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Noninvasive and quantitative live imaging reveals a
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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, 1., 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 lysine 4; PE,
phenylephrine; TAC, transverse aortic constriction

0892-6638/14/0028-0001 © FASEB

tial stress-responsive enhancer in the failing heart.
FASEB J. 28, 000—000 (2014). www.fasebj.org

Key Words. natriuretic peptide - transcriptional regulation -
in vivo assessment

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

! Correspondence: Osaka University Graduate School of
Medicine, 2-2 Yamadaoka, Suita, Osaka 565-0871, Japan.
E-mail: asano@cardiology.med.osaka-u.ac.jp

doi: 10.1096/1j.13-245522

This article includes supplemental data. Please visit http://
www.fasebj.org to obtain this information.



natriuretic peptides are potential therapeutic targets
for heart disease (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 transcriptional 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). Therefore, 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 elements 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. In 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 anti-RNA polymerase II and anti-
histone H3 trimethylated at lysine 4 (H3K4me3) antibodies
used for chromatin immunoprecipitation 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).

2 Vol. 28 April 2014

The FASEB Journal - www.fasebj.org

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 (mm9, July 2007), rat (m4, Nov. 2004), human (hgl8,
Mar. 2006), orangutan (ponAbe2, July 2007), dog (canFam?2,
May 2005), horse (equCabl, Jan. 2007), opossum (mon-
Dom4, 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 8-wk-old C57BL6 mice,
perfused rapidly with cold PBS, flash-frozen in liquid nitro-
gen, homogenized using a sterile tissue grinder, and cross-
linked with 0.3% paraformaldehyde. Subsequently, 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
Analyzer II (Illumina, Inc., San Diego, CA, USA). Unfiltered
sequence reads were aligned to the mouse reference genome
[U.S. National Center for Biotechnology Information (NCBI)
build 37, mm9] wusing 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 BAC 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, Carlsbad, 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-¢m 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 ¢M 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
c¢DNA 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
TagMan gene expression assays were used: Nppa, Rn0056661,
Mm01255748; 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 d-luciferin
solution was injected intraperitoneally (150 mg/kg i.p.) or
intravenously (75 mg/kg i.v.). 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 + se. The 2-tailed Student’s t 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 ChIP-seq analysis on RNA
polymerase I 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 Il 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,
peaks for H3K4mel,
D, dog; Hr, horse; Op, opossum; Ch, chicken.

Identification of a distal enhancer element responsive
to an a,-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 a,-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. 2A). 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 CR9, 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
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p300, and CTCF were obtained from an open database of the adult mouse heart. Some CRs coincided with the
RNA polymerase II, and the transcriptional coactivator protein p300. R, rat; Hu, human; Or, orangutan;

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 CRO9
moved closer to the Nppa or Nppb promoter in an adult
murine heart treated with a continuous infusion of PE
in 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 CRY 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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C) Relative luciferase reporter activities of CRs in rat neonatal cardiomyocytes and cardiac fibroblasts 48 h after treatment with
PE (100 ¢M). PE-induced luciferase activity driven by the mCMV promoter was defined as 1. Values are means + se (n=5
cultures). *P < 0.001 vs. mCMYV alone; t 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
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clone, which included the Nppa and Nppb loci (means + se; Nn=2 hearts). R, rat; Hu, human; Or, orangutan; D, dog; Hr, horse;
Op, opossum; Ch, chicken. *P < 0.05 vs. control; t test.

