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Figure 6 Effects of carperitide on metabolic function in ischemic hearts with or without L®-nitroarginine methyl ester (1-NAME). Carperitide increased both
(a) lactate extraction ratio LER and (b) pH levels in coronary venous blood from the ischemic area; .-NAME blunted these effects without increasing cardiac

nitric oxide (NO) levels (c). *P<0.01 vs. the control.
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Figure 7 Cyclic guanosine monophosphate (GMP) levels in the coronary
arteries of ischemic hearts. Ischemia per se increased cyclic GMP levels
that were further elevated by carperitide. The increases in cyclic GMP levels
were attenuated by Lw-nitroarginine methyl ester (.-NAME). *P<0.05 vs.
the control.

with carperitide or carperitide and 1-NAME, respectively; P<0.05;
Figure 8a). Figure 8b shows the regression plots of the area at risk and
endocardial collateral blood flow during ischemia. Carperitide
mediated the substantial cardioprotection irrespective of collateral
flow that was again blunted by L.-NAME.

DISCUSSION

The present study showed that carperitide causes coronary vasodila-
tion and promotes myocardial contractility and metabolism in
ischemic hearts, the effects that are mediated by accumulation of
cyclic GMP in the coronary artery and myocardium. In addition,
carperitide potently decreases the infarct size following sustained
ischemia and reperfusion. We also showed that inhibiting NO
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Table 1 Risk area and endocardial collateral blood flow during
myocardial ischemia in each group

Collateral blood flow during myocardial

Risk area ischemia
Groups (%) (m! per 100g per min)
1. Control group 39.3+2.0 8.4+1.6
2. Carperitide group 40.6+1.8 7716
3. Carperitide +-NAME 42325 104%13
group
4. 1-NAME group 392113 7.8+19

Abbreviation: .-NAME, L®-nitroarginine methyl ester.
Values are expressed as means ts.e.m. There were no significant differences in the area at risk
or coronary blood flow (CBF) among any of the groups.

production attenuates carperitide-induced coronary vasodilation
and reductions in the infarct size.

Role of NO in carperitide-mediated coronary vasodilation in
ischemic hearts

The present study showed that carperitide increases CBF in a manner
dependent on cyclic GMP. Because cyclic GMP induces vasorelaxation
in smooth muscle cells, the carperitide-induced coronary vasodilation
was likely a result of increased cyclic GMP levels. Several other effects
of carperitide, however, should be considered. First of all, because
carperitide attenuates catecholamine-induced cellular responses,? the
reduction of o-adrenoceptor activation by carperitide may cause
coronary vasodilation. Indeed, we could not exclude the possibility
that the carperitide-induced coronary vasodilation is mediated by
coronary op-adrenoceptor blockade. On the other hand, myocardial
effects of carperitide may also be involved in the present observation.
If this myocardial effect of carperitide was the case, carperitide should
have also reduced norepinephrine-induced myocardial hyper-
contraction, leading to lower myocardial contractility and oxygen
consumption. However, the present study revealed that carperitide
did not alter myocardial oxygen consumption (Figure 1). It is well
known that an increase in coronary perfusion increases myocardial
oxygen consumption, termed the Gregg phenomenon. In turn,
carperitide has a potency to decrease myocardial oxygen consumption
via increased myocardial cyclic GMP levels that may blunt the Gregg
phenomenon. We may have observed the mixed effects of carperitide
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Figure 8 Effects of carperitide on myocardial ischemia and reperfusion. (a) Infarcts were smaller in the carperitide group compared with the control group,
a difference that was abolished by L“-nitroarginine methyl ester (-NAME). Infarct size expressed as the plot of infarct size because of 90min of ischemia
and regional collateral flow during ischemia (b). There are inverse relations between normalized infarct area and collateral flow, and a significant difference
(P<0.05) is seen in the carperitide group compared with the control group. ANP, atrial natriuretic peptide. *P«0.05 vs, the control group.

that may culminate in no changes in myocardial oxygen consump-
tion. Second, because (1) NO increases CBF** and (2) 1-NAME
attenuates carperitide-induced coronary vasodilation, carperitide may
enhance NO production. Because the levels of the end-product of
cardiac NO (Figures 4¢ and 6¢) did not increase in response to
carperitide, this possibility appears unlikely. Third, carperitide may
inhibit leukocyte activation and adhesion that occur in ischemic
hearts.? Because leukocyte adhesion decreases CBF by plugging small
coronary arteries, reduced leukocyte adhesion may restore CBE
However, this would not be likely. A significant amount of binding
between leukocytes and coronary endothelial cells would be required
to reduce CBE and this degree of adhesion would not likely be
attenuated quickly following carperitide infusion. The effects of
carperitide, however, were reversible as shown in Figures 2 and 3.
Fourth, carperitide may open collateral flow that may increase CBE. In
the present study, carperitide increased CBF in the perfused region
that was measured with an electromagnetic flow probe attached to the
bypass tube in the coronary hypoperfusion model (Figure 2b),
indicating that carperitide seemed to increase coronary forward flow
independent of the collateral flow. Furthermore, the myocardial End/
Epi flow ratio was augmented by carperitide (Figure 3), suggesting
that carperitide-induced increases in coronary flow is not luxury flow
but effective flow to the ischemic myocardium. On the other hand,
the present study also showed that carperitide did not increase the
myocardial collateral blood flow during myocardial ischemia in the
tota] coronary occlusion model (Table 1), suggesting that carperitide
may not increase collateral flow. Further study is needed to study the
effects of carperitide on collateral flow in the animal model with less
collateral flow in the future. Fifth, carperitide attenuates oxidative
stress?®?’ that may contribute to coronary vasodilation in ischemic
hearts because oxygen-derived free radicals reduce coronary
vasodilation by reducing NO bioavailability.*>* However, cardiac
NO levels decreased in response to carperitide, arguing against this
possibility.

How does carperitide affect NO in ischemic hearts? Our results
demonstrate that carperitide does not increase NO production in
ischemic hearts. Alternatively, the inhibition of NOS may deactivate
downstream ANP receptors because 1-NAME attenuates increases in
cyclic GMP levels following ANP receptor activation. Several lines of
evidence support the idea that NO modulates carperitide activity:''=14
both factors signal via cyclic GMP and the soluble and particulate
guanylate cyclase pathways. It is reported that ANP increases cardiac
NOS activity and thus cardiac NO synthesis;® the same authors
reported that ANP increased NOS activity, but the activation was lower
in spontaneously hypertensive rats than Wistar-Kyoto rats.’!
Intriguingly, carperitide significantly decreased NO production in
ischemic hearts (Figures 4c and 6¢) in the present study. These data
seem to be contradictory, but this is not the case. One possible
explanation is that cardiac NOS activity may be already saturated in the
coronary hypoperfusion model of the present study, and carperitide-
induced NO-independent coronary vasodilation may become a major
determinant of coronary vascular tone. Another possibility is that these
differences may be attributable to the variations in experimental models
(normotensive vs. hypertensive hearts and nonischemic vs. ischemic
hearts). Whatever the mechanisms are, this study is the first to reveal a
relationship between carperitide and endogenous NO in ischemic
hearts. At present, however, no available evidence details how the
sensitivity of ANP receptors or signal transduction following ANP
receptor activation is reduced by inhibiting NOS.

Furthermore, it is reported that ANP may ameliorate endothelial
dysfunction by upregulating endothelial NOS (coded by NOS3 gene)
and downregulating inducible NOS (coded by NOS2 gene).’?
However, as we used L-NAME, a nonselective NOS inhibitor, to
examine the involvement of NOS in the -carperitide-induced
cardioprotection, we could not clarify what type of NOS is
activated in hypoperfused and/or ischemic canine hearts by
treatment with carperitide. This would be the next target to
elucidate the relationship between carperitide and NO.
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Role of NO in carperitide-mediated cardiac function in ischemic
hearts

It is reported that NO prevents cellular damages by induction of the
rapid recovery to normal pH after ischemia/reperfusion via a guanylyl
cyclase/cyclic GMP/protein kinase G (PKG) signaling cascade,
and thus inhibits mitochondrial permeability transition (MPT).33
Yang et al* reported that ANP infusion decreased infarct size of
the risk area, and this effect was mimicked by a cycdic GMP
analog that directly activates PKG and likely by opening of
mitochondrial KATP channel and stimulation of downstream
kinases. Furthermore, Cohen et al.3® reported that postconditioning
prevents mitochondrial permeability transition pore (MPTP)
formation by maintaining acidosis during the first minutes of
reperfusion. Recently, soluble and particulate guanylate cyclase
activator exerts cardioprotective effects via cyclic GMP/PKG
signaling cascade and activates phospholamban phosphorylation.®
Therefore, these myocardioprotective mechanistics of carperitide in
addition to the coronary vasodilation may be involved in the
cardioprotective effects of carperitide in ischemic heart.

