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Table 2. Numbers of Podocytes and FSP1*
Podocytes in Renal Biopsy Specimens

FSP1*
Podocytes  Podocytes
No. of (/glomerular  {/glomerular
Nephropathy Gilomeruli profile) profile)
Diabetic nephropathy
Grade 1 102 9(8,12)*t 1(0,2)%
Grade 2 212 10(7,12)1§ 2 (1, 4)
Grade 3 96 8 (6, 10)t 3(2,5)
Grade 4 95 6 (4, 8)# 3(1,5)9
Grade 5 57 1(0,3) 0(0, 1)
Minimal change
disease 207 9(7,11) 0(0, 1)

Tumor nephrectomy 290 9(6, 11) 0(0, 1)

Note: Restilts expressed as median (first quartile, third
quartile).

Abbreviation: FSP17, fibroblast-specific protein 1 posi-
tive.

*P = 0.02 versus grade 3.

1P < 0.001 versus grades 4 and 5.

$P < 0.001 versus minimal change disease and tumor
nephrectomy.

§P = 0.004 versus grade 3.

[P = 0.007 versus grade 1.

4P < 0.001 versus grades 1, 2, and 5.

#P < 0.001 versus grade 5.

(Fig S2). Finally, we found that ILK colocalized
with FSP1 in podocytes from patients with dia-
betic nephropathy (Fig $3).

Induction of EMT Markers In Vitro

Numerous studies have shown that TGF-81 is
a master regulator governing the induction of
EMT, and glomerular TGF-B1 expression is up-
regulated in diabetic nephropathy.****> We there-
fore tested whether TGF-(1 stimulates the expres-
sion of mesenchymal markers in cultured
podocytes. As shown in Fig S4, TGF-$1 induced
a more than 6-fold increase in expression of
Snaill mRNA and 3.5-fold increase in that of
lysyl oxidase mRNA. Fibronectin and collagen
type 1, which are 2 standard mesenchymal mark-
ers, were also induced by TGF-31.

DISCUSSION

Podocytes are specialized visceral cpithelial
cells that attach to the GBM through «381 intc-
grin and dystroglycan.*® Because the likelihood
of detachment is unrelated to the degree of pro-
teinuria in other renal diseases,*” and in our
study, the number of FSP1* podocytes in pa-

ticnts with MCD is very low, the association of
FSP1 expression with detachment probably is
indicative of some additional pathophysiological
phenomena.

Podocytes detaching from glomeruli are either
apoptotic or can be retrieved from urine as viable
cells.’? In diabetes, podocyte detachment is asso-
ciated with degree of proteinuria, and both detach-
ment and proteinuria can be attenuated by admin-
istration of an angiotensin-converting enzyme
inhibitor.'*> Apoptosis previously was suggested
to be the mechanism underlying podocyte detach-
ment in diabetes, perhaps due to overexpression
of TGF-B, alteration of the matrix surrounding
the GBM, overexpression of angiotensin II in-
duced by intraglomerular hypertension, high glu-
cose level, proteinuria leading to a decrease in
glomerular nephrin, dysfunction of the slit-pore
membrane, and/or downregulation of @381 inte-
grins.'®'>'® Because most detached podocytes
in our study were not apoptotic, we propose a
different mechanism for detachment.

Podocytes rarely express FSP1 in normal glo-
meruli. The observed upregulation of FSP1 ex-
pression in podocytes from patients with diabe-
tes raises the possibility that its expression is
linked to podocyte detachment and subsequent
glomerular pathological states. In transplantation
relapse, primary focal segmental glomeruloscle-
rosis, and idiopathic collapsing glomerulopathy,
EMT-like changes are observed in podocytes.*®*°
Because FSP1 is an important regulator of intra-
cellular calcium and actin dynamics in EMT-
producing fibroblasts,>'*! we hypothesize that
outside-to-inside signaling induces EMT-like
changes and detachment of live podocytes. The
presence of FSP1 in a substantial percentage of
urinary podocytes in MCD suggests that the
same mechanism of podocyte loss may be present
in this disease, albeit at a much lower level of
activity. i

Although there are several regulators of EMT,
Snaill is the most powerful positive regulator of
EMT. Snaill is a zinc-finger transcription factor
that binds directly to E-boxes in the promoter
regions of E-cadherin, claudin, and occuludin,
thereby repressing their expression. It is likely
that Snaill transcription has a critical role in the
first steps of EMT by repressing genes encoding
adherens and tight junction adhesion molecules.
That Snaill expression is enhanced in diabetic
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Figure 6. Expression of epithelial-mesenchymal transition markers in renal biopsy specimens from patients with diabetic
nephropathy. (A-C) Zona occludens 1 (ZO-1) and fibroblast-specific protein 1 (FSP1) staining in grade 4 diabetic
nephropathy. (A) ZO-1 serves as a podocyte marker (red staining). (B) Cells expressing FSP1 (green staining) are clearly
present within diabetic glomeruli. (C) Merged images show no colocalization of ZO-1 and FSP1 at advanced stages of
diabetic nephropathy. (D-1) Podocyte marker and Snail1 expression in grade 2 diabetic nephropathy. (D, G) Synaptopodin
and glomerular epithelial protein 1 (GLEPP1) serve as markers of podocytes (red staining), respectively. (E,H) Cells
expressing Snail1 (green staining) are clearly present within diabetic glomeruli. (F, ) Merged images show colocalization of
podocyte markers and Snail1, confirming that some podocytes in diabetic glomeruli express Snail1. Nuclei were stained with
4'6-diamidine-2'-phenylindole dihydrochtoride (blue). (Original magnification xX400.)

podocytes is consistent with our hypothesis that
podocytes undergoing EMT-like change dctach
from the GBM. Another signaling pathway lead-
ing to EMT is through ILK. 381 intcgrins in
podocytes arc associated with ILK at focal attach-
ment points, and altered expression of «381
integring in the diabetic milicu could activate
JLK.”%*" ILK is expressed by mesangial cells
and podocytes in normal glomeruli and upregu-
lated in diabetic glomeruli.>® High glucose and
angiotensin II levels increase ILK expression in
cultured podocytes.”’ Activation of ILK in transi-

tioning epithelia induces translocation of B-catc-
nin/lymphoid enhancer-binding factor | (LEF-1)
complexes into the nucleus, where they reduce
E-cadherin expression by engaging the EMT
transcriptome.®® In podocytes, this translocation
also represses the slit membrane by reducing
expression of P-cadherin and CD2AP.>* Our ob-
servation of the colocalization of FSP1 and ILK
in podocytes also supports our hypothesis.

We suggest that TGF-1 is the cffcctor most
likely to clicit EMT in diabctic ncuropathy.
TGF-B1 is uprcgulated in glomeruli of paticnts
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with diabetes™* and is the master regulator
g

governing induction of EMT.'° Moreover, we
found that TGF-B1 stimulated expression of
Snaill and lysyl oxidase in cultured podocytes.
Because both these effectors stimulate cellular
motility,*** we suggest they also may be associ-
ated with podocyte detachment.

In summary, our new finding of FSP1 in hu-
man podocytes from diabetic glomeruli is consis-
tent with the notion that EMT-like changes may
explain podocyte detachment in diabetic nephrop-
athy. The number of FSP1™ podocytes in renal
biopsy specimens and urine sediment may be
predictive of renal disease progression. Elucida-
tion of the mechamisms regulating FSP1 expres-
sion in podocytes should shed new light on
processes governing the pathogenesis of human
diabetic nephropathy.
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SUPPLEMENTARY MATERIAL

Figure S1. Representative immunohistochemical evalua-
tion of a renal biopsy specimen from a patient with minimal
change disease.

Figure S2. Expression of epithelial-mesenchymal transi-
tion markers in a renal biopsy specimen from a patient with
minimal change disease.

Figure S3. FSP1 and ILK expression in minimal change
disease and diabetic nephropathy.

Figure S4. Induction of mesenchymal markers in cultured
podocytes after stimulation with TGF-£1.

