that beraprost does
not affect ICER mRNA stability.

ICER Mediates Beraprost-Induced Suppression of
VSMC Proliferation

Previously, it was reported that beraprost inhibited VSMC
growth.'2 We examined the role of ICER in beraprost-
induced growth suppression. To knockdown of ICER
expression, we used siRNA technique. Introduction of
siRNA for ICER sufficiently inhibited the expression
of beraprost-induced ICER protein, compared with that of
scRNA (supplemental Figure [A and IB, available online at
http://atvb.ahajournals.org). Neither ICER siRNA nor scRNA
affected CREB expression. Introduction of siRNA for ICER
significantly upregulated beraprost-induced CRE-luciferase ac-
tivity (supplemental Figure IC), suggesting that ICER negatively
regulates CRE-dependent gene transcription induced by bera-
prost. Beraprost attenuated ['H]-thymidine incorporation into
VSMCs induced by PDGF, and overexpression of ICER also
inhibited PDGF-induced VSMCs proliferation. ICER siRNA
prevented the inhibitory effect of beraprost (supplemental Figure
ID), suggesting that ICER is a key regulatory molecule in the
inhibitory effect of beraprost on VSMC proliferation. In addi-
tion, overexpression of ICER induced apoptosis of VSMCs.
However, beraprost did not increase the number of apoptotic
cells (supplemental Figure IE). This may be attributable to that
ICER inhibits its expression through negative feedback mecha-
nism,? and therefore ICER expression induced by beraprost is
transient (Figure 1).

Overexpression of ICER Attenuates Neointimal
Formation in Balloon-Injured Artery

A previous report showed that beraprost inhibited neointimal
formation after balloon injury.'” We examined whether over-
expression of [CER showed the same effect. We overex-
pressed ICER in balloon-injured artery by infection with
AdICER. Balloon injury decreased endogenous ICER expres-
sion (Figure 4A and 4B), although the difference was statis-

Morphometric analyses after 14 days of balloon injury in these 3
groups are indicated (n=6). "P<0.05 vs balloon injury group (BI)
and Bl+AdLacZ, CSA: cross-sectional area. E, A bar graph
shows the ratio of TUNEL-positive cells to 100 nuclei in the
intima or media (n=6). **P<0.01 vs Bl, "P<0.01 vs Bl+AdLacZ.
F, A bar graph shows the ratio of Ki-67—positive cells to 100
nuclei in the intima or media (n=6). *"P<0.01 vs BI.
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tically insignificant. Infection with AJICER suppressed neo-
intimal formation (I/M ratio) and intimal area compared with
AdLacZ after 14 days of balloon injury (Figure 4C and 4D).
TUNEL index in the neointima of AdICER-infected arteries
was significantly increased compared with that of AdLacZ-
infected arteries, resulting in an increase in the lumen area
(Figure 4E), and Ki-67 labeling index was significantly
decreased (Figure 4F) in AJICER-infected arteries.
B-galactosidase staining in control and LacZ transduced
artery suggest that infection of adenovirus was successfully
performed in injured artery (Figure 4C, lower panels).

Discussion
In the present study, we showed that ICER is inducible in
VSMCs by beraprost. We also examined whether ICER is
involved in beraprost-induced growth suppression of VSMCs
in vitro. The critical role of ICER in beraprost-induced
growth suppression was clarified by the experiment using
siRNA for ICER, which showed that downregulation of
beraprost-induced ICER expression abolished the growth
inhibition by beraprost. Overexpression of ICER suppressed
neointimal formation in balloon-injured rat carotid artery
through induction of apoptosis and inhibition of proliferation.

It was reported that beraprost inhibits neointimal formation
by preventing the downregulation of p27*"" expression, a
cyclin-dependent kinase inhibitor that is downregulated by
denudation in a canine coronary artery injury model.'” In this
study, beraprost also reduced the number of cells in S phase
and increased the number of cells in GI phase in EGF-
stimulated cultured VSMCs, indicating that the cell cycle
arrest in G1 phase was induced by beraprost. Lames et al
reported that overexpression of ICER induced G2/M arrest in
pituitary corticotroph cell line through direct downregulation
of the cyclin A. which contains functional CRE sites in the
promoter region.* In addition, there are several other mech-
anisms by which cAMP cascades inhibit VSMC growth.
Cospedal et al previously reported that cAMP elevating
agents inhibited activation of extracellular signal-regulated
protein kinases (ERK) 1/2 induced by PDGF.?' Another
group reported that accumulation of cAMP inhibited PDGF-
stimulated VSMC growth through apoptosis by induction of
p21 and anti-oncogene p53.22 These results suggest that
beraprost may inhibit PDGF-induced proliferation of VSMCs
through induction of cell cycle arrest at these 2 cell cycle
check points and apoptosis. Because CREB is known to
regulate the expression of proliferating cellular nuclear anti-
gen, cyclin A, and cyclin DI, it may be possible that ICER
inhibits these cell cycle check points.