Carperitide limits the infarct size

We showed that carperitide reduces infarct size, and this was also
revealed in a previous study.>” Myocardial infarction is caused by
many factors, including free radial generation, platelet aggregation,
myocardial calcium ion overload, leukocyte activation and excess
catecholamines, each of which is reportedly attenuated by carperitide.
Carperitide exerts protective effect of cyclic GMP/PKG signaling
pathway during reperfusion in isolated myocytes or isolated hearts on
top of the vasodilatory effects of carperitide to reduce cardiac preload
and afterload, all of which may mediate cardioprotection. However,
even if collateral flow is increased by carperitide, the collateral flow-
independent infarct size limitation caused by carperitide largely exists
because the infarct size-limiting effect of carperitide is observed even
after normalization by the collateral flow (Figure 8b). More impor-
tantly, clinical observations have shown that carperitide is cardio-
protective against ischemia and reperfusion injury.!%38

Clinical implications

Carperitide improves the pathophysiology of acute decompensated
HE®® whereas a recent large clinical trial (ASCEND study) suggested
that nesiritide, the recombinant human brain natriuretic peptide
(BNP), does not reduce mortality and morbidity in patients with
acute decompensated HE?® Our group and others have reported that
carperitide limits infarct size in humans,!®*® and the present study
showed this cardioprotection may require NO. It is to be noted that
nitrate is usually administered to patients with AMI that may enhance
the effects of carperitide. If this is the case, it would be important to
maintain NO at levels that are sufficient to strengthen the effects of
carperitide.
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ABSTRACT Recent advances in genome analysis
have enabled the identification of numerous distal
enhancers that regulate gene expression in various
conditions. However, the enhancers involved in patho-
logical conditions are largely unknown because of the
lack of in vivo quantitative assessment of enhancer
activity in live animals. Here, we established a noninva-
sive and quantitative live imaging system for monitoring
transcriptional activity and identified a novel stress-
responsive enhancer of Nppa and Nppb, the most
common markers of heart failure. The enhancer is a
650-bp fragment within 50 kb of the Nppa and Nppb
loci. A chromosome conformation capture (3C) assay
revealed that this distal enhancer directly interacts with
the 5'-flanking regions of Nppa and Nppb. To monitor
the enhancer activity in a live heart, we established an
imaging system using the firefly luciferase reporter.
Using this imaging system, we observed that the novel
enhancer activated the reporter gene in pressure over-
load-induced failing hearts (failing hearts: 5.7%1.3-
fold; sham-surgery hearts: 1.0%£0.2-fold; P<0.001, re-
peated-measures ANOVA). This method will be
particularly useful for identifying enhancers that func-
tion only during pathological conditions.—Matsuoka,
K., Asano, Y., Higo, S., Tsukamoto, O., Yan, Y., Ya-
mazaki, S., Matsuzaki, T., Kioka, H., Kato, H., Uno, Y.,
Asakura, M., Asanuma, H., Minamino, T., Aburatani,
H., Kitakaze, M., Komuro, I., and Takashima, S. Non-
invasive and quantitative live imaging reveals a poten-

Abbreviations: 3C, chromosome conformation capture;
ANP, atrial natriuretic peptide; BNP, brain natriuretic pep-
tide; ChIP-seq, chromatin immunoprecipitation sequencing;
CMV, cytomegalovirus; CR, conserved region; CTCF, CCCTC-
binding factor; H3K4mel, histone H3 monomethylated at
lysine 4; H3K4me3, histone H3 trimethylated at Iysine 4; PE,
phenylephrine; TAC, transverse aortic constriction
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tial stress-responsive enhancer in the failing heart.
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GENE EXPRESSION IS REGULATED through the inte-
grated action of many cisregulatory elements, includ-
ing core promoters, proximal promoters, distant en-
hancers, and insulators (1). Several methods have been
used to explore the function of cisregulatory elements
during a variety of developmental stages (2, 3). How-
ever, the identification of gene regulatory elements
with pathophysiological roles has been technically dif
ficult because there are few appropriate models for
monitoring transcriptional activity in live animals un-
der pathological conditions.

Here, we focused on the regulatory elements that are
responsive to heart failure. The natriuretic peptides,
atrial natriuretic peptide (ANP) and brain natriuretic
peptide (BNP), encoded by the neighboring genes
Nppa and Nppb are activated in the embryonic heart,
down-regulated after birth, and then reactivated during
heart failure. Both peptides are well-known biomarkers
that are strongly induced during heart failure and
represent its severity. Cardiologists frequently use these
peptides as natriuretic and vasorelaxant agents to treat
various.clinical conditions (4-8). Many studies have
tried to elucidate the mechanisms of their transcrip-
tional regulation because factors that regulate these
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doi: 10.1096/1].13-245522

This article includes supplemental data. Please visit hitp://
www.fasebj.org to obtain this information.
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natriuretic peptides are potential therapeutic targets
for heart discase (9-14).

Mice transgenic for various loci, including the 5'-
flanking regions of the natriuretic peptide genes, have
been used to identify the regulatory elements required
for transcnpnonal activation either during heart devel-
opment or in the diseased heart. These studies re-
ported that the 5'-flanking regions of the natriuretic
peptide genes regulated their expression during heart
development (9, 10, 13); however, the 5'-flanking re-
gions were not responsible for their specific reactiva-
tion in the diseased heart (11, 12). A recent study
identified the distal enhancer elements regulating the
natriuretic peptide genes in the developing heart by
examining cardiac-specific transcription factor binding
sites; however, these enhancer elements did not re-
spond to heart failure (14). Therelore, the stress-
responsive regulatory elements that function during
heart failure have not yet been identified and are
potentially located outside the 5'-flanking regions.

In this study, we aimed to identify the novel stress-
responsive enhancer clements of the Nppa and Nppb
genes in the failing heart. Furthermore, we established
a noninvasive and quantitative live imaging assay to
monitor the transcriptional activity of candidate en-
hancers in the failing heart. /n vivo live imaging of the
firefly luciferase reporter in a single mouse enabled us
to analyze the sequential changes in enhancer activity
during the progression of heart failure. Combined with
a fine mapping technique using epigenetic markers, we
identified a 650-bp stress-responsive enhancer that was
strongly activated by cardiac hypertrophy and heart
failure.

MATERIALS AND METHODS
Animals

All procedures were performed according to the U.S. Na-
tional Institutes of Health (NIH) Guide for the Care and Use
of Laboratory Animals (NIH publication no. 85-23, revised
1996) and were approved by the Animal Experiments Com-
mittee, Osaka University (approval no. 21-78-10).

Reagents and antibodies

Phenylephrine (PE) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). The ant-RNA polymerase II and anti-
histone H3 trimethylated at lysine 4 (H3K4me3) antibodies
used for chromatin immunopregipitation sequencing (ChIP-
seq) were kind gifts from Dr. H. Kimura (Graduate School of
Frontier Biosciences, Osaka University).

Primary culture of neonatal rat cardiomyocytes

Ventricular myocytes obtained from 1- or 2-d-old Wistar rats
were prepared and cultured overnight in Dulbecco’s modi-
fied Eagle’s medium (Sigma-Aldrich) containing 10% FBS, as
described previously (15).