Note: The supplementary material accompanying this
article (doi:10.1053/j.ajkd.2009.05.009) is available at
www.ajkd.org.
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Guanylyl Cyclase-A Inhibits Angiotensin Il Type 2
Receptor-Mediated Pro-Hypertrophic Signaling in the
Heart

Yuhao Li, Yoshihiko Saito, Koichiro Kuwahara, Xianglu Rong, Ichiro Kishimoto,
Masaki Harada, Yuichiro Adachi, Michio Nakanishi, Hideyuki Kinoshita,
Masatsugu Horiuchi, Michael Murray, and Kazuwa Nakao

Department of Medicine and Clinical Science (Y L., KK, X.R, M.H., Y.A, M.N,, H.K,, K.N.), Kyoto University Graduate
Schoot of Medicine, Kyoto 606-8507, Japan; First Department of Internal Medicine (Y.S.), Nara Medical University, Nara
634, Japan; National Cardiovascular Center Research Institute (1.K.), Osaka 565-8565, Japan; Department of Molecular
Cardiovascular Biology and Pharmacology (M.H.), Ehime University Graduate School of Medicine, Ehime 791-0295, Japan,
and Faculty of Pharmacy (M.M.), The University of Sydney, Sydney, New South Wales 2006, Australia

Angiotensin |l plays a key role in the development of cardiac hypertrophy. The contribution of the
angiotensin Il type 1 receptor (AT1) in angiotensin ll-induced cardiac hypertrophy is well estab-
lished, but the role of AT2 signaling remains controversial. Previously, we have shown that natri-
uretic peptide receptor/guanylyl cyclase-A (GCA) signaling protects the heart from hypertrophy at
leastin part by inhibiting AT 1-mediated pro-hypertrophicsignaling. Here, we investigated the role
of AT2 in cardiac hypertrophy observed in mice lacking GCA. Real-time RT-PCR and immunoblot-
ting approaches indicated that the cardiac AT2 gene was overexpressed in GCA-deficient mice.
Mice lacking AT2 alone did not exhibit an abnormal cardiac phenotype. In contrast, GCA-defi-
ciency-induced increases in heart to body weight ratio, cardiomyocyte cross-sectional area, and
collagen accumulation as evidenced by van Gieson staining were attenuated when AT2 was absent.
Furthermore, the up-regulated cardiac expression of hypertrophy-related genes in GCA-null an-
imals was also suppressed. Pharmacological blockade of AT2 with PD123319 similarly attenuated
cardiac hypertrophy in GCA-deficient mice. In addition, whereas the AT1 antagonist olmesartan
attenuated cardiac hypertrophy in GCA-deficient mice, this treatment was without effect on car-
diachypertrophy in GCA/AT2-double null mice, notwithstanding its potent antihypertensive effect
in these animals. These results suggest that the interplay of AT2 and AT1 may be important in the
development of cardiac hypertrophy. Collectively, our findings support the assertion that GCA
inhibits AT2-mediated pro-hypertrophicsignaling in heart and offer new insights into endogenous
cardioprotective mechanisms during disease pathogenesis. (Endocrinology 150: 3759-3765, 2009)

ardiac hypertrophy is an independent risk factor for cardiac
Cm()rbidity and mortality. Left ventricular hypertrophy isa ma-
jor, independent predictor of cardiovascular events, particularly in
hypertension, in which it dramatically increases the risk of stroke,
coronary heart disease, and heart failure (1). Therefore, elucidation
of the underlying mechanism leading to cardiac hypertrophy may
have significant implications for the development of therapeutic
strategices.
Atrial natriuretic peptide (ANP) is a cardiac hormone that
acts through guanylate cyclase-A (GCA) to lower blood pressure
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and dilate blood vessels in vivo (2) and to inhibit the growth of
cardiac myocytes and fibroblasts in vitro (3). Brain natriuretic
peptide (BNP) also activates GCA and has effects similar to those
of ANP, although it also exerts local antifibrotic actions in the
ventricle (4). Mice lacking GCA exhibit hypertension, cardiac
hypertrophy, and fibrosis and are prone to sudden death, which
is consistent with a protective role for natriuretic peptide/GCA-
signaling pathways in the cardiovascular system (5-8).
Angiotensin (Ang) I plays a key role in the development of
cardiac hypertrophy (9). Although most of the cardiovascular

Abbreviat:ons: ACE, Angiotensin converting enzyme; Agt, angiotensmogen; Ang, angio-
tensin; ANP, atrial natnuretic peptige;, AT1, angiotensin Il type 1 receptor; BNP, brain
natriuretic peptide; BW, body weight; GCA, guanylyl cyclase-A; HW, heart weight; KO,
knockout; LVW, left ventricidar weight; NPR, natriuretic peptide receptar; RVW, night
ventricular weight; SBP, systolic blood pressure; WT, wild type.
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effects of Ang Il are mediated via the Ang IItype 1 receptor (AT1)
(10), the alternate major Ang Il receptor subtype, AT2, may also
be important because its expression is up-regulated in cardio-
vascular pathologies, including cardiac hypertrophy (11, 12) and
heart failure (13). Although the roles of AT2 in cardiac remod-
eling remain controversial, accumulating lines of evidence ap-
pear to support the view that AT2 can promote cardiac growth
in pathological situations. Indecd, at least in some tissues, AT1
and AT2 share common signaling pathways that stimulate cell
and tissue proliferation (14-18).

We have demonstrated previously that genetic or pharmaco-
logical blockade of AT1a signaling attenuates cardiac hypertro-
phy and fibrosis in GCA-deficient mice (6, 7), suggesting that
GCA inhibits ATTa-mediated pathological signaling in the heart.
Importantly, however, the cardiac hypertrophy and fibrosis in
GCA-deficient mice was not completely abolished in animals
lacking both GCA and AT1a (6). Similarly, AT1 blockade by
olmesartan (CS-866) in GCA-null mice only partially reversed
the increase in cardiac hypertrophy and fibrosis, suggesting the
involvement of AT1-independent signaling in cardiac remodel-
ing observed in GCA-deficient mice. In the present study, we
investigated the role played by AT2 in cardiac hypertrophy in-
duced by GCA deficiency using further genetic and pharmaco-
logical manipulation in mice. The findings of this study are con-
sistent with a pro-hypertrophic effect of AT2 signaling in heart.

Materials and Methods

Animals and treatments
All experimental procedures were performed according to Kyoto
University standards for animal care.

Experiment 1

Male homozygous GCA-deficient [GCA™/AT2%", GCA knockout
(KO)] and wild-type (WT, GCA™*"/AT2*") mice used in this experiment
{n = 7 each group) were generated by methods described previously (5).
The genetic backgrounds of the mice were C57BL/6. Animals at 1617
wk of age were killed for initial gene analysis.

Experiment 2

The genetic backgrounds of the AT2-deficient (GCA™7/AT27Y,
AT2 KO) mice were FVB/N. Male homozygous AT2 KO, GCA KO,
GCA™/AT27 (double KO}, and WT mice used in this experiment (n =
7-9 each group) were generated from the heterozygotes after crossing
female AT2 KO and male GCA KO mice. Systolic blood pressure {SBP)
was measured at 11, 14, and 16 wk of age using a noninvasive comput-
erized tail-cuff method (BP98A; Softron Co., Ltd., Tokyo, Japan) (6 -8).
Animals at 1617 wk of age were killed for further examination.

Experiment 3

WT and GCA KO mice were used in this experiment {n = § cach
group). The AT2 antagonist PD123319 (30 mg/kg - d; Sigma, Osaka,
Japan) was dissolved in saline and administered daily by ip injection for
4 wk, in mice at 1213 wk of age. The corresponding control animals
were treated with saline only. SBP was measured before and 2 and 3 wk
after treatment with the antagonist or saline using a tail-cuff method
{MK-2000ST; Muromachi Kikai Co. Ltd., Tokyo, Japan). Animals were
killed for further examination after 4 wk treatment.

Endocrinology, August 2009, 150(8):3759-3765

Experiment 4

All four genotypes were used in this experiment (n = 7-9 each group).
The ATI antagonist olmesartan (a gift from Daiichi-Sankyo Co. Ltd.,
Tokyo, Japan) was suspended in 5% gum arabic and administered by
oral gavage at a dose of 10 mg/kg once a day for 4 wk in mice at 12-13
wk of age; control animals received vehicle alone. SBP was measured 3
wk after trcatment with the antagonist or vehicle using a tail-cuff method
(BPIBA; Softron). Animals were killed for further examination afrer 4
wk treatment,

Determination of heart weight (HW) and right and left
ventricular weights (RVW and LVW)

Animals were cuthanized, hearts were removed and weighed, and
then the right and left ventricles were weighed separately. The ratios of
these weights to the total body weight (BW) (HW/BW, RVW/BW, and
LVW/BW) were calculated as indexes of cardiac hypertrophy.