We previously reported that CREB mediated tumor necro-
sis factor (TNF)-a—induced migration of VSMCs.>' There-
fore, it may be possible that overexpression of ICER inhibits
VSMC migration from media to neointima, resulting in the
attenuation of neointimal formation. Intriguingly, the pro-
moter region of TNF-a that is produced from macrophages as
well as VSMCs contains functional CRE site,>! and another
group reported that All-induced TNF-a expression required
CRE-binding site in cardiac fibroblasts,>® suggesting that
TNF-a production from injured artery may be suppressed by
ICER overexpression.

Tomita et al reported that overexpression of ICER in
cardiac myocytes induced apoptosis through downregulation
of Bel-2, an antiapoptotic molecule.'* We also reported that
overexpression of dominant negative CREB induced VSMCs
apoptosis through Bel-2 downregulation.'s These data sug-
gest that overexpression of ICER in the injured artery may
suppress the Bcl-2 expression in the neointimal VSMCs, and
result in an increase in the number of apoptotic cells.
Adhesion of mononuclear cells to dysfunctional endothelium
is considered to be an early step of the atherosclerosis.?
Various adhesion molecules such as vascular cell adhesion
molecule (VCAM)-1, E-selectin, and intercellular adhesion
molecule are shown to be expressed in atherosclerotic lesion
and are involved in this cell attachment.?’-28 Beraprost is
reported to inhibit TNF-a—induced expression of VCAM-1 in
cultured endothelial cells.? Because overexpression of domi-
nant negative CREB also inhibits TNF-a—induced VCAM-1
expression,2* beraprost may inhibit VCAM-1 expression
through induction of ICER.

In the present study, we showed that overexpression of
ICER inhibited neointimal formation through apoptosis and
growth inhibition of VSMCs in vivo. The promoter region of
ICER contains 4 CRE-like elements known as cAMP-
autoregulatory element.” The induction of ICER expression is
medicated by CREB, and the induced ICER inhibits ICER
induction through CRE site. Thus, this negative feedback
system limits the expression of ICER. It is possible that the
self-limited induction may weaken the antigrowth effect of
endogenous ICER. Although the mechanism is not clear,
balloon injury attenuated the expression of ICER, which may
contribute to neointimal formation. Therefore the forced
expression of ICER in injured artery may be more effective in
preventing neointimal formation.

In conclusion, we showed in the present study that ICER
suppresses proliferation of VSMCs and induces apoptosis.
Our data suggest that ICER may be a novel therapeutic tool
for vascular proliferative diseases.
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Original Article

Inhibition of Balloon Injury—Induced Neointimal
Formation by Olmesartan and Pravastatin in Rats
with Insulin Resistance

Ming CHEN"2 Toshihiro ICHIKI", Hideki OHTSUBO", lkuyo IMAYAMA",
Keita INANAGA", Ryouhei MIYAZAKI", and Kenji SUNAGAWA"

The combined effect of an angiotensin Il type 1 receptor blocker and a 3-hydroxy-3-methylglutaryl-coenzyme
A (HMG-CoA) reductase inhibitor on vascular lesion formation in the insulin-resistant state has not been
examined. We tested whether or not combined treatment is superior to single-drug treatment for inhibiting
vascular lesion formation in insulin-resistant rats. The rats were maintained on a fructose-rich diet for 4
weeks and then treated with olmesartan (1 mg/kg/day) and/or pravastatin (10 mg/kg/day) for 3 weeks. After
1 week of drug treatment, balloon injury of the carotid arteries was performed. Two weeks later, the injured
arteries were harvested for morphometry and immunostaining. Olmesartan and pravastatin each modestly
attenuated neointimal formation without significant changes in blood pressure or serum lipid levels. The
combination of olmesartan and pravastatin significantly suppressed the neointimal formation compared
with either monotherapy. The number of terminal deoxynucleotidyl transferase-mediated dUTP nick end-
labeling (TUNEL)-positive cells was increased by olmesartan but not by pravastatin. Olmesartan and prava-
statin each decreased the number of Ki-67—positive cells, which indicates cell proliferation, to the same
extent. The combined treatment increased the number of TUNEL-positive cells but did not affect the number
of Ki-67-positive cells. The combined treatment decreased the insulin level and increased the number of cir-
culating endothelial progenitor cells. These results suggest that the combination of olmesartan and prava-
statin is beneficial for the treatment of vascular diseases in the insulin-resistant state independently of
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blood pressure or cholesterol levels. (Hypertens Res 2007; 30: 971-978)