LIVE IMAGING FOR MONITORING THE ENHANCER ACTIVITY

Comparative genomics

Genome-wide multiple alignments of the genomic sequences
containing the Nppa and Nppb genes were performed using
the University of California Santa Cruz (UCSC) Genome
Browser (16); 8 vertebrate species were compared, including
mouse {mmY, July 2007), rat (m4, Nov. 2004), human (hng,
Mar, 2006), orangutan (ponAbe2, July 2007), dog (canFam?,
May 2005), horse (equCabl, Jan. 2007), opossum (mon-
Domd, Jan, 2006), and chicken (galGal3, May 2006). We used
vertebrate Multiz alignment of DNA sequences (17) to ana-
lyze the homology of DNA sequences among mouse and
other species. We used the Placental Mammal Basewise
Conservation assessed by PhyloP (18) to assess the degree of
mammalian conservation. Next, we identified discrete con-
served fragments, The transcribed sequences within the con-
served set were filtered out using known genes, spliced ESTs,
and mRNA annotations obtained from the UCSC genome
browser. Finally, we manually curated the data set to remove
any additional false positives by visual examination of the
UCSC genomic data. We defined the noncoding conserved
regions (CRs) that were homologous at least in the human
and mouse genomes and at least 1 kb away from the tran-
scription start sites as the enhancer candidates.

ChIP sequencing on mouse heart tissues

Whole hearts were isolated from 8wk-old C57BL6 mice,
perfused rapidly with cold PBS, flash-frozen in liquid nitro-
gen, wmogcnizod using a sterile tissue grinder, and cross-
linked with 0.3% pamfox maldehyde. Subgcqucml) chroma-
tin isolation, sonication, and immunoprecipitation using an
anti-RNA polymerase II antibody and an anti-H3K4me3 anti-
body were performed. The ChIP DNA and input samples
were sheared by sonication, end-repaired, ligated to the
sequencing adapters, and ampliﬁed The purified ChIP DNA
library samples were sequenced using the Illumina Genome
Analvzer II (Illumina, Inc., San Dxego, CA, USA). Unfiltered
sequence reads were aligned to the mouse reference genome
[U.S. National Center for Biotechnology Information (NCBI)
build 37, mm9] using Bowtie. RNA polymerase II- and
H3K4me3-enriched regions were identified using MACS (19)
with the default parameters.

Lentiviral enhancer assay

Eleven CRs were PCR amplified from the mouse BAGC clone
containing the Nppa and Nppb loci (clone RP23-128ES;
BACPAC Resources Center, Children’s Hospital Oakland,
Oakland, CA, USA; primers and probes are listed in Supple-
mental Table S1). The PCR fragments were subcloned into
the pCR-Blunt II-TOPO vector (Invitrogen, Carlshad, CA,
USA) and recombined into a lentiviral vector encoding the
firefly luciferase reporter (pGreenFire Transcriptional Re-
porter Lentivector; System Biosciences, Mountain View, CA,
USA). The lentiviral particles were produced by transfection
of 293T cells with the 3 lentiviral packaging plasmids (i.e.,
pMDLg/pRRE, pRSV-Rev, and pMD2.VSV.G) using Lipo-
fectamine 2000 (Invitrogen).. The supernatant from 293T
cells containing the lentiviral particles was collected 48 h after
transfection, sterilized using a 0.45-um cellulose acetate filter,
and concentrated by centrifugation (Peg-it Virus Precipita-
tion Solution, System Biosciences).

Rat neonatal cardiomyocytes isolated as described above
were plated in 96-well plates. The next day, the medium was
replaced with a serum-free medium containing the lentiviral
vector, and the cells were incubated for 12 h. Subsequently,
the cardiomyocytes were exposed to 100 uM PE for 48 h prior
to the luciferase assay.
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RNA extraction and quantitative RT-PCR

The total RNA was prepared from rat cardiomyocytes, rat
cardiac fibroblasts, murine hearts, and murine brains using the
RNA-Bee RNA isolation reagent (Tel-Test, Friendswood, TX,
USA) and then converted to ¢cDNA using the high-capacity
cDNA reverse transcription kit (Applied Biosystems, Foster City,
CA, USA), according to the manufacturer’s instructions. The
quantitative RT-PCR was performed using the TagMan technol-
ogy and the StepOnePlus real-time PCR System (Applied Bio-
systems). All samples were processed in duplicate. The level of
each transcript was quantified according to the threshold cycle
(C) method using GAPDH as an internal control. Inventoried
TaqMan gene expression assays were used: Nppa, Rn0056661,
MmO01255748; Nppb, Rn00580641, Mm01255770; Gapdh, rodent
GAPDH control reagent.

3C analysis

The whole hearts of the mice were isolated, perfused rapidly
with cold PBS, flash-frozen in liquid nitrogen, homogenized
using a sterile tissue grinder, and fixed with 1% paraformal-
dehyde. The cross-linked tissues utilized for 3C experiments
were subjected to digestion with BamHI following standard
protocols (20, 21). The mouse BAC DNA containing Nppa
and Nppb (clone RP23-128E8) was used as a control. The
TagMan real-time PCR was performed using probes near the
restriction sites; the primers and probes are listed in Supple-
mental Table S2.

Transgenic mouse enhancer assay

The candidate enhancer regions were cloned into a vector
encoding the minimal CMV promoter driving the luciferase
gene as described above. Transgenic mouse embryos were
generated by pronuclear injection into the zygotes of BDF1
mice using standard methods. Because black fur attenuates
light transmission, albino mice were generated by crossing
the transgenic founders to ICR albino mice.

In vivo bioluminescence imaging

Prior to in vivo imaging, the mice were anesthetized using
isoflurane, and the black mice were shaved from the neck to
the lower torso to allow the optimal visualization of fluores-

cence without interference from the black fur. A p-luciferin -

solution was injected intraperitoneally (150 mg/kg i.p.) or
intravenously (75 mg/kg iv.). The mice were imaged using
an in vivo live imaging system (IVIS Lumina II; Caliper Life
Sciences, Waltham, MA, USA). For quantification, the biolu-
minescence light intensity was measured at the region of
interest and expressed in relative light units (RLU/min)
using Living Image 4.0 (Caliper Life Sciences). To calculate
the enhancer activity in the heart, we defined the ratio of
heart to brain luciferase intensities as the cardiac-specific
enhancer activity.

Transverse aortic constriction (TAC)

Transgenic mice aged 8 wk and weighing 20-25 g were
subjected to pressure overload, as described previously (22).
Briefly, the chest was entered via the second intercostal space
at the upper left sternal border. After the arch of the aorta
was isolated, a TAC was created using a 7-0 suture tied twice
around a 27-gauge needle and the aortic arch, between the
innominate and left common carotid arteries. After the
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suture was tied, the needle was gently removed, yielding
60-80% constriction of the aorta.

PE-induced hypertrophy

Transgenic mice aged 8 wk and weighing 20-25 g were
treated with PE (75 mg/kg/d) using an osmotic minipump
(Alzet, Cupertino, CA, USA) to induce cardiac hypertrophy,
as previously reported (23, 24).

Statistical analysis

Data are expressed as means * Sk. The 2-tailed Student’s ( test
and repeated ANOVA were used to analyze differences be-
tween the groups. Values of P < 0.05 were considered to
represent a significant difference.

RESULTS

Identification of candidate enhancers near the Nppa-
Nppb locus using comparative genomics and ChIP-seq

To identify potential enhancers, we performed a com-
parative analysis of the genomic sequences of mouse
and divergent species and identified CRs that may
function as common regulatory sequences (25-27). We
defined CRs that were homologous at least in the
human and mouse genomes and at least 1 kb away from
the transcription start sites of Nppa and Nppb as the
candidate enhancers. First, we analyzed the 50-kb Nppa-
Nppb locus bounded by the binding sites of 2 CCCTC-
binding factors (CTCFs), which can function as insula-
tors (28, 29). Using a genome database (30), we
identified 11 CRs, including the Nppa and Nppb introns
in the 50-kb region (Fig. 1).