Measurement of cardiomyocyte cross-sectional area and
histological assessment of cardiac fibrosis

A segment of the excised left ventricle from each animal was fixed in
10% neutral formalin over several days and then dehydrated with graded
concentrations of alcohol before embedding in paraffin. Paraffin shces
from each heart were stained with hemartoxylin-eosin, Morphomertry of
each section was performed to determine the myocyte cross-sectional
arca as described previously (19). The cross-scctional arca of cardiomy-
ocytes in scctions that had been cut transversely was measured using a
KS400 Imaging System (Carl Zeiss Vision, Eching, Germany); cardio-
myocytes possessed an intact cellular membrane, and the nucleus was
visible. The outer borders of the cardiomyocytes were traced at X 400
magnification, and the cardiomyocyte areas were calculated. One hun-
dred cells per heart were counted, and the mean value was used in sub-
sequent analyses.

To determine the extent of collagen fiber accumulation, paratfin
slices from each heart were subjected to van Gicson staining. Forty ficlds
from three individual sections were selected at random, and the van
Gieson-stained areas were measured in relation to the total left ventric-
ular arca using image analysis softwarc and a Zciss KS400 system (6, 7).

Analysis of mRNA

Total RNA was prepared from individual left ventricles of mouse
hearts using TRIzol (Life Technologics Inc., Rockville, MD). mRNAs
were quantified by real-time RT-PCR using the TagMan system {ABI
PRISM 7700 Sequence Detector; Applied Biosystems, Foster City, CA)
{6). The primers and probes of the genes examined were as follows: ANP
sense S'-GCCATATTGGAGCAAATCCT-3', antisense §'-GCAGGT-
TCTTGAAATCCATCA-3', and oligonucleotide probe, 5'-TGTACAGT-
GCGGTGTCCAACACAGAT-3’; BNP sense 5'-CCAGTCTCCAGAG-
CAATTCAA-3, antisense §'-GCCATTTCCTCCGACTTTT-3', and
oligonucleotide probe 5'-TGCAGAAGCTGCTGGAGCTGATAAGA-3';
collagenTsense S'-GTCCCAACCCCCAAAGAC-3', antisense §'-CATCT-
TCTGAGTTTGGTGATACGT-3, and oligonucleotide probe §'-CACG-
GCTGTGTGCGATGACG-3'; collagen I sense S'-TGGTTTCTTCT-
CACCCTTCTTC-3', antisense S'-TGCATCCCAATTCATCTACGT-3/,
and oligonucleotide probe 5'-TCCCACTCTTATITTGGCACAGCAG-
TC-3"; angiotensinogen {Agt) sense S'-CATTGGTGACACCAACCCC-3/,
antiscnse S-GCTGTTCCTCCTCTCCTGCT-3', and  oligonucleotide
probe $-AGGTTCTCAATAGCATCCTCCTCGAACTC-3'; angiotensin
converting enzyme {ACE) sense 5'-CGGAATGAAACCCATTTITGA-3,
antiscnse 5'-GCACAAAGCTCACGAAGTACC-3', and oligonucleotide
probe §'-CACATCCCAAACGTGACACCGTACAT-3'; AT1a sense §5'-
GTTTGCGCTTTTCATTACGAGT-3', antisense S'-TCTTGGTTAGG-
CCCAGTCCT-3', and oligonucleotide probe 5'-CCGGAATTCAACG-
CTCCCCA-3" AT2 sense 5-CCACCA GCAGAAACATTACC-3/,
antisense §'-GGACTCATTGGTGCCAGTT-3', and oligonucleotide
probe §'-CAGCCGTCCTTTTGATAATCTCAACG-3'; and TGF-g1
sense 5'-GACGTCACTGGAGTTGTACGG-3, antisense 5'-GCTGA-
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ATCGAAAGCCCTGT-37, and oligonucleotide probe §'-AGCGCATC-
GAAGCCATCCG —3'. Glyceraldehyde-3-phosphate dehydrogenase
{housckecping gene) mRNA was also amplificd with specific primers and
probe {(Applied Biosystems).

immunoblotting

AT?2 protein was estimated by Western blotting (20}. Total proteins
were resolved on 4-12% polyacrylamide gradient gels {Invitrogen,
Carlsbad, CA), electrophoretically transferred to polyvinylidene diflu-
oride membranes, blocked [in buffer containing 20 mm Tris (pH 7.5},
150 mym NaCl, 5% BSA, 0.1% Twecen 20}, and incubated for 18 hat 4
Cwith AT2 receptor-specific antibody {Santa Cruz Biotechnology, Santa
Cruz, CA). Detection was performed with peroxidase-conjugated sec-
ondary antibody, using an ECL chemiluminescence kit {Amersham,
Buckinghamshire, UK}. Immunoblotting with a monoclonal anti-B-actin
antibody (Cell Signaling, Beverly, MA) was conducted to ensure equal
protein loading.

Statistical analysis

All results are expressed as means = SEM of values obtained in indi-
vidual animals. Data were analyzed by single-factor ANOVA. If a sig-
nificant effect was found, the Fisher’s protected least signiticant differ-
ence test was performed to isolate the difference between the groups.
Student’s ¢ test was used to assess the effect of olmesartan treatment on
the hypertrophic phenotype in GCA KO mice (see Fig. 6). A valuc of P <
0.05 was considered to be statistically significant.

Results

AT2 deficiency ameliorates cardiac hypertrophy in
GCA-deficient mice

We first determined cardiac gene expression of AT2 and
ATla in WT and GCA KO mice using real-time RT-PCR anal-
ysis. The results demonstrated an increase in cardiac AT2 mRNA
expression in GCA-deficient mice compared with WT controls
(Fig. 1A). Western blot analysis confirmed the increase in AT2
expression in GCA-null mouse heartat the protein level (Fig. 1B).
In contrast, cardiac AT1la mRNA expression did not difter be-
tween WT and GCA null mice {Fig. 1C). There were no differ-

A B 11! eomene cmem Cb

B-uctin §

34

AT2GAPDY
i
ATHAAPDH

# S it

Wi S ARD W NS Xt Wi GOVRO
FIG. 1. Cardiac AT2, but not AT13, is up-requlated in GCA KO mice. Total RNA
was extracted from the left ventricular tissues using TRIzol. & and T, AT2 (A) and
AT1a (C) mRNAs were determined by real-time RT-PCR, and the resuits were
normalized to GAPDH. B, AT2 protein was detected by Western immunoblot
analysis. Values are means 2 <em{n = 7). *, P < 0.05.
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ences in the cardiac expression of Agt and ACE between WT and
GCA-KO (data not shown).

To evaluate the potential role of AT2 in cardiac hvpertrophy
induced by GCA deficiency, we generated mice lacking both
GCA and AT2 by crossing AT2 KO and GCA KO mice. There
was no significant difference in BW among the four genotypes
(WT, 34.1 = 1.1 g AT2 KO, 343 = 1.1 g GCAKO, 354 =
1.1 g; double KO, 34.3 = 0.7 g). In accord with previous reports
(15, 16, 21), single deletion of AT2 did not induce a change in
cardiac phenotype (Figs. 2, A-D, and 3, A, B, D, and H). By
contrast, deletion of GCA alone increased SBP (Fig. 2A),
HW/BW (Fig. 2B), LVW/BW (Fig. 2C), RVW/BW (Fig. 2D), the
cross-sectional area of cardiomyocytes (Fig. 3, A and E), and
cardiac interstitial van Gieson-staining area {Fig. 3, B and ).
Importantly, SBP was not different between GCA KO and dou-
ble KO mice (Fig. 2A), whereas HW/BW, LVW/BW, and
RVW/BW ratios, the cross-sectional area of cardiomyocytcé, and
left ventricular interstitial fibrosis were all lower in double KO
mice compared with GCA KO animals (Figs. 2, B-D, and 3, A,
B, F, and J).

We further examined the expression of hypertrophy-related
genes. Cardiomyocytes are the major source of ANP and BNP
(2), which are two important molecular markers of cardio-
myocyte hypertrophy (22). Collagens I and 1l are the princi-
pal collagen genes expressed in heart. Consistent with the
changes in cardiac hypertrophy and fibrosis, deletion of AT2
alone did not alter cardiac expression of mRNAs for ANP,
BNP, and collagens I and I1l in mice (Fig. 4, A-D). However,
the increased cardiac expression of each of these genes that
was observed in mice that lacked GCA was suppressed when
AT2 was also deleted (Fig. 4, A-D).