Key Words: olmesartan, pravastatin, neointimal formation, balloon injury, insulin resistance

Introduction

Coronary heart disease (CHD) is the leading cause of cardiac
mortality and morbidity in the developed countries. Hyper-
tension, hypercholesterolemia, and diabetes mellitus (DM)
cause endothelial dysfunction and consequently lead to ath-

erosclerosis. The prevalence of DM is epidemic (/). The risk
of cardiovascular diseases is two to four times higher in dia-
betic patients than in the non-diabetic population. Recent
studies on the metabolic syndrome (MetS), which is charac-
terized by hypertension, clevated levels of cholesterol and tri-
glyceride, insulin resistance, and central obesity have
suggested that these conditions are linked and synergistically
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enhance the development of DM and atherosclerosis (2, 3).
Insulin resistance is believed to play a pivotal role in the
development of MetS.

The renin-angiotensin system (RAS) is crucially involved
in the development of cardiovascular diseases. Angiotensin
(Ang) Il is the principal final effector molecule of the RAS.
The physiological effects of Ang 1T are mediated through Ang
11 receptors (4). Several studies have suggested that the bene-
ficial effects of Ang I receptor blocker (ARB) are due to inhi-
bition of the type 1 receptor (AT:R) function as well as to
enhanced stimulation of the type 2 receptor, whose effects are
generally believed to be opposite those of AT,R. Clinical tri-
als have shown that ARB improves the prognosis of patients
with acute myocardial infarction (5), heart failure (6), and
renal disease (7). And these effects are believed to be inde-
pendent, at least in part, of their blood pressure (BP)-lower-
ing effects. [n addition, most of the recent clinical trials have
revealed that ARB treatment decreases the incidence of new-
onset diabetes (8).

3-Hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA)
reductase inhibitors (statins) have been found useful for both
primary and secondary prevention of CHD (9). In addition to
their powerful lipid-lowering effect, it is generally accepted
that statins have pleiotropic effects independent of choles-
terol-lowering effects, such as enhancement of nitric oxide
production, inhibition of smooth muscle proliferation, and
anti-inflammatory and antioxidative actions (/0).

A few reports have suggested that a combination of statins
and RAS inhibitors may be more cffective than single drug
treatment in preventing vascular remodeling after angio-
plasty. Horiuchi et al. reported that fluvastatin enhances the
inhibitory effects of valsartan on cuff injury-induced ncointi-
mal formation in mice (//) and in apolipoprotein E knockout
mice (/2). Recently, Nishikawa ef al. reported that combina-
tion treatment with statin and ARB after coronary stenting is
useful for reducing in-stent restenosis (/3). A recent study
showed that ARB and statin improved the anti-atherosclerotic
gene expression profiles of internal mammary arteries from
patients undergoing coronary artery bypass graft (/4). How-
ever, it has not been examined whether a combination of ARB
and statin is effective for inhibiting neointimal formation in
an insulin-resistant state. We therefore examined whether or
not a combination of ARB and statin is beneficial for prevent-
ing balloon injury (Bl}-induced neointimal formation in insu-
lin-resistant rats.

Methods

Materials

Olmesartan (Olm), an ARB, and pravastatin (Pra), an HMG-
CoA reductase inhibitor, were gifts from Sankyo Co. (Tokyo,
Japan). A 2F Fogarty balloon catheter was purchased from
Baxter (Deerfield, USA). Olm was dissolved in methylcellu-
lose and diluted in distilled water (final concentration | mg/

mL). Pra was dissolved in distilled water (final concentration
10 mg/mL).