Next, we performed a ChlIP-seq analysis on RNA
polymerase II and H3K4me3 in the adult mouse heart.
We analyzed the epigenetic modifications near the
Nppa and Nppb genes combined with the ChIP-seq
analysis using a public database of the adult mouse
heart (30). We hypothesized that the normal heart
would have activated epigenetic marks because Nppa
and Nppb are expressed, albeit at low levels, in normal
conditions. Recent genome-wide studies have deter-
mined that enhancers can be defined as DNA se-
quences bound by the RNA polymerase II and tran-
scriptional coactivator protein p300, and where histone
H3 monomethylated at lysine 4 (H3K4mel) accumu-
lates instead of H3K4me3 (31-34). Among the 11 CRs
identified, only CR9 coincided with the binding sites of
RNA polymerase II and p300, and overlapped with the
gene areas modified by H3K4mel, and filled all criteria
for the enhancer (Fig. 1). In addition, H3K4mel
modifications in CR9 were only observed in the heart
but not in the other organs (Fig. 1 and Supplemental
Fig. S1). Therefore, we analyzed the 11 CRs, including
CR9, as the most likely distal candidate enhancers for
the stress-responsive regulatory regions of the natri-
uretic peptide genes.
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Figure 1. Mammalian evolutionarily conserved regions and ChIP-seq data surrounding the murine Nppa and Nppb loci. We used
an open database on the University of California Santa Cruz (UCSC) Genome Browser to assess the degree of DNA sequence
conservation around Nppa and Nppb gene loci. Blue and red vertical lines, the Placental Mammal Basewise Conservation assessed
by PhyloP; black vertical lines, the vertebrate Multiz alignment of DNA sequences among mice and 7 other species (rats,
humans, orangutans, dogs, horses, opossums, and chickens). We defined noncoding conserved regions (CRs) that were
homologous at least in the human and mouse genomes and at least 1 kb away from the transcription start sites of Nppa and Nppb
as the candidate enhancers. CRs are highlighted as light red vertical bars (CR1-9, Nppa intron, and Nppb intron). ChIP-seq data
for H3K4mel, p300, and CTCF were obtained from an open database of the adult mouse heart. Some CRs coincided with the
peaks for H3K4mel, RNA polymerase II, and the transcriptional coactivator protein p300. R, rat; Hu, human; Or, orangutan;

D, dog; Hr, horse; Op, opossum; Ch, chicken.

Identification of a distal enhancer element responsive
to an o;-adrenergic receptor agonist

We screened the candidate enhancers for potential
stress-responsive regulatory regions. We analyzed the
enhancer activity of these 11 CRs after treatment with
PE, an «,-adrenergic receptor agonist, which mimics
cardiac overload and induces Nppa and Nppb expres-
sion in cardiomyocytes (35). We confirmed that PE
induced the expression of endogenous Nppa and Nppb
specifically in cardiomyocytes but not in cardiac fibro-
blasts (Fig. 24). Then, we introduced the 11 CRs with a
minimum human cytomegalovirus (CMV) promoter
and the luciferase gene into rat cardiomyocytes using a
lentiviral vector system.

Among the 11 CRs tested, only CRY, which is located
22 kb upstream from the Nppb transcription start site
and shows high mammalian conservation score in the
Placental Mammal Basewise Conservation by PhyloP
(Fig. 2B), reproducibly increased the PE-induced lu-
ciferase activity by ~5-fold compared to the minimal
CMV promoter alone (Fig. 2C). However, CR9 did not
respond to PE in cardiac fibroblasts (Fig. 2C). These

LIVE IMAGING FOR MONITORING THE ENHANCER ACTIVITY

results suggest that CR9 is the regulatory element that is
responsive to PE specifically in cardiomyocytes.

Long-range physical interaction between the distal
enhancer element and the proximal promoters of the
Nppa and Nppb genes

Confirming the looping interactions between distal
elements and promoters is one way to demonstrate the
transcriptional regulatory activity of distal elements. We
performed a 3C assay (20) to comprehensively investi-
gate whether the genomic region containing CR9
moved closer to the Nppa or Nppb promoter in an adult
murine heart treated with a continuous infusion of PE
n vivo.

The ligation frequencies were quantified by TagMan
real-time PCR using specific primers and probes and
were compared to the ligation frequency of noncross-
linked BamHI-digested BAC DNA containing the Nppa-
Nppb locus. We observed that CR9 interacts with both
the Nppa and Nppb promoter regions at a higher
frequency relative to other gene areas (Fig. 2D); fur-
thermore, PE treatment strengthened these interac-
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Figure 2. Identification of a distal enhancer element that is responsive to an a;-adrenergic receptor agonist. A) Relative
transcript levels of Nppa and Nppb in rat neonatal cardiomyocytes and cardiac fibroblasts 48 h after treatment with PE (100 uM).
Values are means * st (n=3 cultures). *P < 0.01 vs. control; ¢ test. B) CRY is a highly conserved genomic region in vertebrates.
C) Relative luciferase reporter activities of CRs in rat neonatal cardiomyocytes and cardiac fibroblasts 48 h after treatment with
PE (100 pM). PE-induced luciferase activity driven by the mCMV promoter was defined as 1. Values are means * St (n=
cultures). *P < 0.001 vs. mCMV alone; ( test. D) In vivo 3C analysis of the murine Nppa and Nppb loci, showing relative ligation
frequencies of each primer to the Nppa promoter (blue triangle, mouse with PE treatment; blue circle, mouse without PE) and
the Nppb promoter (red triangle, mouse with PE treatment; red circle, mouse without PE). Vertical bars and arrows show the
positions of BamHI sites and primers. Data were normalized to the amplification value of a BamHI-digested and religated BAC
clone, which included the Nppa and Nppb loci (means = sg; n=2 hearts). R, rat; Hu, human; Or, orangutan; D, dog; Hr, horse;
Op, opossum; Ch, chicken. *P < 0.05 vs. control; { test.

tions (Fig. 2D). These results suggest that there is a close
proximity between the distal genomic region containing
CR9 and the proximal promoters of the Nppa and Nppb
genes in the PE-induced hypertrophic heart.

Establishment of an in vivo live imaging system for
gene expression in a murine model of heart disease

We confirmed the activity of the newly identified en-
hancer CR9 in the heart in wvivo. The conventional
histological evaluation of LacZ reporter expression in
the heart only provides data at a single time point;
therefore, this method cannot be employed for kinetic
assessments or time course analyses of reporter expres-
sion in a live heart.

To overcome this difficulty, we established a nonin-
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vasive and quantitative live imaging system that allowed
real-time monitoring of the firefly luciferase reporter.
We generated 3 transgenic mouse lines (Tg-linel, Tg-
line2, and Tg-line3) in which the CRY enhancer ele-
ment and a minimal CMV promoter driving the lu-
ciferase reporter gene were introduced into the germline.
The live-imaging system detected luciferase expression
in the heart, brain, and intestine of the Tg-linel (Fig. 34),
in the heart, salivary glands, and skin of the Tg-line2
(Supplemental Fig. S2A), and in the heart of the
Tg-line3 (Supplemental Fig. S2F).