tions (Fig. 2D). These results suggest that there is a close  vasive and quantitative live imaging system that allowed
proximity between the distal genomic region containing real-time monitoring of the firefly luciferase reporter.
CRY and the proximal promoters of the Nppa and Nppb  We generated 3 transgenic mouse lines (Tg-linel, Tg-
genes in the PE-induced hypertrophic heart. line2, and Tg-line3) in which the CR9 enhancer ele-
ment and a minimal CMV promoter driving the Ilu-
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. 3A),
We confirmed the activity of the newly identified en- in the heart, salivary glands, and skin of the Tg-line2
hancer CR9 in the heart in vivo. The conventional (Supplemental Fig. S2A), and in the heart of the
histological evaluation of LacZ reporter expression in  Tg-line3 (Supplemental Fig. S2E).
the heart Only provides data at a single time point; To identify the organs in which CR9 functioned as a
therefore, this method cannot be employed for kinetic ~ stress-responsive enhancer, we examined the luciferase
assessments or time course analyses of reporter expres-  reporter expression in each organ by quantitative PCR.
sion in a live heart. Continuous infusion of PE increased the blood pres-
To overcome this difficulty, we established a nonin- sure and resulted in cardiac hypertrophy (24, 36). The

Establishment of an in vivo live imaging system for
gene expression in a murine model of heart disease
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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 CR9 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 + se; n=5 hearts). *P < 0.01 vs. sham-infused mice; t 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 * se; N=5 hearts).
*P < 0.01 vs. sham-infused mice; t test. E) 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,
intravenous injections (bottom panels). Injections were performed >4 h apart to eliminate the effect of the previous injection.
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 E. 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 CRO 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 luciferase
mRNA expression did not respond to PE (Fig. 3B-D
and Supplemental Fig. S2B-D, F-H). Therefore, the
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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 Iu-
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. 4A, B), as previously reported (22).
The endogenous Nppa and Nppb expression increased
severalfold in the wventricular 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, E and 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: 5.7x1.3 fold; 3 wk after sham surgery: 1.0£0.2
fold; P < 0.001, repeated ANOVA). These results
suggest that CRO 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 a;-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 expressionduring
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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
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mice enabled us to accurately quantify the expression
level of the natriuretic peptides. These mice are useful
tools for repeatedly assessing the degree of heart failure
to screen various cardiovasculardrugs.

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
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enhancer did not respond to heart failure. This en-
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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The oxidative phosphorylation (OXPHOS) system generates most
of the ATP in respiring cells. ATP-depleting conditions, such as
hypoxia, trigger responses that promote ATP production. How-
ever, how OXPHOS is regulated during hypoxia has yet to be
elucidated. In this study, selective measurement of intramitochon-
drial ATP levels identified the hypoxia-inducible protein G0/G1
switch gene 2 (G0s2) as a positive regulator of OXPHOS. A
mitochondria-targeted, FRET-based ATP biosensor enabled us to
assess OXPHOS activity in living cells. Mitochondria-targeted,
FRET-based ATP biosensor and ATP production assay in a semi-
intact cell system revealed that GOs2 increases mitochondrial ATP
production. The expression of GO0s2 was rapidly and transiently
induced by hypoxic stimuli, and GOs2 interacts with OXPHOS
complex V (F,F-ATP synthase). Furthermore, physiological en-
hancement of G0s2 expression prevented cells from ATP depletion
and induced a cellular tolerance for hypoxic stress. These results
show that GO0s2 positively regulates OXPHOS activity by interact-
ing with F,F,-ATP synthase, which causes an increase in ATP pro-
duction in response to hypoxic stress and protects cells from a
critical energy crisis. These findings contribute to the understand-
ing of a unique stress response to energy depletion. Additionally,
this study shows the importance of assessing intramitochondrial
ATP levels to evaluate OXPHOS activity in living cells.

energy metabolism | live-cell imaging

Maintaining cellular homeostasis and activities requires a
stable energy supply. Most eukaryotic cells generate ATP
as their energy currency mainly through the mitochondrial oxi-
dative phosphorylation (OXPHOS) system. The OXPHOS sys-
tem consists of five large protein complex units (i.e., complexes
I-V), comprising more than 100 proteins. In this system, oxygen
(O,) is essential as the terminal electron acceptor for complex IV
to finally produce the proton-motive force that drives the ATP-
generating molecular motor complex V (F,F;-ATP synthase).