Animal Model

All procedures and animal care were approved by the Com-
mittee on Ethics of Animal Experiments, Kyushu University,
and were conducted according to the animal care guidelines
of the American Physiological Society. Male Sprague-Daw-
ley (SD) rats at 7 weeks old were divided into two groups.
One group was fed a standard rat chow containing 60% vege-
table starch, 5% fat, and 24% protein (control group). The
other group was fed a fructose-rich chow containing 60%
fructose, 5% fat, and 20% protein for 4 weeks, which induced
an insulin-resistant state (fructose group) (/3). The fructose
group rats were further divided into a sham operation (Sham)
group, a Bl group, a BI+Olm group, a BI+Pra group, and a
BI+Olm+Pra group. The drugs were given orally by gastric
gavage once a day, which was started 1 week before Bl and
continued for 2 weeks after BI. The rats were fed a fructose-
rich diet during drug treatment. Olm was given at a dose of |
mg/kg/day, which is reported not to affect BP level (/6). Pra
was given at a dose of 10 mg/kg/day, which does not affect
serum lipid level (/7). On the last day of the experiments, rats
were kept fasting for 12 h and then sacrificed.

Serum concentrations of glucose, triglyceride (TG), total
and low-density lipoprotein cholesterol (TC and LDL-C,
respectively), and insulin were measured. Systolic BP (SBP)
and heart rate (HR) were measured using the tail-cuff method
(UR-5000; Ueda Industries, Tokyo, Japan).

Bl of Rat Carotid Artery

The rats were anesthetized by intraperitoneal injection of pen-
tobarbital sodium at the age of 12 weeks, The left common
carotid artery was denuded of the endothelium with a 2F Fog-
arty balloon catheter introduced through the external carotid
artery (/8). Inflation and retraction of the balloon catheter
were conducted three times. Then the balloon was removed
and the external carotid artery was ligated. Sham operation
was performed without Bl

Morphometry and Immunostaining

Two weeks after BI, rats were euthanized with a lethal dose of
pentobarbital, and the carotid arteries were fixed by perfusion
at 100 mmHg with 4% formaldehyde via an 18G intravenous
cannula placed retrogradely in the abdominal aorta. The arter-
ies were additionally fixed by immersion in the same fixative
used for perfusion. The arteries were excised and then embed-
ded in paraffin. Sections were stained with hematoxylin and
eosin. The balloon-injured carotid arteries with intact internal
clastic lamina were subjected to morphometry for assessing
the intima/media (I/M) ratio. Immunohistochemistry was per-
formed using a denoted primary antibody and a commercially
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Table 1. BW, BP and HR before and after Fructose Rich Diet

Group Weeks n BW (g) SBP (mmHg) HR (/min)
Control 7 16 222%15 111£8 352x21
Control 11 8 353+10° 110+7 34516
Fructosc 11 8 413221 11218 342416

Data arc expressed as mean+SD. 'p<0.05 vs. control at 7-wecks. ip<0.05 vs. control at 11-wecks. BW, body weight; SBP, systolic
blood pressure; HR, heart rate.

Table 2. Biochemical Analysis of Serum in Control and DM Rats

Group Wecks n Glucose (mg/dL)  TC (mg/dL) LDL-C (mg/dL) TG (mg/dL) Insulin (ng/mL)
Control 7 8 12817 5416 5+0.5 22+7 0.7+0.2
Control I 8 134112 6010 9t4 3718 1.0+0.3
Fructose Il 8 177423} 398+32¢ 87430 75426} 4.4+0.7

Data are cxpressed as mean+SD. $p<0.05 vs. control at | 1-wecks. TC, total cholesterol; LDL-C, low density lipoprotein cholesterol;
TG, triglyceride.

Table 3. BW, BP and HR at 14 Weeks

Group n BW (g) SBP (mmHg) HR (/min)
Control +Sham 8 405£20 11319 340t18
Control+BI 8 410423 1127 336£20
Fructosc +Sham 8 41618 11449 33619
Fructose + Bl 8 42818 113+7 344135
Fructosc+BI1+0Im 8 405120 110t6 337+14
Fructosc+ Bl +Pra 8 422+16 114+8 33313
Fructosc+BI+0OIm+Pra 8 406+25 10818 335419

Data arc expressed as meant SEM. BW, body weight; SBP, systolic blood pressure; HR, heart rate; B, balloon injury; Olm, olmesartan;
Pra, pravastatin,