To identify the organs in which CR9 functioned as a
stress-responsive enhancer, we examined the luciferase
reporter expression in each organ by quantitative PCR.
Continuous infusion of PE increased the blood pres-
sure and resulted in cardiac hypertrophy (24, 36). The
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Figure 3. Establishment of an in vivo live imaging system for enhancer activity. A) Chemiluminescence imaging of CR9 in a
mouse of Tg-linel. Top panel: result from whole-animal in vivo live imaging. Bottom panels: chemiluminescence images of the
heart and brain in the same mouse. B, C) Relative transcript levels of Nppa and Nppb in the ventricular myocardium and brain
of CRY Tg-linel mice treated with continuous infusion of PE for 3 d. Average transcript level in the ventricular myocardium of
preinfused mice was defined as 1 (means % sk; n=5 hearts). *P < 0.01 vs. sham-infused mice; ( test. D) Relative transcript levels
of luciferase reporter in the ventricular myocardium and brain of the CR9 Tg-linel mice continuously infused with PE for 3 d.
Average transcript level in the ventricular myocardium and brain of preinfused mice was defined as 1. (means * sg; n=5 hearts).
*P < 0.01 vs. sham-infused mice; ¢ test. £) Comparison of the chemiluminescence intensities obtained using different luciferin
injection methods in a Tg-linel mouse; injections 1 and 2, intraperitoneal injections (top panels), injections 3, 4, and 5,
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Inset in each panel shows a magnified image of the heart. F) Scatterplots of the chemiluminescence intensities in the heart and
brain. Plots indicate the independent experiments shown in each panel in £ There is a linear relationship between the
expression in the heart and the brain, R = 0.979.

expression of endogenous Nppa and Nppb mRNA in-
creased 3 d after the PE infusion began (Fig. 3B, C and
Supplemental Fig. S2B, C, F, G). Concomitantly, the
quantitative PCR analysis of the CRY luciferase mRNA
expression showed enhanced expression in the ventric-
ular myocardium 3 d after the PE infusion (Fig. 3D and
Supplemental Fig. S2D, H). On the other hand, in the
brain and the salivary glands where neither Nppa nor
Nppb is highly expressed, the CR9-driven Iuciferase
mRNA expression did not respond to PE (Fig. 3B-D
and Supplemental Fig. S2B-D, F-H). Therefore, the

LIVE IMAGING FOR MONITORING THE ENHANCER ACTIVITY

patterns of PE-induced luciferase expression suggest
that CR9 is almost exclusively active in the heart.
Because the integration sites were random in these
three lines, the patterns of luciferase expression de-
pend on CR9 or other enhancers near the integrated
sites. The expression of luciferase in the brain of
Tg-linel and salivary glands of Tg-line2, both of which
express neither Nppa nor Nppb, might be driven by
other enhancers near the integrated sites.

To evaluate the accuracy and reproducibility of this
method, we measured the luminescence in the heart of
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a mouse from Tg-linel. In this transgenic line, the
brain, intestine, and testis expressed the reporter pro-
tein due to positional effects of the insertion site and
most likely not due to CR9 activity. Because the lu-
ciferase mRNA expression in the brain remained un-
changed after PE treatment (Fig. 3D), we used the
reporter activity in the brain as a control. The absolute
luminescence values of the heart were affected by the
injection method and the amount of luciferase sub-
strate injected (Fig. 3E). However, using brain lumines-
cence as a control, we successfully eliminated the signal
variations caused by these differences. The ratio of the
luminescence in the heart and brain remained constant
within each mouse, independent of the injection
method (Fig. 3F). Therefore, we defined the ratio of
heart to brain luciferase intensities as the cardiac-
specific enhancer activity.

Distal enhancer element was activated in the murine
model of heart failure

To examine whether the CR9 enhancer was also re-
sponsible for gene expression in other pathological
conditions, we subjected Tg-linel mice to heart failure
induced by TAC and compared them with sham-sur-
gery mice. This model mimics the heart condition of
patients with hypertension who suffer a continuous
pressure overload on the heart. The pressure overload
by TAC caused potent cardiac hypertrophy at 2 wk
postsurgery and reduced cardiac contractility at 3 wk
postsurgery (Fig. 44, B), as previously reported (22).
The endogenous Nppa and Nppb expression increased
severalfold in the ventricular myocardium 3 wk after
the TAC surgery (Fig. 4C). The heart to brain luciferase
intensity ratio also increased severalfold 3 wk following
the TAC surgery (Fig. 4D, Eand Supplemental Fig. S3).
However, the heart to brain luciferase intensity ratio of
sham-surgery mice did not change after the surgery
(Fig. 4D, E and Supplemental Fig. S3; 3 wk after TAC
surgery: 5.7+1.3 fold; 3 wk after sham surgery: 1.0£0.2
fold; P < 0.001, repeated ANOVA). These results
suggest that CR9 increases transcriptional activity dur-
ing mechanical pressure overload-induced hypertrophy
and subsequent heart failure.

DISCUSSION

Here, we focused on the stress-responsive regulatory
elements of Nppa and Nppb in heart failure. By screen-
ing the evolutionarily conserved and epigenetically
modified regions around the Nppa and Nppb gene loci,
we identified a 650-bp transcriptional enhancer that
was responsive to an aj-adrenergic receptor agonist in
vitro. Furthermore, in vivo 3C analysis revealed that this
distal enhancer directly interacted with the 5'-flanking
regions of both Nppa and Nppb. Using in vivo live
imaging of luciferase reporter gene expression, we
observed that this 650-bp enhancer caused cardiac-
specific activation of reporter gene expression during
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the progression of pressure overload-induced heart
failure. Notably, this is the first study to provide a time
series analysis for monitoring enhancer activity under
pathological conditions in an individual live mouse.

Although numerous approaches have been used to
explore the stress-responsive regulatory elements driv-
ing gene transcription during heart failure (11, 12, 14),
these elements have not yet been identified due to the
technical difficulty involved. To detect the elements
that are responsive to pathological conditions such as
heart failure, it is essential to confirm the activity of the
responsive element using a beating heart that remains
connected to the systemic cardiovascular system. There-
fore, it would be beneficial to establish transgenic
mouse lines carrying a reporter plasmid to assess the
responsive elements driving the expression of specific
genes. However, the creation of multiple stable adult
mouse lines to identify these elements is time-consum-
ing.

In this study, we utilized two improved methods for
reporter analysis and successfully identified a novel
potent enhancer.

First, by performing an enhancer analysis using a
lentiviral vector, we accurately identified candidate
enhancers in cardiomyocytes and subsequently gener-
ated transgenic reporter mice. Previous promoter anal-
yses used electroporation or lipofection to transfect
cultured cardiomyocytes with plasmids (37, 38), but the
transfection efficiency of these methods in primary
cardiomyocytes is too low to accurately measure re-
porter activity during the stress response. In this study,
greater than 90% transduction efficiency of cardiomy-
ocytes was achieved using a lentiviral vector, which
enabled us to accurately identify a specific enhancer
fragment. Using this method, we efficiently minimized
the number of reporter plasmids to be subsequently
integrated into the mouse genome to screen for poten-
tial enhancers.

Second, by sequentially measuring the enhancer
activity in a single live mouse, we collected robust data
to assess enhancer activity in the heart in vivo. LacZ is
not a suitable reporter for this purpose because LacZ
activity can only be assessed after animal euthanization.
Therefore, we overcame this limitation using the lu-
ciferase reporter plasmid. Recent advances in high-
sensitivity luminescence imaging have made it possible
to evaluate enhancer-driven luciferase activity without
operating on the mice. Therefore, we sequentially
assessed reporter activity and hemodynamic changes in
the same mouse throughout the time course of the
development of heart failure. These data were highly
reproducible and enabled us to identify an enhancer
element that was activated by cardiac overload. Because
this method can be applied to any organ, the in vivo
luciferase reporter assay may be used for assessing the
in vivo enhancer or promoter activities responsible for
clinically important diseases. The noninvasive nature of
this method also enabled us to simultaneously assess
the hemodynamic and metabolic parameters in vivo
along with reporter activity. Specifically, the Tg-linel

MATSUOKA ET AL.



- . M Sham
< 107AC  «
i = 1
5 15 ]
B g
(] *
§104  —
40 4 1.2 —A— TAC2 S
—= TAC3 5 5-
20 3 0.8 —A— TAC4 G
—o— TAC5H w
T pr | 2 T T ~ ! 04 T T 1 0 n
pre EAC pre EAC pre EAC Nppa ' Nppb
w w w
D e TAC1d TAC2w TAC3w E ..
P 4.0 - TAC1
—d— TAC2
O -5~ TAC3
,‘E 104 —A— TAC4
—o— TAC5H
Fy 2 —m- Sham1
N oy 2 g] —A— Sham?2
g S -5 Sham3
[ o § —A— Sham4 -
g_ c —o— Shamb
¥ &7
— [l
- 5 @
E = )
S & £, .
@ 2 3
3
; S
®
o=
%)

0 1 2 3
Weeks after TAC

Figure 4. Distal enhancer element is reactivated in the murine model of heart failure. A) Representative M-mode
echocardiograms in a mouse of Tg-linel (TACI) before and after TAC. Open bars indicate maximal left ventricular internal
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transcript levels in the ventricular myocardium 3 wk after the TAC procedure (means * sg; n=3 hearts). *P < 0.05 ws.
sham-surgery mice; ( test. D) Sequential in vivo live imaging of 4 representative Tg-linel mice before and after TAC or sham
surgery at each time point. Top 2 and bottom 2 panels represent sequential imaging data of TAC and sham-surgery mice,
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*P < 0.001, repeated ANOVA.

mice enabled us to accurately quantify the expression enhancer did not respond to heart failure. This en-

level of the natriuretic peptides. These mice are useful
tools for repeatedly assessing the degree of heart failure
to screen various cardiovascular drugs.