Hypoxia causes the depletion of intracellular ATP and triggers
adaptive cellular responses to help maintain intracellular ATP
levels and minimize any deleterious effects of energy depletion.
Although the metabolic switch from mitochondrial respiration to
anaerobic glycolysis is widely recognized (1—4), several recent
reports have shown that hypoxic stimuli unexpectedly increase
OXPHOS efficiency as well (5-7). In other words, cells have
adaptive mechanisms to maintain intracellular ATP levels by
enhancing OXPHOS, particularly in the early phase of hypoxia,
in which the O, supply is limited but still remains. However, the
mechanism by which OXPHOS is regulated during this early
hypoxic phase is still not fully understood.

www.pnas.org/cgi/doi/10.1073/pnas.1318547111

Revealing the mechanism of this fine-tuned regulation of
OXPHOS requires accurate and noninvasive measurements of
OXPHOS activity. Although researchers have established methods
to measure OXPHOS activity, precise measurement, especially in
living cells, is still difficult. Measuring the intracellular ATP
concentration is one of the most commonly used methods for
evaluating OXPHOS activity. However, there are two major
problems with this method. First, the intracellular ATP concen-
tration does not always accurately reflect OXPHOS activity, be-
cause it can also be affected by glycolytic ATP production, cytosolic
ATPases, and ATP buffering enzymes, such as creatine kinase
and adenylate kinase (8). Second, because measurements of the
ATP concentration by chromatography (9), MS (10), NMR (11),
or luciferase assays (12) are based on cell extract analysis, these
methods cannot be used to measure the serial ATP concentration
changes in living cells in real time.

In this study, we overcame these problems by the selective
measurement of the intramitochondrial matrix ATP concentra-
tion ([ATP]ui0) in living cells. In the final step of OXPHOS,
ATP is produced not in the cytosol but in the mitochondrial
matrix. Therefore, we hypothesized that a selectively measuring
[ATP] i 1s suitable for the highly sensitive evaluation of cellular
ATP production by OXPHOS. In fact, real-time evaluation of
both [ATP]yi, and the cytosolic ATP concentration ([ATP]cy)
in living cells revealed that [ATP];, reflected OXPHOS activity
with far more sensitivity than [ATP].,. Using this fine method,
we found that G0/G1 switch gene 2 (G0s2), a hypoxia-induced

Significance

We developed a sensitive method to assess the activity of ox-
idative phosphorylation in living cells using a FRET-based ATP
biosensor. We then revealed that GO/G1 switch gene 2, a pro-
tein rapidly induced by hypoxia, increases mitochondrial ATP
production by interacting with F,F,-ATP synthase and protects
cells from a critical energy crisis.
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protein in cardiomyocytes, increases OXPHOS activity. G0s2
interacted with F F;-ATP synthase and increased the ATP
production rate. Our results suggest that hypoxia-induced pro-
tein GOs2 is a positive regulator of OXPHOS and protects cells
by preserving ATP production, even under hypoxic conditions.

Results

Establishment of a Sensitive Method to Assess OXPHOS Activity in
Living Cells. To elucidate the mechanism by which OXPHOS is
regulated under hypoxia, it is essential to establish a sensitive
method for assessing OXPHOS activity in living cells. For this
purpose, we used an ATP indicator based on e-subunit for an-
alytical measurements (ATeam), which is an ATP-sensing
FRET-based indicator (13). We introduced this ATP biosensor
into cardiomyocytes that possess an abundance of mitochondria
and produce the highest levels of ATP among all primary cells
(14, 15). The ATeam assay can measure both [ATP],, (i.e., the
Cyto-ATeam assay) and [ATP].,;, when a duplex of the mito-
chondrial targeting signal of cytochrome ¢ oxidase subunit VIII is
attached to the indicator (i.e., the Mit-ATeam assay). In this
case, the YFP/CFP emission ratio of the ATeam fluorescence
represents the ATP concentration in each compartment. In-
terestingly, the Mit-ATeam assay was a far more sensitive
method than the Cyto-ATeam assay in determining OXPHOS
activity in living cells. For example, a very low dose of oligomycin
A (0.01 pg/mL), a specific OXPHOS complex V (F,F;-ATP
synthase) inhibitor, greatly reduced the YFP/CFP emission ratio
of the Mit-ATeam fluorescence that represents [ATP],;, within