Table 4. Biochemical Analysis of Serum at 14 Weeks

Group n Glucose (mg/dL)  TC (mg/dL) LDL-C (mg/dL) TG (mg/dL) Insulin (ng/mlL.)
Control+Sham 8 133£13 6312 %5 39+12 1.0£0.4
Control +BI 8 138+5 6l+10 9+5 42+13 1.1£0.4
Fructosc+Sham 8 18625 401+42¢ 79+21% 77+18¢ 3.8+.6
Fructose + Bl 8 174 £46 382+63¢ 75423} 83+14¢ 3.9+.8!
Fructosc+B1+OIlm 8 198+30¢ 409+74¢ 83+31% 77+ 14 3419
Fructosc+ Bl +Pra 8 2224344 357+55¢ 69125¢ 70£27¢ 3.2+.8¢
Fructose+ B1+OIm+Pra 8 176425} 324442} 56+ 18! 59118} 1.1£0.4"

Data arc cxpressed as mean+SEM. 1p<0.05 vs. control (Sham or BI), "p<0.01 vs. other fructosc groups. TC, total cholesterol; LDL-C,
low density lipoprotein cholesterol; TG, triglyceride; BI, balloon injury; Olm, olmesartan; Pra, pravastatin.

available detection system (Dako Glostrup, Denmark). The as the Ki-67 index.
extent of neointimal formation was quantified by computed
planimetry of histologically stained sections. The cross-scc-
tional arcas of the blood vessel layers including the lumen
area, intima area, and medial area were quantified at thrce Apoptotic cells were detected by the terminal deoxynucleoti-
different sections (proximal, middle, and distal). The ratio dyl transferase-mediated dUTP nick end-labeling (TUNEL)
of Ki-67—positive cells to total nucleated cells was expressed method with an Apoptosis in sifu Detection Kit (Wako Pure

Detection of Apoptosis
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Chemical Industries, Osaka, Japan). The counterstain was
done with hematoxylin. Quantitative analysis was performed
in five independent sections in each rat (n=5). The ratio of
TUNEL-positive cells to total nucleated cells was expressed
as the TUNEL index.

Isolation of Peripheral Blood Mononuclear Cells
and Identification of Endothelial Progenitor Cells

Rat mononuclear cells (MNCs) were initially isolated from
peripheral buffy coat blood in a Histopaque-1083 (Sigma-
Aldrich, St. Louis, USA). MNCs were then suspended in
EGM-2 (Cambrex Bio Science, East Rutherford, USA),
placed on a plate coated with collagen type I (Becton Dickin-
son, Franklin Lakes, USA) and incubated for 4 days. To
detect the uptake of 1,1’-dioctadecyl-3,3,3",3"-tetramethylin-
docarbocyanine—labeled acetylated low-density lipoprotein
(DILDL; Biomedical Technologies, Stoughton, USA), cells
were incubated with DILDL (10 pg/mL) at 37°C for 4 h. Cells
were then fixed with 0.5% paraformaldehyde for 10 min, and
lectin staining was performed by incubation with fluorescein
isothiocyanate (FITC)-labeled Bandeiraca simplicifolia
agglutinin BS-1 (lectin, 20 pg/mL; Sigma-Aldrich) at 4°C
overnight. After the staining, samples were viewed with an
inverted fluorescent microscope (IX71; Olympus, Tokyo,
Japan). Dual-stained cells positive for both lectin and DiLDL
were judged to be endothelial progenitor cells (EPCs) (/9)
and the number of dual-stained cells was counted per dish
with a blinded investigator by 15 randomly selected high-
power fields (x200).

Statistical Analysis

Statistical analysis was performed with one-way ANOVA
and Fisher’s test if appropriate. p<0.05 was considered to be
statistically significant. Data arc shown as means£SEM.