The integration of activities from multiple enhancers
could confer specificity and robustness to transcrip-
tional regulation (1). Warren et al. (14) identified the
Nppa enhancer in the embryonic heart by examining
Nkx2-5 binding regions around the Nppa locus, but the

LIVE IMAGING FOR MONITORING THE ENHANCER ACTIVITY

hancer does not overlap with CR9 and might regulate
Nppa expression only during the embryonic stage (14).
On the other hand, Horsthuis ef al. (11) showed that
the regulatory region from —27 to +58 kb relative to
the transcription start site of Nppa was sufficient for
Nppa gene expression in the failing heart, similar to
CR9. However, because this 85-kb regulatory region
does not include CR9, Nppa may have multiple enhanc-
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ers that regulate its expression during heart failure.
Furthermore, the length of the 85-kb region poses a
challenge for understanding its specific biological role.

This is the first study to provide a time course
imaging analysis of enhancer activity using an individ-
ual live diseased mouse model. Using this new method,
we identified a novel heart enhancer. This method
can be widely used for identifying enhancers that
regulate transcriptional activity only under patholog-
ical conditions.
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Impact of cardiac support device combined with slow-release
prostacyclin agonist in a canine ischemic cardiomyopathy model

Yasuhiko Kubota, MD,* Shigeru Miyagawa, MD, PhD,* Satsuki Fukushima, MD, PhD,*
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Background: The cardiac support device supports the heart and mechanically reduces left ventricular (LV) di-
astolic wall stress. Although it has been shown to halt LV remodeling in dilated cardiomyopathy, its therapeutic
efficacy is limited by its lack of biological effects. In contrast, the slow-release synthetic prostacyclin agonist
ONO-1301 enhances reversal of LV remodeling through biological mechanisms such as angiogenesis and atten-
uation of fibrosis. We therefore hypothesized that ONO-1301 plus a cardiac support device might be beneficial
for the treatment of ischemic cardiomyopathy.

Methods: Twenty-four dogs with induced anterior wall infarction were assigned randomly to 1 of 4 groups at
1 week postinfarction as follows: cardiac support device alone, cardiac support device plus ONO-1301 (hybrid
therapy), ONO-1301 alone, or sham control.

Results: At 8 weeks post-infarction, LV wall stress was reduced significantly in the hybrid therapy group com-
pared with the other groups. Myocardial blood flow, measured by positron emission tomography, and vascular
density were significantly higher in the hybrid therapy group compared with the cardiac support device alone and
sham groups. The hybrid therapy group also showed the least interstitial fibrosis, the greatest recovery of LV
systolic and diastolic functions, assessed by multidetector computed tomography and cardiac catheterization,
and the lowest plasma N-terminal pro-B-type natriuretic peptide levels (P <.05).

Conclusions: The combination of a cardiac support device and the prostacyclin agonist ONO-1301 elicited
a greater reversal of LV remodeling than either treatment alone, suggesting the potential of this hybrid therapy

for the clinical treatment of ischemia-induced heart failure. (J Thorac Cardiovasc Surg 2014;147:1081-7)

Left ventricular (LV) remodeling in ischemic and noni-
schemic dilated cardiomyopathy is characterized by pro-
gressive dilatation and dysfunction of the left ventricle,
leading to severe heart failure."? The cardiac support
device is a mesh net designed to reduce diastolic ventricular
wall stress by mechanical means and thus prevent LV
dilatation. It has been shown to halt LV remodeling in
dilated cardiomyopathy in preclinical studies.™ Clinical
trials undertaken on the basis of these favorable results
showed beneficial effects on LV remodeling, including
significantly decreased LV end-systolic (LVESV) and end-
diastolic volumes (LVEDV), and a significant improvement
in New York Heart Association functional class.®®
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However, despite these positive effects, the device has not
been associated with reductions in mortality and has not
been approved for clinical use.’

The synthetic prostacyclin agonist ONO-1301 acts as
amyocardial regenerative biological drug to enhance reversal
of LV remodeling.'®'* The beneficial effects of ONO-1301
on the heart are mediated by up-regulation of angiogenic
and antifibrotic molecules, such as hepatocyte growth factor
(HGF), vascular endothelial growth factor (VEGF), and stro-
mal cell-derived factor-1 (SDF-1)."%!2 This mechanism has
been shown to result in the active suppression of ischemic and
fibrotic changes in the myocardium.'%'?

We hypothesized that the biological effects of the slow-
release form of the synthetic prostacyclin agonist ONO-
1301 might complement the mechanical effects of the cardiac
support device, thus enhancing its therapeutic effects in
ischemic cardiomyopathy.

MATERIALS AND METHODS

All animals used in this study received care in compliance with the
Guide for the Care and Use of Laboratory Animals (National Institutes
of Health publication no. 85-23, revised 1996).

Animal Treatment

A total of 28 beagles (Oriental Yeast, Co, Ltd, Tokyo, Japan) weighing 9 to
11 kg were used. General anesthesia was administered with intramuscular
ketamine (10 mg/kg) and intravenous propofol (5 mg/kg) for induction,
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Abbreviations and Acronyms

ANOVA = analysis of variance

dp/dt = delta pressure/delta time

Ees = end-systolic elastance

HGF = hepatocyte growth factor

LV = left ventricular

LVEDV = left ventricular end-diastolic volume
LVESV = left ventricular end-systolic volume
MDCT = multidetector computed tomography

Il

MI myocardial infarction
NT-proBNP = amino-terminal pro-brain natriuretic

peptide
SDF-1 = stromal cell-derived factor-1
VEGF = vascular endothelial growth factor

and inhaled sevoflurane (1%-2%) for subsequent maintenance, with endo-
tracheal intubation and mechanical ventilator support. After completion
of the experiments, the animals were killed under general anesthesia,
using an overdose of intravenous sodium pentobarbital (18 mg/kg) to achieve
complete sedation, followed by administration of an intravenous potassium-
based solution.

Myocardial Infarction Induction

With the animals under general anesthesia, a minimal left thoracotomy
was performed through the fifth intercostal space, and the heart was
exposed by pericardiotomy. The left descending artery and diagonal vessels
were ligated both proximally and distally using 5-0 polypropylene sutures
to produce an anterior myocardial infarction (MI). Akinesis of the anterior
wall was confirmed by epicardial echocardiography and the chest was
closed in layers. The animals were allowed to recover.

Cardiac Support Device

The cardiac support device (0.9-1.0 g), made from polyglycolic acid
(Nipro Corporation, Osaka, Japan), was designed on the basis of data
obtained from multidetector computed tomography (MDCT) and a heart
excised at 1 week postinfarction.

Treatments

The animals were assigned randomly to 1 of 4 groups at 1 week after
infarct induction as follows: cardiac support device alone, cardiac support
device plus ONO-1301 (hybrid therapy), ONO-1301 alone, or sham control
group. In the cardiac support device alone group, 2 sheets of atelocollagen
(50 X 50 mm) (Integran; Nippon Zoki Pharmaceutical Co, Ltd, Osaka,
Japan) immersed in suspended polylactic and glycolic acid (10 mg/kg)
were fixed on the whole surface of the ventricles and the cardiac support
device was placed as described previously.>” The same procedure was
used in the hybrid therapy group, with the addition of ONO-1301'""?
(10 mg/kg) (ONO Pharmaceutical Co, Ltd, Osaka, Japan) instead of the
polylactic and glycolic acid. In the ONO-1301 alone group, 2 sheets of ate-
locollagen (50 X 50 mm) immersed in suspended ONO-1301 (10 mg/kg)
were fixed on the whole surface of the ventricles. The sham group was
subjected to the same procedures as the ONO-1301 alone group, except
for the use of polylactic and glycolic acid instead of ONO-1301.