To investigate the underlying mechanism, we further ex-
amincd cardiac cxpression of Agt, ACE, AT1a, and TGF-g1
mRNAs. Nodifferences in the expression of Agt, ACE,and AT 1a
mRNAs were observed between genotypes (Fig. 4, E-G). Single
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FIG. 2. Targeted deletion of AT2 ameliorated cardiac hypertrophy in GCA-
deficient mice. A~D, SBP (A), HW/BW (B), LVWW/BW ((), and RVW/BW (D) in WT,
AT2 KO, GCA KO, and AT2/GCA double KO mice. Values are means + i

(n = 7-9). * P-10.05.
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TGF-B1 expression in double KO mice was returned

T

Cardiomyaocyte eross sectonal ayod

800 to the levels observed in hearts from WT mice.

6110 Pharmacological blockade of AT2 also

- attenuates cardiac hypertrophy in

5 o . GCA-deficient mice

To substantiate the role of AT2 in GCA deficiency-
induced cardiac hypertrophy, we administered the
AT2 antagonist PD123319 to GCA-null mice. Con-
sistent with genetic blockade of AT2,PD 123319 treat-
ment for 4 wk did not affect SBP (Fig. SA) but de-
creased the ratios of HW/BW and LVW/BW in GCA
KO mice (Fig. 5, B and C); RVW/BW ratio was un-
changed (Fig. 5D).

w

Residual cardiac hypertrophy in double KO

A mice is resistant to an AT1 antagonist
E Pharmacological or genetic blockade of AT1 has
been shown to attenuate GCA-deficiency-induced
Wi AT GO Dbk cardiac hypertrophy (6). Although cardiac mass in
RO RORO . : v I e double KO mice was significantly lower than in
FIG. 3. Deletion of AT2 decreased cardiomyocyte cross-sectional areas and cardiac interstitial GCA KO mice, it was still greater than that in WT
fibrosis in GCA-deficient mice. Morphometry of left ventricular myocytes was performed to and AT2 KO mice (Fig. 2, B-D). To test whether the

measure the myocyte cross-sectional area as described previously (19). The van Gieson-
stained collagen deposit area and total ventricular area in the left ventricles were analyzed ) s )
using an image analyzing system. A, Cardiomyocyte cross-sectional areas in the four mouse AT1, we administered the AT1 antagonist olmesar-
genotypes under investigation; B, interstitial fibrosis (percent, the van Gieson-stained area to tan to WT, AT2 KO, GCA KO, and double KO
total ventricular area ratio); C-F, representative histological findings of cardiomyocytes in
different experimental groups (hematoxylin-eosin staining). Magnification, X400. G-J, ) ) " ) -
Representative examples of cardiac interstitial fibrosis (red; X200). Values are means = sem in all four of the murine genotypes under investiga-
(n=7-9). *, P < 0.05. tion {Fig. 6 A). However, whereas this treatment sig-

nificantly reduced HW/BW (Fig. 6B) and LVW/BW
deletion of AT2 did not alter cardiac expression of TGF-B1 (Fig.  (Fig. 6C) in GCA KO, it was without effect in double KO mice.
4H). However, TGF-1 gene expression was significantly up-

residual hypertrophic effect might be mediated by

mice. Olmesartan treatment similarly decreased SBP

regulated in cardiac tissues from GCA KO mice. Consistent with

y the observed attenuation of cardiac hypertrophy and fibrosis,

| Discussion
A B C D*1 The role of AT2-mediated signaling path-
1 —]— 1 = * : ways in the development of cardiac hyper-
= 6 - 'é' ) trophy remains controversial. Initially, AT2
2 z “ was reported to exert opposing effects on
: 1 i E growth-promoting signaling mediated by
2 3 : ; gx‘ 1 AT1 {23). On the other hand, there arc sev-
] : = § 1 eral reports that AT2 activates pro-hyper-
()—rcl m ] = . B g o trophic signaling in some animal models
s S "R (15, 16, 18). Thus, AT2 may have complex
= Fis, G is- H,. effects in the development of cardiovascular

hypertrophy (24). It has been reported that
the expression of AT2, but not AT1, is di-
rectly correlated with left ventricular mass

1

i

in aortic-banded rats that exhibit cardiac
hypertrophy {11, 25). In accord with these
reports, the present findings from real-time

ACEGAPDH

n

AT GAPDH
n

TUF-BHGAPDH

RT-PCR and immunoblot analyses demon-
Wi T2 GCADoubic 0 wp V12 GCADuble g AT GEA Db strated that AT2, but not ATla, was up-
KO KO KO KG KO KO KO KO KO KO KO KO regulated in GCA KO mouse heart. Al-
FIG. 4. Cardiac mRNA expression of the ANP (A), BNP (B), collagen (), collagen l1 (D), Agt (B}, ACE (7,
AT1a(G), and TGF-g81 (H) genes among different mouse genotypes. Total RNA was extracted from the left . . .
ventricular tissues using TRIzol. The relative levels of speaific mRNAs were determined by real-time RT-PCR. a change in cardiac phenotype, the increase
Results were normalized to GAPDH. Values are means * st {n = 7-9). =, P < 0.05. in cardiac mass reflected by increased ratios

though deletion of AT2 alone did not induce
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FIG. 5. Pharmacological blockade of AT2 ameliorated cardiac hypertrophy but
did not affect hypertension in GCA-deficient mice. The AT2 antagonist
PD123319 (30 mg/kg) was injected (ip) daily for 4 wk. The corresponding control
animals were treated with saline alone. A-D, SBP (A), HW/BW (B), LVWW/BW (C),
and RVW/BW (D) in saline-treated (PD—) or PD123319-treated (PD+) mice.
Values are means = sem {n = 5 each group). *, P < 0.05.

of cardiac weights to body weight, cardiomyocyte cross-sec-
tional area, and collagen accumulation and overexpression of
hypertrophic genes ANP, BNP, and collagens I and IIl in GCA-
deficient hearts were all suppressed by AT2 deletion. Similarly,
the cardiac hypertrophy in GCA-deficient mice was also atten-
uated by pharmacological blockade with PD123319. These re-
sults clearly indicate that AT2-dependent pro-hypertrophic sig-
naling 1s dependent on GCA deficiency. Thus, similar to the

A 260 4

164

endo.endojournals.org 3763

situation with AT1a (6), AT2-mediated pro-hypertrophic sig-
naling in the heart is inhibited by GCA.

Many studies have demonstrated a functional link between
Ang Il and TGF-81 in the heart, and both are potent inducers of
cardiac hypertrophy. Ang Il has been shown to induce the ex-
pression of TGF-B1 in cardiac myocytes and fibroblasts (26).
The absence of the TGFE-B1 gene prevented the development of
cardiac hypertrophy in response to subpressor doses of Ang Il
(27). We have demonstrated previously that genetic or pharma-
cological blockade of AT1 suppressed cardiac TGF-B1 overex-
pression and attenuated cardiac hypertrophy in GCA-deficient
mice (6, 7). It has also been demonstrated that pharmacological
blockade of AT2 is able to attenuate Ang Il-stimulated TGF-p1
secretion in valvular interstitial cells (28). In the present study,
overexpression of TGF-81 in GCA deficiency was modulated by
deletion of AT2, which also diminished the extent of cardiac
hypertrophy. Thus, the present findings suggest that cardiac
TGF-B1 participates in GCA-elicited inhibition of AT2-medi-
ated pro-hypertrophic signaling in the heart.

Genetic deletion and pharmacological blockade of AT1 both
reversed cardiac hypertrophy in GCA KO mice, thus implicating
AT1 in growth promotion {6). Ablation of AT2 in the present
study also partially attenuated cardiac hypertrophy in GCA KO
mice, but somewhatsurprisingly, the AT | antagonist olmesartan
did not produce further decreases in the HW/BW or LVW/BW
ratios despite exerting beneficial effects on SBP. Importantly,
however, it has been reported that blockade of AT2 abolished the
anti-hypertrophic effect of AT1 antagonists in hearts of aged rats
(29) and that combined AT1/AT2 blockade did not influence
Ang Il infusion-dependent cardiac hypertrophy in Sprague Dawley
rats (30). The implication of these studies in intact animals,
that AT2 is essential for the anti-hypertrophic effects of AT1
antagonists, is supported by the present findings in gene-tar-
geted animals.