Results

Effect of Fructose-Rich Diet

BP and HR were measured before and after the rats were
maintained on normal or fructose-rich chow for 4 weeks
(Table 1). The body weight (BW) of the fructose group was
significantly higher than that of the control group. However,
BP and HR were not significantly different between the con-
trol and fructose groups. Biochemical analysis of serum
showed that levels of TC, LDL-C, and TG were higher in the
fructose group than in the control group (Table 2). It was sup-
posed that the majority of the increased cholesterol was high-
density lipoprotein (HDL). The increase in insulin level with
an increase in blood glucose level suggests that these rats are
insulin-resistant,

At the end of the experiments (14 weeks of age), BW, BP,
and HR did not differ significantly among the groups (Table

3). The biochemical analysis at 14 weeks of age revealed that
drug treatment did not significantly affect serum levels of glu-
cose or lipids (Table 4). The combination of Olm and Pra,
however, significantly decreased serum insulin levels com-
pared with the other fructose-fed groups, suggesting that insu-
lin sensitivity was improved.

Bl of Rat Carotid Artery

The hematoxylin-cosin (HE) staining showed that the extent
of neointimal formation after Bl in fructose-fed rats was the
same as that of control rats (Fig. 1). Olm or Pra modestly
inhibited neointimal formation. The combination of Olm and
Pra was more effective than single drug treatment at inhibit-
ing neointimal formation.

Apoptosis and Proliferation

The TUNEL positively stained cells, which indicate apoptotic
cells, was increased in the neointima (Fig. 2A, white bars) of
the Olm-treated group. Pra did not affect the number of
TUNEL-positive cells. However, the addition of Pra to Olm
significantly increased the number of TUNEL-positive cells
(Fig. 2A). The same tendency was observed in the media
(filled bars), although the absolute number of TUNEL-posi-
tive cells in the media was small.

The number of Ki-67—positive cells, which indicates cell
proliferation, was increased in the neointima of fructose-fed -
rats. The number of Ki-67—positive cells was decreased in
Olm to the same extent as in Pra (Fig. 2B). However, a syner-
gistic decrease in Ki-67-positive cells was not observed in the
combination treatment group. Very few Ki-67-positive cells
were observed in the media, and there was no significant dif-
ference in the number of Ki-67—positive cells among the
groups (data not shown). These data may suggest that the
reduction in the neointimal area by the combination treatment
is due to an increase in the number of apoptotic cells.

Effect on the Number of EPCs

EPCs are believed to participate in the recovery of endothe-
lium of injured artery. We therefore measured the number of
EPCs in the MNCs from these control and fructose-fed rats at
the end of the experiments (Fig. 3A). The number of EPCs in
the fructose-fed rats was significantly decreased (Fig. 3B). Bl
significantly increased the number of EPCs in both the con-
trol and fructose groups. Neither Olm nor Pra alone had any
effect on the number of EPCs in the fructose group. However,
the combination treatment significantly increased the number
of EPCs.

Discussion

Although we hypothesized that the extent of ncointimal for-
mation after BI would be exaggerated in the insulin-resistant
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Olm Pra Olm+Pra

Fructose Group

Fig. 1. Neointimal formation in the carotid artery of control and fructose-fed rats. Representative microphotographs of hema-
toxylin-eosin staining of carotid artery after 14 days of balloon injury are shown. A: control; B: fructose group; C: Sruc-
tose+Olm group; D: fructose +Pra group; E: fructose+Olm+Pra group, F: Bar-graph indicates I/M ratio. The values are
expressed as means SEM. n=8. "p<0.05 vs. control. *p<0.05 vs. Olm or Pra group and p<0.01 vs. control.

state, this was not the case. The present data and previous
results (/ /) suggest that insulin resistance induced by fructose
feeding has little effect on Bl-induced neointimal formation,
which ARB and statin synergistically suppressed to the same
extent in the control and fructose-fed rats.

It has been reported that feeding rats a fructose-rich dict
induces insulin resistance and hypertension (/5). Our data
showed that both blood glucose and insulin levels were cle-
vated in rats after they were fed a fructose-rich diet for 4
weeks, suggesting that an insulin-resistant stale was estab-
lished. [However, the BP level was not changed. A recent
paper showed that a fructose-rich diet did not affect BP level
(20), which is consistent with our results. The mechanism
explaining this difference is not yet clear. It is also difficult to
explain the increased lipid levels in the fructose-fed rats. The
ingredients of the fructose-rich diet used in our experiment
are almost the same as those used in the previous studies (20,
21), which reported no significant increase in total cholesterol
level but an increase in triglyceride level. Although the mech-
anism for the increase in cholesterol levels is not clear, Pra
did not show a significant effect on cholesterol level in the

fructose-fed rats, indicating that a comparison among the
fructose groups is possible.