Transthoracic Echocardiography
Transthoracic echocardiography was performed using a 5.0-MHz
transducer (Altida; Toshiba Medical Systems Corporation, Tochigi, Japan)

for 2-dimensional speckle-tracking echocardiography under general
anesthesia. The data were analyzed using 2-dimensional Wall Motion
Tracking software (Toshiba Medical Systems Corporation) as previously
described."?

MDCT

Electrocardiography-gated MDCT was performed using a 16-row
MDCT scanner (SOMATOM Emotion 16-Slice Configuration; Siemens,
Munich, Germany) during an end-expiratory breath-hold under general
anesthesia. MDCT was performed after intravenous injection of 30 mL
of nonionic contrast medium (lomeron; Bracco, Milan, Italy). All images
were analyzed on a workstation (AZE VirtualPlace Lexus64; AZE, Tokyo,
Japan). LVEDV and LVESV, LV ejection fraction, LV end-diastolic and
end-systolic sphericity indices, and LV/right ventricular end-diastolic and
end-systolic diameter values were obtained from the workstation.

Cardiac Catheterization

Under general anesthesia, a 3F micromanometer-tipped catheter
(SPR-249; Millar Instruments, Houston, Tex) was inserted through the
ventricular apex via a left thoracotomy to measure hemodynamic
parameters and cardiac functions, including end-systolic pressure and
end-diastolic pressure, delta pressure/delta time (dp/dt) maximum, dp/dt
minimum, end-systolic elastance (Ees), and the time constant of relaxation
in the left and right ventricles. LV volume was altered by occluding the
inferior vena cava with tape via a left thoracotomy.

Wall Stress Calculation

LV wall stress was evaluated using specifically developed software
(YD, Ltd, Tokyo, Japan) on an off-line personal computer. Global end-
systolic and end-diastolic wall stresses were calculated on the basis of
the data obtained from MDCT and cardiac catheterization."*

Cardiac Positron Emission Tomography

BN-ammonia (200-300 MBgq) positron emission tomography (PET) was
performed using a Headtome V/SET2400W (Shimadzu, Co, Kyoto, Japan) un-
der general anesthesia. Myocardial blood flow was quantitated using PMOD
software (version 3.2) (PMOD Technologies, Ltd, Zurich, Switzerland) and
divided into 17 segments as recommended by the American Heart Association.

Histologic Analysis

Paraffin-embedded transverse sections of the excised hearts were stained
with periodic acid-Schiff to measure the short-axis diameter of the myocytes,
and with Masson trichrome to assess the extent of fibrosis. The sections were
immunostained with anti-CD31 antibody in LSAB kits (DakoCytomation,
Glostrup, Denmark). Myocyte diameters and vascular density were mea-
suredin 10 different randomly selected fields using a Biorevo BZ-9000 fluo-
rescence microscope (Keyence, Osaka, Japan), and percentage fibrosis was
calculated using MetaMorph software (Molecular Devices, Tokyo, Japan).

Real-Time Polymerase Chain Reaction

Total RNA extracted from cardiac tissue was reverse-transcribed using
TaqMan reverse transcription reagents (Applied Biosystems, Foster City,
Calif), and assayed using the ABI PRISM 7700 (Applied Biosystems).
The average copy number of gene transcripts was normalized to that of
glyceraldehyde 3-phosphate dehydrogenase for each sample.

Statistical Analysis

All statistical analyses were performed using JMP software (JMP9; SAS
institute, Inc, Cary, NC). Results are presented as the mean £ standard
deviation. Cardiac catheterization and histologic data were compared by
I-way analysis of variance (ANOVA). MDCT, echocardiography, wall
stress, and amino-terminal pro-brain natriuretic peptide (NT-proBNP)
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data were compared by repeated ANOVA, using values obtained by sub-
tracting the values at 1 week postinfarction from the values at each time
point. Significant differences shown by ANOVA were subjected to post
hoc analysis with Bonferroni correction. Sample size justification was
not performed. A P value less than .05 was considered statistically
significant.

RESULTS

Procedure-Related Morbidity and Mortality
Twenty-four animals completed the study. Three of the

animals that failed to complete the study died within

1 week postinfarction and the remaining animal, which

was a sham control, died at 7 weeks postinfarction. No

dogs developed infections or had insufficient MI.

Recovery of Global Cardiac Performance With
Hybrid Therapy

Global cardiac performance after the treatment was as-
sessed serially and comprehensively by MDCT and cardiac

The Journal of Thoracic and Cardiovascular Surgery * Volume 147, Number 3

catheterization. Both LVEDV and LVESV tended to in-
crease after MI induction in the sham group (Figure 1, A
and B). LVEDV was significantly smaller in the hybrid ther-
apy group compared with the sham group at 3 and 5 weeks
postinfarction, and significantly smaller than in both the
ONO-1301 alone and sham groups at 8 weeks postinfarc-
tion. LVESV in the hybrid therapy group was significantly
smaller than that in the sham group at 3 and 5 weeks, and
was significantly smaller than that in the other groups at 8
weeks. As a result, LV ejection fraction was significantly
greater in the hybrid therapy group compared with the
sham group at 3 and 5 weeks, and significantly greater
than in the other groups at 8 weeks (Figure 1, C).

The LV end-diastolic sphericity index was significantly
greater in the hybrid therapy group compared with the
ONO-1301 alone and sham groups at 8 weeks postinfarc-
tion (Figure 1, D). The LV end-systolic sphericity index de-
creased in all groups at 1 week postinfarction, whereas at 8
weeks the LV end-systolic sphericity index had decreased
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TABLE 1. Cardiac catheterization data
Hybrid therapy Cardiac support device alone ONO-1301 alone Sham

dp/dt maximum (mm Hg/s)

LV 1822 £ 83* 1,1 1584 + 114 1601 £ 91 1238 & 127

RV 547 £ 101 450 £+ 53 539 £ 79 443 £ 86
Ees (mm Hg/mL)

LV 10 1%t Tkl 8+ 1 4+£1

RV 341 341 31 2% 1
—dp/dt minimum (mm Hg/s)

LV 1553 & 61*%.1,¢ 1303 £ 71 1387 + 64 1061 £ 107

RV 407 £ 59 378 £ 67 412 £ 88 333 +78
Time constant of relaxation (s)

LV 33 £ 4%t 42+3 36x3 47+£5
RV 3926 40+ 2 38+ 4 46 £ 6
Data arc mean + standard deviation. RV, Right ventricular; LV, left ventricular. *P < .05 versus sham. 1P < .05 versus cardiac support device alone. 1P <.05 versus ONO-1301

alone.

further in the sham group, remained the same in the cardiac
support device alone and ONO-1301 alone groups, and
recovered in the hybrid therapy group (Figure 1, E).

In addition, systolic function represented by LV dp/dt
max and Ees at 8 weeks was greater in the cardiac support
device alone and ONO-1301 alone groups compared with
the sham group, whereas the hybrid therapy showed signi-
ficantly greater dp/dt max and Ees than the other groups
(Table 1). LV -dp/dt min, which represents diastolic func-
tion, also was significantly greater in the hybrid therapy
group at 8 weeks than in the other groups. LV time constant
of relaxation, which is also an index of diastolic function,
was significantly smaller in the hybrid therapy group at 8
weeks postinfarction than in the cardiac support device
alone and sham groups. There were no significant
differences in any of these parameters in the right ventricle.

MI induction also resulted in an increase in plasma
NT-proBNP, assessed by an enzyme-linked immunosorbent
assay kit (Cardiopet proBNP; IDEXX Laboratories, Tokyo,
Japan), at 1 week postinfarction (Figure 1, F). NT-proBNP
continued to increase in the sham group, whereas the
increase was suppressed in each of the other groups after
treatment. NT-proBNP decreased gradually in the hybrid
therapy group and was significantly lower than in the
sham group at 5 weeks, and was significantly lower than
in the other 2 groups at 8 weeks.