The present study further distinguishes the
impact of pharmacological AT1 antagonism

*
on SBP from effects on cardiac remodeling.

FTE -

84 4

16 4

Thus, olmesartan decreased SBP in intact,
GCA-null, AT2-null, and GCA/AT2-double
null mice, whereas cardiac hypertrophy was re-
versed by olmesartan only in GCA KO mice. Ang
II signaling leading to altered gene transcrip-

tional activation and function may involve

GCA KO

wr AT2RO

w

HWIBW (mgi)
LY WIBW (mpgie)

Double KO multiple intracellular pathways. The AT1 is
coupled to heterotrimeric G proteins and may
activate phospholipases to increase calmodulin
kinase activity and calcium release, which effects
vasoconstriction {31). Balanced against thisis the
P activation of ANP and BNP transcription and
cross talk with the AT2, which modulate hyper-
tensive actions (31). On the other hand, cardio-
myocyte proliferation and hypertrophy are also
stimulated by Ang Il acting via AT1 signaling

]
W ATIKO GUA KO Double KO Wi

FIG. 6. The AT1 antagonist olmesartan lowered SBP but did not affect cardiac hypertrophic
phenotype in double KO mice. A-C, Effect of olmesartan (10 mg/kg crally for 4 wk) on SBP (A), HW/
BW {B), and LVW/BW (C) in hearts of mice carrying each of the genotypes under investigation.

Values are means = sent{n = 7-9). *, P <0 0.05.

ATZ KO GOA KO Double KO

through the epidermal growth factor receptor
coupled to MAPKs (32, 33). Thus, the present
observations that cardiac hypertrophy in GCA
deficiency is independent of blood pressure reg-
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ulation is consistent with the differential activation of alternate
signaling cascades by AT1 and AT2.

Recently, several lines of evidence have suggested that GCA
activity is relatively decreased in certain populations of patients
with cardiovascular diseases. A functional polymorphism in the
§'-flanking region of the human GCA gene that is associated with
essential hypertension and cardiac hypertrophy has been de-
scribed {34). This variant most likely diminishes GCA gene ex-
pression in these patients, predisposing them to hypertension and
cardiac hypertrophy such as that observed in GCA-deficient
mice. Another polymorphism in the human GCA gene §'-flank
modulates left ventricular mass in essential hypertension (35).
We also reported that a further polymorphism in the GCA
5'-flanking region, which decreases the transactivation of the
GCA promoter in vascular smooth muscle cells, is associated
with essential hypertension (36). Furthermore, itis emerging that
desensitization of GCA signaling occurs in patients with severe
heart failure (37, 38). These lines of evidence suggest that func-
tional deterioration of GCA signaling may contribute to the pro-
gression of certain cardiovascular diseases. At this time, it is
unclear whether an AT2-dependent mechanism could be oper-
ative in these patients. The present findings that cardiac hyper-
trophy in GCA-null mice is attenuated by blocking AT2 may
provide important information for further detailed mechanistic
research and eventual application of AT2 antagonists in patients
with hypertension and cardiac hypertrophy caused by decreased
GCA activity.

Taken together, the present findings demonstrate that GCA
inhibits AT2-mediated cardiac growth-promoting signaling
pathways and provides new insights into endogenous protective
mechanisms against cardiac remodeling.
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Human Placental Ectonucleoside Triphosphate
Diphosphohydrolase Gene Transfer via Gelatin-Coated
Stents Prevents In-Stent Thrombosis
Yasuhiro Takemoto, Hiroyuki Kawata, Tsunenari Soeda, Keiichi Imagawa, Satoshi Somekawa,

Yukiji Takeda, Shiro Uemura, Masanori Matsumoto, Yoshihiro Fujimura, Jun-ichiro Jo, Yu Kimura,
Yasuhiko Tabata, Yoshihiko Saito

Background—In-stent thrombosis is mainly triggered by adenosine diphosphate (ADP)-dependent platelet aggregation

after percutanous coronary stent implantation. Ectonucleoside triphosphate diphosphohydrolase (E-NTPDase) rapidly
hydrolyzes ADP to adenosine monophosphate, inhibiting platelet aggregation. We tested the hypothesis that local
delivery of human placental E-NTPDase (pE-NTPDase) gene into injured arteries via gene-eluting stent could prevent
subacute in-stent thrombosis.

Methods and Results—We generated gene-eluting stents by coating bare metal stents with cationic gelatin hydrogel

containing pE-NTPDase ¢DNA (pE-NTPDase stent), and implanted the stents into rabbit femoral arteries (FA) prone
to production of platelet-rich thrombi due to repeated balloon mjury at 4-week intervals. After the second injury,
E-NTPDase gene expression was severely decreased: however, the implantation of pE-NTPDase stent increased
E-NTPDase mRNA levels and NTPDase activity to higher level than normal FA. The FAs with pE-NTPDase stents
maintained patency in all rabbits (P<<0.01), whereas the stent-implanted FAs without pE-NTPDase gene showed low
patency rates (17% to 25%). The occlusive platelet-rich thrombi, excessive neointimal growth, and infiltration of
macrophages were inhibited in stent implanted FA with pE-NTPDase gene, but not without pE-NTPDase gene.

Conclusions—Human pE-NTPDase gene transfer via cationic gelatin-coated stents inhibited subacute in-stent thrombosis

and suppressed neointimal hyperplasia and inflammation without antiplatelet drugs. (Arterioscler Thromb Vasc Biol.
2009;29:857-862.)

Key Words: cationic gelatin @ E-NTPDase m gene therapy ® thrombosis m platelets

In-stem thrombosis is a life-threatening adverse event that
often follows coronary stent implantation. The use of
polymer-coated drug-cluting stents (DES) has significantly
reduced the rates of restenosis and target lesion revascular-
ization (TLR) compared with bare metal stents (BMS).
However, such stents do not reduce the incidence of subacute
in-stent thrombosis and even increase late in-stent thrombosis
attributable to incomplete reendothelialization and vascular
healing.'=? Therefore, long-term use of antiplatelet drugs is
required after DES implantation; this may cause critical
adverse events including hemorrhagic complications and
thrombotic thrombocytopenic purpura in a small number of
cases. Over the past couple of decades, a number of studies
have focused on development of new types of coronary
stents, such as gene-eluting stents, to prevent restenosis or
accelerate reendothelialization®s; however, turther efforts to
develop stents that prevent in-stent thrombosis without anti-
platelet drugs are necessary.

In-stent thrombosis is primarily triggered by local platelet
activation, culminating in platelet aggregation, the generation
of coagulation factors, and the formation of a fibrin network
and a stable occlusive thrombus.%7 Plaque rupture or vascular
injury resulting from stent implantation or the stent itself can
induce initial platelet adhesion and activation. Subsequent
intracellular signaling events trigger the release of secondary
agonists, such as thromboxane A, from membrane phospho-
lipids and adenosine diphosphate (ADP) from dense granules,
which led to the production of coagulation factors on the platelet
surface and generation of thrombin.®* Finally, subacute in-stent
thrombosis occurs. Thus, ADP is a key agonist that triggers
platelet aggregation, and degrading ADP or blocking binding of
ADP to purinergic receptors on the platelet surface might
prevent in-stent thrombosis.'®! This concept is clinically sup-
ported by evidence that thicnopyridines, spceific purinergic
receptor blockers, significantly prevent subacute thrombosis
after coronary artery stent implantation.!213
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Vascular ectonucleoside triphosphate diphosphohydrolase
(VE-NTPDase), or CD39, is a membrane-bound enzyme that
plays a crucial role in vascular endothelial function by
inhibiting platelet aggregation via phosphohydrolysis of ATP
and ADP to AMP.'* vE-NTPDase has 2 putative transmem-
brane domains and an extracellular domain containing 5
apyrase conserved regions (ACRs), of which ACR-1, -4, and
-5 are important for enzymatic activity.!S Makita et al'®
purified human placental E-NTPDase (pE-NTPDase), an
alternative form ol VE-NTPDase that differs at the N-terminal
11-aa residues. The purified pE-NTPDase has been demon-
strated to have 2 putative transmembrane domains and an
extracellular domain containing an enzymatically active re-
gion like vE-NTPDase. This protein also inhibits platelet
aggregation induced by platelet agonists or shear stress.'®-7
Recently, Furukoji et al'® reported that human pE-NTPDase
gene transfer to air-injurcd arterics via adcnovirus vector
suppressed platelet aggregation, thrombus formation. and
neointimal growth in mice. Based on these findings, we
speculate that local delivery of the pE-NTPDase gene through
a gene-eluting stent might prevent subacute in-stent throm-
bosis and neointimal hyperplasia without requiring antiplate-
let agents.