10 min (Fig. 1 A, Upper and B and Movie S1). In contrast, the

same dose of oligomycin A resulted in a slight and slow decline

of the YFP/CFP emission ratio of Cyto-ATeam fluorescence

(Fig. 1 A, Lower and B and Movie S1). The same phenomenon
was observed when the cells were exposed to hypoxia, which

suppresses the activity of OXPHOS complex IV (cytochrome c
oxidase). Again, [ATP], decreased more markedly than [ATP],
during 2.5 h of hypoxia (Fig. 1 C and D and Movie S2). These
results indicate that the Mit-ATeam assay is far more sensitive
for measuring the activity of OXPHOS than the Cyto-ATeam
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assay. In addition, OXPHOS inhibition decreased the YFP/CFP
emission ratio of the Mit-ATeam fluorescence of HeLa cells as
well as cardiomyocytes (Fig. S1), suggesting the broad applica-
bility of this assay. Therefore, we used Mit-ATeam for the as-
sessment of the OXPHOS activity in living cells.

Hypoxia-Induced Gene G0s2 Affects the Intramitochondrial ATP
Concentration. The expression of genes involved in OXPHOS
regulation is considered to be up-regulated in the early phase of
hypoxia. Thus, to find unique OXPHOS regulators, we focused
on the rapidly induced genes in response to hypoxic stimulation.
We compared the gene expression profiles of cultured rat car-
diomyocytes at three different time points during hypoxic con-
ditions (0, 2, and 12 h) (Fig. S2A). The expression of well-known
hypoxia-induced genes, such as VEGF-a and hexokinase 2 mRNA
(16, 17), was slightly up-regulated at 2 h and further enhanced at

12 h of hypoxia. In contrast, three other genes (Adamts1, Cdkn3,
and GO0s2) underwent rapid increases in expression at 2 h but

declined at 12 h of sustained hypoxia (Fig. S2 B and C). This

rapid and transient time course of expression implies that these

three genes may play distinct regulatory roles, especially in the
early hypoxic phase, in which oxygen is limited but still available.
To examine whether these genes are involved in the regulation of
OXPHOS activity, we knocked down these genes by shRNA (see

Fig. STA) and examined [ATP],;, using the Mit-ATeam assay. In
this experiment, [ATP],;, in cardiomyocytes treated with shRNA
for GOs2 clearly declined within 24 h compared with the control
cardiomyocytes (Fig. 2A and Movie S3). In addition, the time
course of ATP decline was in agreement with the time course of
GO0s2 depletion (Fig. 2A and Fig. S3A). Importantly, the over-
expression of GOs2 restored normal ATP levels (Fig. 2 B and C),
and again, the Cyto-ATeam assay could not detect a significant
effect of GO0s2 knockdown within this time frame (Fig. S3B and
Movie S4). These findings imply that mitochondrial ATP pro-
duction through OXPHOS was inhibited by G0s2 ablation.
We confirmed that the mRNA and protein levels of GOs2 both
increased after 2—6 h of hypoxia and then declined after 12 h of
hypoxia (Fig. 2 D and E). G0s2 was first reported as a gene with
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Establishment of a sensitive method to assess OXPHOS activity in living cells. (A) YFP/CFP emission ratio plots of (Upper) Mit-ATeam and (Lower) Cyto-

ATeam fluorescence in cardiomyocytes. Various concentrations (0.001, 0.01, 0.1, 1, and 10 pg/mL) of oligomycin A or DMSO (control) were added at 5 min