Functional Recovery of Infarct Border Area With
Hybrid Therapy

Regional LV wall motion was evaluated using speckle-
tracking echocardiography to dissect region-specific func-
tional effects of the treatment. The infarct area showed
a significant and marked reduction in the radial strain after
induction of MI, with no significant differences among the
4 groups (Table 2). Radial strain levels in the border area
decreased similarly in all groups at 1 week postinfarction,
although at 8 weeks the hybrid therapy group showed the
greatest recovery in this area. There was a marked decrease
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in radial strain in the remote area in the sham group at 8
weeks, but there was little change throughout the study in
the other groups.

Reduction in Global End-Systolic/Diastolic Wall
Stress With Hybrid Therapy

Changes in global end-systolic/end-diastolic wall
stresses after treatment were assessed from MDCT and
catheterization data (Table 2). Similar increases in global
end-systolic wall stress were observed in all groups at 1
week postinfarction. At 8 weeks postinfarction, however,
there was a further increase in the sham group, a slight re-
duction in the cardiac support device alone group, and
almost no change in the ONO-1301 alone group, whereas
global end-systolic wall stress was lowest in the hybrid ther-
apy group. Similar increases in global end-diastolic wall
stress were observed in all groups at 1 week postinfarction.
The sham group showed a marked increase at 8 weeks post-
infarction, whereas the hybrid therapy and cardiac support
device alone groups showed notable reductions. Global
end-diastolic wall stress was significantly lower in the hy-
brid therapy group compared with the ONO-1301 alone
and sham groups at 8 weeks.

ONO-1301 Induced Angiogenic Myocardial Effects
in Chronic MI

The angiogenic effects of the treatment were evaluated
by assessing global myocardial blood flow at rest by
N-ammonia PET at 8 weeks postinfarction. Myocardial
blood flow in the hybrid therapy group was similar to that
in the ONO-1301 group, and both were significantly higher
than in the cardiac support device alone and sham groups
(Figure 2). Capillary densities in the border and remote
areas at 8 weeks postinfarction, which was measured by
immunostaining for CD31, was significantly greater in the
hybrid therapy group than in the cardiac support device
alone and sham groups (Figure 3, A).
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TABLE 2. Regional left ventricular wall motion and global left ventricular wall stress

Hybrid therapy Cardiac support device alone ONO-1301 alone Sham

Radial strain in the MI area (%)

Pre-infarction 214423 209+ 1.0 21.7+24 224£23

1 week post-infarction 7.1 £ 1.0 6.7%£0.7 75409 70£1.0

8 weeks postinfarction 87+ 1.2 73+£04 75+ 13 6.7£1.0
Radial strain in the border area (%)

Pre-infarction 222+ 26 218 +25 220416 213+ 1.8

1 week postinfarction 104 £1.9 103 £1.9 112£1.5 115+ 1.9

8 weeks postinfarction 147 £ LI%30 10.8 £ 0.2 1830 = 1.7 81+14
Radial strain in the remote area (%)

Pre-infarction 207 +2.3 21.6 £2.0 21.0+2.8 21.2.£27

1 week postinfarction 19.2 + 2.1 2058 +1.2 209:2.2 19.6 £2.0

8 weeks postinfarction 20.2 £ 1.8%* 19.7 £ 1.1 20.1 £15 148+ 14
Global end-systolic wall stress (kdyne/cm?)

Pre-infarction 79.9 +:6.8 84 +12.0 80.5 £ 8.1 87.6 £9.5

1 week postinfarction 108.1 £ 9.1 104.8 £ 11.9 102.7 £ 11.4 107.5 £ 9.6

8 weeks postinfarction B4 57411 977+ 114 104.6 = 10.0 161.9 + 9.3
Global end-systolic wall stress (kdyne/cm?)

Pre-infarction 130£ 1.5 5411 120413 120+ 1.6

1 week postinfarction 179+ 1.5 17.1 £1.0 170+ 1.4 164 +25

8 weeks postinfarction 14.0 £ 2.5% 1 140+ 1.8 18.0 1.5 244 +36

Data are mean =+ standard deviation. M1, Myocardial infarction. *P <.05 versus sham. TP <.05 versus cardiac support device alone. 1P <.05 versus ONO-1301 alone.

Histologic Evidence of Reversal of LV Remodeling
With Hybrid Therapy

Pathologic cardiomyocyte hypertrophy and interstitial
fibrosis in the border and remote areas at 8 weeks postin-
farction were assessed by periodic acid-Schiff and Masson
trichrome staining, respectively, to evaluate the degree of
reversal of LV remodeling induced by each treatment
(Figure 3, B and (). Cardiomyocyte diameters were

significantly smaller in the border area in the hybrid therapy
group compared with the ONO-1301 alone and sham
groups, and were significantly smaller in the remote area
compared with the sham group. In addition, there was sig-
nificantly less interstitial fibrosis in the hybrid therapy
group compared with the cardiac support device alone,
ONO-1301 alone, and sham groups in the border area,
and less than in the sham group in the remote area.

_ 120 X
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% = Cardioc support device alone
E 450 - T 1. basal anterior 7. mid anterior 13. apical anterior
i ) 2. basal anteroseptal 8. mid anteroseptal 14. apical septal
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FIGURE 2. A, Global myocardial blood flow assessed by PET at 8 weeks postinfarction. B, Myocardial blood flow divided into 17 segments recommended
by the American Heart Association. *P <.05 versus sham, fP < .05 versus cardiac support device alone.
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Up-Regulation of Cardiac Protective Factors

Real-time polymerase chain reaction was performed at
8 weeks postinfarction to determine the effects of the
treatment on gene expression of major cardiac protective
factors, such as HGF, VEGF and SDF-1 (Figure 3, D-F).
Expression of HGF, VEGF, and SDF-1 in both the border
and remote areas were similar in the hybrid therapy and
ONO-1301 groups, and significantly higher in these 2
groups than in the cardiac support device alone and sham
groups (P <.05).

DISCUSSION

This study examined the therapeutic efficacy of hybrid
therapy, comprising a cardiac support device and a synthetic
prostacyclin agonist (ONO-1301), in a canine model of
ischemic cardiomyopathy, compared with the efficacy of
either treatment alone. Hybrid therapy significantly im-
proved both systolic and diastolic functions and reduced
LV wall stress compared with the other treatments, and his-
tologic examination indicated significantly greater reversal
of LV remodeling in the hybrid therapy group. These results
were reflected by a significantly greater reduction of NT-
proBNP by hybrid therapy.

The cardiac support device used in this study comprised
a net made of polyglycolic acid, which is a hydrolytically
bioabsorbable polymer. This represents a major difference

from the net used in previous studies,” and was designed
to remain around the heart for approximately 10 weeks by
adjusting the diameter of the thread. The cardiac support
device remained in place at 8 weeks postinfarction, although
it had become hydrolyzed to some extent. Our net was
functionally equivalent to the nets used in previous studies;
it prevented dilatation of the left ventricle, improved the LV
sphericity index, and reduced diastolic LV wall stress, thus
avoiding the positive feedback loop of cardiac dilatation,
the change from an efficient ellipsoidal to a spherical LV
chamber, interstitial fibrosis, and, ultimately, heart failure
that occurs in ischemic dilated cardiomyopathy.9 However,
one disadvantage of this bioabsorbable net is that it could al-
low LV remodeling to progress after absorption. The present
study did not investigate this aspect and further studies are
needed to assess the relative advantages and disadvantages
of bioabsorbable and nonabsorbable cardiac support devices.

ONO-1301 is a synthetic prostacyclin agonist that is not
yet used in clinical practice. However, several experimental
studies have shown its therapeutic efficacy in ischemic and
nonischemic cardiomyopathy.'®'> ONO-1301 was adminis-
tered to the heart differently in the current study compared
with previous studies,'”'? but its plasma concentrations and
reversal of LV remodeling were similar to those seen in
previous studies, suggesting that this mode of administration
was appropriate. In addition, ONO-1301 administration by
incorporation in the cardiac support device could decrease
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