To evaluate antithrombotic effects of the gene-eluting stent
in a clinic-like sctting, we used a repeated balloon injury
model in the rabbit femoral artery, which is similar to acuate
coronary syndrome (ACS) in pathogenesis of occlusive
thrombi.’¥20 In this study. we generated a new coronary stent
coated with biodegradable cationic gelatin hydrogel as a
platform for gene elution and evaluated the effects of human
pE-NTPDase gene transfer to injured arteries on prevention
of subacute in-stent thrombosis and smooth muscle cell
proliferation using the rabbit ACS-like thrombus model.

Methods
Please see the supplemental materials at hitp://atvb.ahajournals.org
for detailed Methods.

Platelet Aggregation
We evaluated the effects of human pE-NTPDase on rabbit platelet
aggregation induced by ADP as previously described.'618

Preparation of Cationic Gelatin-Coated Stents
Cationic gelatin hydrogel was generated as previously described.?!
Normal stainless steel stents (bare metal stents [BMS]) were coated
with cationic gelatin hydrogels to prepare the gene-eluting stents.

Plasmid Expression Vectors and

Gene-Eluting Stents

The human pE-NTPDase ¢DNA was FLAG-tagged at the N terminus in
the pBS CAG vector.!” We also constructed a control pBS CAG vector
encoding bacterial SB-galactosidase (LacZ) to evaluate effective trans-
duction of plasmid DNA from a stent platform into rabbit arterial tissue.
We generaled pE-NTPDase gene-cluting stent (pE-NTPDasce stent) and
LacZ gene-eluting stent (LacZ stent) with the use of the stent coated
with cationic gelatin hydrogel (gelatin-coated stent).

Repeated-Balloon Injury of Rabbit

Femoral Arteries

The Animal Experimentation Committee at Nara Medical University
approved the experimental protocol used in this study. We used 76
male Japanese white rabbits (SLC Japan, Shizuoka. Japan) weighing

2.5 1o 2.7 kg. Repeated-balloon injury of the right femoral artery
(FA) was performed (o induce platelet-rich thrombus similar to ACS
as previously described, with minor modification.!s-2"

In Vive Stent Implantation

Rabbits were assigned to 1 of 4 groups: 22 rabbits received BMS, 22
gelatin-coated stents, 10 LacZ stents, and 22 pE-NTPDase stents.
Each stent was implanted in the injured right FA by balloon inflation.

Evaluation of Patency of Stent Implanted Arteries

Transcutaneous continuous Doppler analysis on day 3 post stent
implantation (n=10 for the BMS, gelatin-coated stent, and pE-
NTPDase stent groups, and n=4 for the LacZ stent group), and
angiography on days 3 and 7 post stent implantation (n=10 and 12
on each day for the BMS, gelatin-coated stent. and pE-NTPDase
stent groups, n=4 and 6 on cach day for the LacZ stent group) were
carried out to evaluate the patency of the stent implanted arteries.

X-Gal Staining, PCR, Western Blotting,

and Immunohistochemistry

X-Gal staining of stent implanted FAs, evaluation of E-NTPDase
and endothelial nitric oxide synthase (eNOS) mRNA expression by
real-time polymerase chain reaction (PCR) and E-NTPDase protein
cxpression by Western blotting in stent implanted FAs, and immu-
nohistochemical examination were performed as previously de-
scribed (please see the supplemental Methods).

Measurement of NTPDase Activity

NTPDase activity of whole FAs of stent implanted site was measured
by luciferin-luciferase bioluminescence assay using an ATP assay
system (TOYQ B-Net CO, LTD) on days 3 and 7 post sicnt
implantation (n=3 and 4 on each day, respectively. for the BMS and
pE-NTPDase stent groups). The data were expressed as the ratio of
activity in stent implanted FAs to activity in contralateral normal FA,

Statistical Analysis

Data are expressed as means=SD. Differences between individual
groups were evaluated using the unpaired Student ¢ test or ANOVA
with Bonferroni multiple comparisons. Values of P<0.05 were
considered significant.

Results

Effects of Human Placental E-NTPDase on Rabbit
Platelet Aggregation

First, we investigated whether platelet aggregation was in-
duced by ADP in rabbits, as well as the effects of human
pE-NTPDase on rabbit platelet aggregation. Rabbit platelet
aggregation was induced by ADP, and this was significantly
suppressed by human pE-NTPDase (supplemental Figure 1),
indicating that human pE-NTPDase might inhibit ADP-
dependent platelet aggregation also in rabbits.

Successtul Gene Transfer via Gelatin-Coated Stent
in Vivo

To evaluate gene transfer and protein expression in the injured
arterial tissue. we implanted LacZ stents into rabbit FAs after
repeated-balloon injury, and performed X-Gal staining on days 3
and 7 post implantation in the BMS, gelatin-coaled stent, and
LacZ stent groups (n=3 on each day). In the LacZ stent group,
strong X-Gal staining was observed in the implanted FA on days
3 and 7 (supplemental Figure II), whereas no staining was
observed in the arteries of the BMS or gelatin-coated stent
groups on day 3 (supplemental Figure IT) or 7 (data not shown).
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Figure 1. Expression of human pE-NTPDase mRNA (A) and total
E-NTPDase mRNA (B) in the stent implanted FAs (*P<<0.01 vs the
BMS and gelatin-coated stent groups on day 3). Expression of
human pE-NTPDase protein was examined by immunohistochemi-
cal examination (C) and by Western blotting with antibody against
FLAG (D). NTPDase activity was measured by luciferin-luciferase
bioluminescence assay (E) (*P<0.05 vs the BMS group).

These data suggest successtul and continuous protein expression
after gene transfer from cationic gelatin-coated stents.

E-NTPDase Gene Expression in Stent

Implanted Arteries

We examined the expression of E-NTPDase mRNA in the
FAs on days 3 and 7 post implantation by real-time PCR and
expressed the data as the ratio of E-NTPDase mRNA to
B-actin mRNA. As shown in Figure 1A, human pE-NTPDase
mRNA expression in the FA was observed 3 days after
pE-NTPDase stent implantation and persisted until 7 days
after implantation; human pE-NTPDase mRNA was not
detected immediately alter stent implantation (day 0). In
contrast, human pE-NTPDase expression was not observed at
any time point in either the BMS or gelatin-coated stent
group. We also examined total E-NTPDase mRNA expres-
sion of both exogenous human pE-NTPDase and endogenous
rabbit VE-NTPDase by real-time PCR (Figure 1B). In the
BMS and gelatin-coated stent groups, after the second bal-
loon injury the total E-NTPDase mRNA level was reduced to
about 10% of that in normal vessels on day 3 and then
recovered to 50% to 60% of normal levels on day 7.
However, in the pE-NTPDase stent group, total mRNA levels
of E-NTPDase increased by 40% on day 3 and decreased
slightly to levels comparable to normal at day 7. These results
indicate that human pE-NTPDase gene transfer allowed
maintenance of total E-NTPDase mRNA levels in injured
vessel walls despite denudation of endothelial cells.

E-NTPDase Stent Prevents In-Stent Thrombosis 859

Table. Patency of Stent Implanted FAs

Gelatin-Coated LacZ pE-NTPDase
BMS Stent Stent Stent
n (%) n (%) n (%) n (%)

Color Doppler
study (day 3)

Patent 1/10 (10) 1/10 (10) 0/4 (0) 10/10 (100)*
Stenosis 5/10 (40) 6/10 (60) 3/4 (75) 0/10 (0)
Occlusion 4/10 (40) 3/10 (30) 1/4 (25) 0/10 (0)
Angiographical
patency
Day 3 5/10 (50) 510 (50) 2/4 (50) 10/10 (100) 1+
Day 7 3/12 (25) 3/12 (25) 1/6 (17) 12/12 (100)*

*P<0.01 vs the other groups; tP<0.01 vs BMS and gelatin-coated stent
group; $P<<0.05 vs the other groups.