(arrowhead;

n = 3). (B) Representative sequential YFP/CFP ratiometric pseudocolored images of (Upper) Mit-ATeam and (Lower) Cyto-ATeam in car-

diomyocytes. Oligomycin A (0.01 pg/mL) was added at 5 min. (Scale bars: 20 ym.) (C ) YFP/CFP emission ratio plots of Mit-ATeam and Cyto-ATeam fluorescence
in cardiomyocytes (n = 10). (D) Representative sequential YFP/CFP ratiometric pseudocolored images of (Upper) Mit-ATeam and (Lower) Cyto-ATeam in
cardiomyocytes. Cells were exposed to 1% hypoxia from the time point 30 min. All of the measurements were normalized to the YFP/CFP emission ratio at

0 min. Data are represented asthe means + SEMs. (Scale bars: 20 pm.)
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Fig. 2. GO0s2, a hypoxia-inducible protein, affects
intramitochondrial ATP concentration in cardiomyo-
cytes. (A) Sequential YFP/CFP ratiometric pseu-
docolored images of Mit-ATeam fluorescence in
cardiomyocytes expressing (Upper) shRNAs for LacZ
(shLacZ) or (Lower) GO0s2 (shG0s2). Oligomycin A
(1 pg/mL) was added at the end of the time-lapse
imaging to completely inhibit ATP synthesis. The
indicated time represents the period after adenovi-
rus infection. (B) Representative YFP/CFP ratiometric
pseudocolored images of Mit-ATeam fluorescence in
cardiomyocytes expressing the indicated adenovirus
for 24 h. (Scale bar: A and B, 20 uym.) (C) The bar
graph shows the mean YFP/CFP emission ratio of
Mit-ATeam fluorescence in cardiomyocytes express-
ing shLacZ (n = 30), shG0s2 #1 (n = 30), shG0s2 #2
(n = 29), and shG0s2 #2 + G0s2 WT (n = 32) for 24 h.
All of the measurements were normalized to the
average of the control cells (shLacz). ***P < 0.001.
(D) Gene expression value plots of GOs2 (red line)
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expression that was induced during the cell cycle switch from GO
to G1 phase (18). G0s2 is expressed in many tissues and espe-
cially abundant in heart, skeletal muscle, liver, kidney, brain, and
adipose tissue (19). Although GOs2 may play a role in cell cycle
progression (20), the function of GOs2 in the hypoxic response
remains unknown.

G0s2 Rescues the Decline of ATP Production During Hypoxia. We next
tested whether the overexpression of the GOs2 before hypoxic
stress could prevent hypoxia-induced ATP depletion. We prepared
cardiomyocytes overexpressing G0s2 and control cardiomyocytes.
During sustained hypoxia, [ATP] i, gradually declined in control
cardiomyocytes as measured by the Mit-ATeam assay. Notably,
the overexpression of GOs2 before the onset of hypoxia reduced
this decline in [ATP],, Wwhich allowed the cardiomyocytes to
promptly recover to baseline levels of [ATP].;, after reoxyge-
nation (Fig. 3 A and B and Movie S5). In addition, the prehypoxia
overexpression of GOs2 preserved cell viability during sustained
hypoxia (Fig. 3C). These results suggest that GOs2 can preserve

Normoxia Hypoxia (1% O, for 2.5 h) Re-oxygenation

Fig. 3.

noblotting of the G0s2 expression in cardiomyocytes
under hypoxic conditions (1% O).

mitochondrial ATP production even under hypoxia and protect
cells from the energy crisis under hypoxia.