Olm at doses that decrease BP was reported to improve
insulin resistance in fructose-fed rats (2/). Our data, however,
indicated that Olm at a dose without BP change did not affect
insulin or glucose levels. Intriguingly, the combination of
Olm and Pra significantly decreased insulin levels, although
Pra alone did not affect insulin levels. The mechanism under-
lying this combination effect is not clear. One of the possible
common target molecules of ARB and statin is Rho-kinase.
Ang 11 is reported to activate the Rho-Rho kinase pathway
(22, 23). Thus, ARB prevents Ang [l-induced Rho-kinase
activation. And a recent report suggested that Rho-kinasc
phosphorylates the serine residue of IRS-1, which inhibits
insulin signaling and results in insulin resistance (23). Statins
are known to inhibit activation of Rho by inhibiting gera-
nylgeranylation (24). Actually, it was reported that fluvasta-
tin, another HMG-CoA reductase inhibitor, prevented Ang
ll-induced cardiac hypertrophy through the inhibition of
Rho-kinase (25). Therefore, it may be possible that a combi-
nation of Olm and Pra synergistically suppresses the Rho—
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Fig. 2. Apoptosis and proliferation of VSMC in the injured
artery. TUNEL staining and immunohistochemical analysis

for Ki-67 staining were performed in cross sections of

carotid artery 14 days after balloon injury. A: TUNEL index
of the intima (white bars) or media (black bars) is indicated
(n=35). B: Ki-67-positive index of intima (white bars) is indi-
cated. Because there were so few Ki-67—positive cells in the
media, these are not indicated in the graph. The values are
expressed means £SEM. "p < 0.05 vs. control, *p<0.05 vs.
Olm. "p<0.05 vs. control and p<0.01 vs. fructose group
without drug. n=35.

Rho kinase pathway and improves insulin resistance.

Contradictory results were reported about the effects of Pra,
a hydrophilic statin that penetrates the cell membrane poorly,
on vascular smooth muscle cells (VSMC) proliferation and
apoptosis. Pra was found to have a minimal effect on the inhi-
bition of VSMC proliferation and the induction of apoptosis,
whereas substantial effects were observed with fluvastatin or
simvastatin (26). However, a recent report showed that Pra at
a relatively high dose induces apoptosis and growth inhibition
of VSMC, possibly through p27%"" and phosphatidylinositol-
3 kinase (PI-3K) (27). Because Ang Il is known to activate
PI-3K, the combination of Pra and Olm may synergistically
inhibit this pathway. However, the mechanisms of the difTer-
ential effect of the combined therapy on the TUNEL index
and Ki-67 index is not yet clear. Further investigation is
needed.

The combination of Olm and Pra was also more effective in
recruiting EPCs. It was reported that statin-induced EPC
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Fig. 3. The number of endothelial progenitor cells. A: A
representative microphotograph of attached mononuclear
cells stained with FITC-lectin (green) and incorporating Dil-
LDL (red). Part of the microscopic field is enlarged. B: The
number of double-positive cells is counted as EPCs. The bar
graph indicates the number of EPCs in each group. The val-
ues are expressed as means +SEM. p < 0.05 vs. fructose with-
out BI. *p<0.05 vs. control without BI. *p < 0.05 vs. fructose
group without BI. "p<0.01 vs. fructose group without Bl
and p < 0.05 vs. other fructose with Bl groups. n=5-8.

mobilization requires increased endothelial nitric oxide (NO)
bioavailability (28). Because Ang 11 induces production of
reactive oxygen species, which quench NO, the combination
of ARB and statin may increase the NO bioavailability,
resulting in increased EPC recruitment. Indeed, a recent study
showed that a combination treatment of Olm and Pra syner-
gistically improved endothelium-dependent vasodilation and
reduced the level of thiobarbituric acid-reactive substances in
salt-loaded Dahl salt-sensitive hypertensive rats compared
with treatment with either drug alone, suggesting NO has a
role in the combined treatment (29).

However, the contribution of EPCs to the reduction of
neointimal formation is not clear from this study because we
did not examine whether or not these cells were incorporated
into the regenerated endothelium of the injured vessel. In
addition, the number of EPCs in the control Bl group, which
has the largest ncointimal area, is the highest among all
groups. Interestingly, it was reported that recruitment of vas-
cular progenitor cells to vascular lesions is injury-dependent
(30). Tanaka et al. (30) showed that bone marrow cells were