E-NTPDase Protein Expression and

Enzymatic Activity

Immunostaining for human pE-NTPDase (YH34) revealed
that human pE-NTPDase was expressed mainly in smooth
muscle cells widely from the media to the surface of neointima
but not in the adventitial cells only in the pE-NTPDase stent
implanted FAs, though was not detected in the other stent
implanted FAs either on day 3 (data not shown) or 7 (Figure 1C).
We evaluated pE-NTPDase protein expression in FAs by West-
ern blotting using anti-FLAG antibody, because YH34 did
not work in Western blotting. As cxpected, FLAG was
detected only in the pE-NTPDase stent group, and not in the
BMS or gelatin-coated stent groups or in normal arteries on
day 3 (data not shown) or 7 (Figurc 1D) post implantation.
Consistent with the E-NTPDase gene and protein expression,
NTPDase activity in FAs implanted with the pE-NTPDase
stents was similar to that in contralateral normal FAs, and was
significantly higher than in FAs implanted with BMS on both
days 3 and 7 (P<<0.05, Figure 1E).

Patency of Stent Implanted Arteries

We evaluated blood flow in the stent implanted FAs by
transcutaneous continuous Doppler on day 3 and angiography
on days 3 and 7 post implantation. Peak flow velocity
measured by continuous Doppler on day 3 showed normal
blood flow and patency in all ol the arteries implanted with
pE-NTPDase stents (10 of 10), whereas normal flow was
observed in only 1 of 10 arteries in each of the BMS and
gclatin-coated stent groups. Normal flow was not observed in
any artery in the LacZ stent group (0 of 4; Table). The rate of
angiographic patency in stent implanted FAs in the pE-
NTPDasc group was significantly higher than in the other 3
groups on both day 3 (100% in the pE-NTPDase stent group
versus 50% in the other groups) and day 7 (100% in the
pE-NTPDasc stent group versus 25% in thec BMS and
gelatin-coated stent groups, 17% in the LacZ stent group;
Table). Representative Doppler flow patterns are shown in
supplemental Figure IIT, and representative angiography are
in Figure 2A and supplemental movies. The difference in
patency ratc between continuous Doppler and angiographic
data in the BMS, gelatin-coated stent, and LacZ stent groups
might be attributable to collateral flow to the distal site from
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Figure 2. A, Representative angiograms taken on day 7. Arrows
and arrowheads show the proximal and distal stent edges,
respectively. B, Representative microphotographs of stent
implanted FAs on day 7. Thrombi obtained from BMS (lower
left) or gelatin-coated stent (lower right) implanted FAs were
strongly immunopositive for GP lib/lila.

the proximal sitc of stent implantation affccting the continu-
ous Doppler measurement.

Inhibition of In-Stent Thrombosis by pE-NTPDase
Gene Eluting Stents

As shown in Figure 2B, histological examination demon-
strated occlusive in-stent thrombosis in the BMS or gelatin-
coated stent implanted FAs, whereas no thrombi were ob-
served in FAs implanted with E-NTPDase stents on day 7
post implantation. Additionally, immunostaining for GP 1Ib/
IIla showed that the occlusive thrombi in the BMS and
gelatin-coated stent groups contained a large amount of
platelets. These results suggest that human pE-NTPDase gene
eluting stent suppressed platelet aggregation in the injured
arteries, inhibiting subacute in-stent thrombosis without an-
tiplatelet drugs.

Suppression of Neointimal Growth and
Inflammatory Cell Infiltration by pE-NTPDase
Gene Eluting Stents

To investigate the effect of E-NTPDase on neointimal for-
mation after vascular injury, we performed immunostaining
for a-smooth muscle actin to evaluate smooth muscle cell
proliferation and neointimal growth (Figure 3A), and for
macrophages to evaluate infiltration of inflammatory cells
(Figure 3C) in FAs on day 7 post stent implantation. The
neointimal growth was assessed by the average of the ratio of
neointima area to the area of neointima plus media in 3
transverse parts of each stent implanted FAs. The ratio of
neointima area was significantly smaller in the pE-NTPDase
stent group than in the BMS group (Figure 3B; P<<0.05). On
the other hand, stent struts were all covered with ncointima
partially including smooth muscle cells in the pE-NTPDase
stent group, but not in the BMS and gelatin-coated stent
groups (Figures 2B and 3A). Additionally, in the BMS and
gelatin-coated stent groups, infiltration of macrophages into
the arterial tissues was observed especially around the im-
planted stents, but almost none in the pE-NTPDase stent
group (Figure 3C).

Increase of eNOS Gene Expression in the Stent
Implanted Arteries

We evaluated the eNOS mRNA expression in the neointima
of stent-implanted FAs to speculate the reendothelialization
after stent implantation, because several antibodies that rec-
ognize markers of endothelial cells, such as CD31, von
willebrand factor, or eNOS, did not work for immunostaining
in plastic resin-cmbedded samples. The levels of ¢NOS
mRNA expression in the neointima of FAs in the pE-
NTPDase stent group were higher than in the BMS and
gelatin-coated stent groups on both day 3 and 7, and recov-
ered to 80% of normal level on day 7 (Figure 4). In the BMS
and gelatin-coated stent group. the levels of eNOS mRNA
expression were cxtremely low on day 3 and recovered to
40% to 50% of normal level on day 7. These results indicate
that reendothelialization is accelerated in the pE-NTPDase
stent implanted arteries, and that the recovery of the
E-NTPDase mRNA expression on day 7 in the BMS and
gelatin-coated stent groups (Figure 1B) is caused partly by
the newly regenerated endothelial cells.

Discussion
This study is the first to report that: (1) a plasmid vector
encoding the pE-NTPDase gene is reliably incorporated into
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Figure 4. eNOS mRNA expression in the neointima of the stent

implanted FAs. Data are expressed as the ratio of eNOS mRNA
to B-actin mRNA (*P<0.05 and tP<0.01 vs normal FA).

and released from newly designed cationic gelatin-coated
stents, (2) local delivery of the pE-NTPDase gene into injured
arteries enhances the mRNA and protein expression of
pE-NTPDase, thereby (3) preventing subacute in-stent throm-
bosis in a rabbit model of ACS-like thrombus formation
without antiplatelet therapy, and (4) the locally enhanced
expression of pE-NTPDase may suppress neointimal hyper-
plasia and inflammation, and accelerate reendothelialization
in arteries after stent implantation.

E-NTPDase, which is primarily expressed in the endothe-
lial cells of normal vessels, rapidly hydrolyzes extracellular
ATP and ADP to AMP, which is further converted to the
antithrombotic and antiinflammatory mediator adenosine by
5'-nucleotidase. Thus, E-NTPDase plays a critical role in the
inhibition of platelet aggregation in the vasculature. How-
ever, in injured vessels, E-NTPDase activity decreases, caus-
ing accumulation of ADP and thrombus formation. In fact, in
the present study, vE-NTPDase mRNA levels were decreased
to about one tenth of that in normal vessels (Figure 1B) after
repetitive injury. The E-NTPDase mRNA levels in the FAs
implanted with BMS or gelatin-coated stent recovered to 50%
to 60% of normal levels on day 7 though without human
pE-NTPDase gene transfer. On the other hand, the mRNA
expression of eNOS, which is specifically expressed in
endothelial cells, was recovered to about 45% of normal level
on day 7 in the BMS or gelatin-coated stent implanted FAs
(Figure 4). Therefore, in the stent implanted arteries without
human pE-NTPDase gene, the recovery of E-NTPDase
mRNA levels was comparatively parallel with that of eNOS
mRNA levels. Based on these data, we speculate that the
recovery of E-NTPDase gene expression on day 7 in the BMS
or gelatin-coated stent implanted FAs was partly induced by
the newly regenerated endothelial cells.

On the other hand, as shown in Figure 1B, human pE-
NTPDase gene transfer augmented the total levels of
E-NTPDase mRNA to levels similar to or higher than those
observed in normal vessels throughout the 7-day experimen-
tal period, resulting in inhibition of in-stent thrombosis.
Several previous observations???* showed that overexpres-
sion of the E-NTPDase gene by adenoviral transfection or

E-NTPDase Stent Prevents In-Stent Thrombosis 861

genetic enginecring methods could result in resistance to
thrombosis. supposing that high expression level of
E-NTPDase is necessary to block thrombosis. However, the
present study suggests that keeping the physiological levels
of E-NTPDase is enough to prevent in-stent thrombosis after
stenting.  Immunohistochmical cxamination showed pE-
NTPDase protein was mainly expressed in smooth muscle
cells from media to the surface of neointima, suggesting
pE-NTPDase expressed in the surface of the injured vessel
prevents platelet aggregation.