GO0s2 Binds to F.F;-ATP Synthase but Not Other OXPHOS Protein
Complexes. To reveal the mechanism by which GOs2 affects
[ATP]ni, We sought to identify the biochemical targets of G0s2.
We screened for GOs2 binding proteins by immunoaffinity
purification of cell lysates from cardiomyocytes expressing
C-terminally Flag-tagged GO0s2 (GOs2-Flag). G0s2-Flag is expressed
in cardiomyocytes localized to the mitochondria (Fig. S4A). MS
analysis revealed that multiple F,F;-ATP synthase subunits, but
no other mitochondrial respiratory chain complex subunits, were
coimmunoprecipitated with G0s2-Flag (Fig. S4B and Table S1).
F,F;-ATP synthase is a well-known ATP-producing enzyme
composed of a protein complex that contains an extramembra-
nous F; and an intramembranous F, domain linked by a periph-
eral and a central stalk (21-24). The binding of F,F;-ATP synthase
to GOs2-Flag was confirmed by immunoblotting with anti-
bodies against several subunits of F,F;-ATP synthase (Fig. 4A).
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Overexpression of GO0s2 before hypoxia rescues the decline of mitochondrial ATP production during hypoxia. (A) Sequential YFP/CFP ratiometric

pseudocolored images of Mit-ATeam fluorescence in cardiomyocytes expressing (Upper) G0s2 WT or (Lower) LacZ during hypoxia and reoxygenation. (Scale
bar: 20 um.) (B) YFP/CFP emission ratio plots of Mit-ATeam fluorescence in cardiomyocytes expressing G0s2 WT (n = 20) or LacZ (n = 19) during hypoxia and
reoxygenation. All of the measurements were normalized to the ratio at time 0 and compared between cardiomyocytes with G0s2 WT and LacZ at each time
point. (C) The bar graph shows the cell viability of cardiomyocytes overexpressing G0s2 under hypoxic conditions. Cardiomyocytes expressing either LacZ or
G0s2 WT were cultured under normoxic or hypoxic conditions for 18 h (n = 8). The asterisks denote statistical significance comparing G0s2 with LacZ. Data are
represented as the means + SEMs. n.s., not significant. *P < 0.05; **P < 0.01; ***P < 0.001.
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Conversely, GO0s2-Flag was coimmunoprecipitated with F,F,;-
ATP synthase (Fig. S4C). G0s2-Flag was also found to be asso-
ciated with the F F;-ATP synthase in 293T and HeLa cells (Fig.
S4C). Both coimmunoprecipitation using an anti-G0s2 antibody
and a reciprocal immunoprecipitation revealed that endogenous
GO0s2 interacts with F,F{-ATP synthase, whereas none of the
proteins in complexes I-IV or adenine nucleotide translocase 1
(ANT1; also referred to as ADP/ATP carrier) were coimmuno-
precipitated with GOs2 (Fig. 4 B and C).

Given that the GOs2 protein contains an evolutionarily conserved
amino terminus and one hydrophobic domain (HD) (19), we cre-
ated three GOs2 partial deletion mutants to identify the domain in
GOs2 that is important for binding to F,F;-ATP synthase (Fig.
S4D). Among these mutants, G0s2 AC and G0s2 AN but not G0s2
AHD bound to the F,F;-ATP synthase complex (Fig. 4D and Fig.
S4 E and F). Furthermore, we confirmed that GOs2 directly inter-
acts with F F|-ATP synthase in an in vitro pull-down assay using
a recombinant maltose-binding protein—fused GOs2 protein and
purified F,F;-ATP synthase from bovine heart mitochondria (Fig.
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Fig. 4. GO0s2 interacts with the F,F4-ATP synthase in mitochondria. (A) Im-