The data of early recovery of eNOS mRNA expression in
neointima in the pE-NTPDase stent implanted FAs indicates
the acceleration of reendothelialization by the human pE-
NTPDase gene transter, which may play a part in preserving
total E-NTPDase gene expression in the pE-NTPDase stent
implanted arteries in subacute phase. Additionally, immuno-
histochemical examination (Figure 3) demonstrated that neo-
intimal hyperplasia attributable to smooth muscle cell prolif-
eration and macrophage infiltration after stent implantation
was inhibited by the pE-NTPDasc genc-cluting stent. There-
fore, the pE-NTPDase gene-eluting stent prevents in-stent
thrombosis in subacute phase, and may be able to prevent
restenosis and late thrombosis by both acceleration of reen-
dothelialization and suppression of neointimal hyperplasia
and inflammation. Scveral recent studies!$-2+25 have indicated
effects of E-NTPDase beyond the regulation of platelet
aggregation, which support the data of our present study. A
mouse model showed that gene transfer of human
E-NTPDase into injured arteries inhibited smooth muscle cell
proliferation.'® In a mouse model of angiogenesis induced by
VEGF and fibroblast growth factor, E-NTPDase knockout
resulted in the failure of migration and recruitment of
monocytes and endothelial cells to the angiogenic site and
consequently impaired angiogenesis.?* Mizumoto et al also
reported that inflammatory response was exacerbated in
E-NTPDase knockout mice.?s

To date, no stent has been developed that focuses on preven-
tion of in-stent thrombosis, although first-generation drug-
eluting stents developed to reduce restenosis are in widespread
clinical use. In addition, a number of new types of stent that
accelerate reendothelialilzation are under development. Consid-
ering that in-stent thrombosis remains a major cause of death and
morbidity alter percutaneous coronary intervention, future stents
should be developed to have antithrombotic as well as antireste-
nosis functions. In this context, E-NTPDase represents a prom-
ising target for drug development.

Stents are an ideal platform for localized delivery of drugs
or genes o the vascular wall. For this purpose, stainless
balloon-cxpandable stents coated with nonerodable polymers
or phosphorylcholine, containing drugs or plasmids were
developed.+* First generation drug-eluting stents, which use
nonerodable polymers reservoirs, have recently been reported
to provoke arterial hypersensitivity reactions, such as eosin-
ophilic infiltration and in-stent thrombosis, in a small number
of cases.!:22¢ Instead of nonerodable polymers or phospho-
rylcholine. we adopted cationic gelatin hydrogel to generate
the gene-eluting stents used in the present study. Gelatin is
biodegradable and has been proven to be biologically innoc-
uous, it has been widely used for medical and pharmaceutical
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applications, and its biosafety has been proven through long
clinical use as a surgical biomaterial. In addition, we have
recently succeeded in controlling the gradual release of
plasmid DNA from cationic gelatin hydrogel in vivo.?! In this
study, successful gene transter was demonstrated by the expres-
sion of human pE-NTPDase and control $-galactosidase in
stent-implanted arteries for 7 days after implantation. Histolog-
ical examination revealed that infiltration of macrophages was
not observed in the pE-NTPDase stent implanted FAs (Figure
3C), and was not accelerated by gelatin-coated stents compared
to BMS, although the follow-up period is probably not suffi-
ciently long to draw conclusions. Furthermore, based on angio-
graphic data showing no diffcrence in occlusion rate between
BMS and gelatin-coated groups, gelatin itself does not seem to
accelerate platelet activation or thrombus formation. Therefore,
cationic gelatin-coated stents may eventually prove to be safe
and useful for gene transfer after coronary intervention.

Indeed the pE-NTPDase protein-cluting stents may be
expected to be more effective than genc-cluting stents in
point of early exertion of antithrombotic effect in early phase
after stent implantation, but we had not generated the ade-
guate gelatin for protein release in vivo. So, we lested the
effects of the pE-NTPDase gene-eluting stents in this study.
Further investigations are needed to demonstrate the effects
of the pE-NTPDase protein-cluting stents.

In summary, human pE-NTPDase gene transfer via cat-
ionic gelatin-coated stents prevented subacute in-stent throm-
bosis by preserving local NTPDase activity, suppressed
neointimal hyperplasia and inflammation, and might acceler-
ate reendothelialization. These findings provide a starting
point to develop next generation stents that are not suscepti-
ble to in-stent thrombosis.
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Supplement Material
Methods

Effects of Human pE-NTPDase on rabbit platelet aggregation

We had previously purified human pE-NTPDase glycoprotein’, and in this study we
evaluated the effects of human pE-NTPDase on rabbit platelet aggregation induced by
ADP as previously described.”  Rabbit platelet-rich plasma (3x10° platelets/ml) was
incubated in siliconized cuvettes at 37°C for 5 minutes with or without purified human
pE-NTPDase (1.5 pg/ml, final concentration). ADP (1 pg/ml, final concentration) was
then added to the cuvettes and platelet aggregation was measured with the use of NKK

Hematracer-1 (SSR Engineering, Tokyo).

Cationization of Gelatin and Preparation of Cationic Gelatin-Coated Stens
Ethylenediamine and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride salt were added to 250 ml of 100 mM phosphate-buffered solution (pH
5.0) containing 5 g of gelatin.  After dialysis, the solution was freeze-dried to obtain
cationic gelatin hydrogel. The cationic ratio was determined by the conventional
trinitrobenzene sulfonate (TNBS) method.>  Normal stainless steel stents (bare metal
stents, BMS) were incubated in aqueous solutions of 10% cationic gelatin for 5 minutes,
and left at 4°C overnight. The cationic gelatin hydrogel was cross-linked to the stents
in HCl-acetone (3:7, v/v) containing 0.31 mg/ml glutaraldehyde at 4°C for 24 hours.
The stents were immersed in 100 mM glycine solution at 4°C for 24 hours to remove
residual aldehyde. Stents were rinsed three times with double distilled water and
freeze-dried. The successful coating of stents with cationic gelatin hydrogel was

confirmed by coomassie brilliant blue staining.
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Preparation of Gene-Eluting Stents

Gelatin-coated stents were incubated in plasmid DNA solutions (pE-NTPDase or
Lac Z (1 mg/ml)) so that they would absorb the plasmid. Five gelatin-coated stents
were steeped in '*I-labeled plasmid DNA solution (1 mg/ml) to measure the amount of
plasmid DNA absorbed. After drying, the radioactivity was measured with a gamma
counter (ARC-301B, Aloka). The mean amount of plasmid DNA content in five
gelatin-coated stents calculated by radioactivity was 78.3 £ 5.1 pg, which suggests that

each gene eluting stent accommodated almost same amount of plasmid DNA.

Repeated-Balloon Injury of Rabbit Femoral Arteries

On two occasions separated by a 4-week interval, the rabbits were anesthetized
with pentobarbital sodium (25 mg/kg body weight, i.v.) and subjected to balloon injury
of the right femoral artery (FA). Briefly, the first injury was induced by
fluoroscopically inserting a Fogarty 2F balloon catheter (Edwards Lifesciences, CA,
USA) via the right anterior tibial artery into the right femoral artery, where it was
inflated to 1.5 atm. The inflated balloon was then pulled back a distance of 1.0 cm
three times. Four weeks later, formation of a stenotic lesion at the site of injury was
confirmed angiographically, and then the second injury was induced. In this case, a
PTCA balloon catheter (2.75 mm-diameter, 15 mm-length) was inserted via the
introducer sheath in the right carotid artery to a site just distal to the stenotic lesion, and
a second injury was induced in the same manner as the first. ~After the second injury,

platelet-rich thrombus formation similar to ACS was induced.

In Vivo Stent Implantation
Angiography of rabbit FAs was performed 5 minutes after the second injury to
confirm that no occlusion of the injured site or flow delay indicating distal occlusion

occurred. Immediately following, 500 U of heparin was administered via a sheath in
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