munoprecipitation (IP) of G0s2-Flag in cardiomyocytes. Cell lysates from
cardiomyocytes expressing G0s2-Flag or LacZ were immunoprecipitated with
an anti-Flag antibody. (B) IP of endogenous GO0s2 in cardiomyocytes. En-
dogenous GO0s2 was induced by hypoxia and immunoprecipitated using an
anti-G0s2 antibody. C, OXPHOS complex; FoF1, FoF4-ATP synthase. *IgG light
chain. (C) IP of F.F4-ATP synthase in cardiomyocytes under normoxic or
hypoxic conditions. Cell lysates from cardiomyocytes cultured under nor-
moxia or hypoxia for 4 h were immunoprecipitated with an antibody against
the whole F,F{-ATP synthase complex or a control 1gG. *Nonspecific band.
(D) IP of G0s2 mutants expressed in cardiomyocytes. Cell lysates were immu-
noprecipitated with an anti-Flag antibody. (E) Immunostained images of
hypoxia-stimulated (4 h) cardiomyocytes with anti-G0s2 (green) and anti—FoF;-
ATP synthase B-subunit (red) antibodies. (Scale bars: 20 ym.)
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S5). Immunocytochemical analysis revealed that endogenous GO0s2
colocalized with the B-subunit of F,F-ATP synthase (Fig. 4E). The
knockdown of GOs2 expression by shRNA abolished G0s2 staining
(Figs. S6 and S7A), indicating that both antibodies used for
immunostaining  specifically recognize GOs2. These data suggest
that GOs2 interacts with the F,F;-ATP synthase complex through
its HD in mitochondria and regulates OXPHOS activity.

GO0s2 Increases Mitochondrial ATP Production Rate. [ATP] i 1S
mainly determined by the rate of ATP synthesis by F,F;-ATP
synthase and ATP/ADP exchange by the ATP/ADP translocase
ANT]1. This theory means that the increased [ATP],;, observed
in the GOs2-overexpressing cells may result from the increased
ATP synthesis and/or decreased ATP/ADP exchange, although
GOs2 did not interact with ANT1 (Fig. 4B). To resolve this issue
and directly measure the rate of ATP production in mitochon-
dria, we used a semiintact cell system called the mitochondrial
activity of streptolysin O permeabilized cells (MASC) assay (25).
In this assay, we permeabilized the plasma membrane to wash
out any cytosolic components, such as creatine and glycolytic
substrates, but left the mitochondria intact. Furthermore, we
treated the cells with P', P°-di(adenosine-5') pentaphosphate to
inhibit the activity of adenylate kinase. These steps allowed us to
measure the ATP production rate mostly from OXPHOS, with
a minimal contribution of ATP buffering systems in the cytosol.
The MASC assay was suitable for accurate measurement of mi-
tochondrial ATP production rate, because mitochondria in this
semiintact cell system suffered much smaller damage than the
isolated mitochondria in the conventional method. Surprisingly, in
the MASC assay, the ATP production rate markedly increased
when GOs2 was expressed in HeLa cells that lacked endogenous
GO0s2 (Fig. 5A). In cardiomyocytes, shRNA-mediated GOs2
knockdown decreased the ATP production rate in mitochondria,
and the expression of G0s2 WT but not G0s2 AHD could restore
the ATP production rate (Fig. 5B and Fig. S7A). In both cells,
complete inhibition of ATP production by oligomycin A indicated
that the observed ATP synthesis was catalyzed by OXPHOS but
not other metabolism (Fig. 5 A and B).

Next, to evaluate the physiological role of G0s2, we examined
whether endogenous GOs2 induced by hypoxia could enhance the
ATP production rate. Cardiomyocytes were pretreated with hyp-
oxia for 4 h, during which GO0s2 expression was largely induced.
We then evaluated the ATP production rate of both hypoxia-
pretreated and nontreated cardiomyocytes under room air con-
ditions. Even under these equivalent normoxic conditions, hyp-
oxia-pretreated cardiomyocytes produced ATP faster than
nontreated control cardiomyocytes (Fig. 5C and Fig. S7B). G0s2
knockdown attenuated this increase in the rate of ATP produc-
tion, indicating that the enhanced ATP production rate resulting
from hypoxia pretreatment primarily depends on endogenous
GO0s2 induction. This increased GOs2 expression was essential for
cell survival, because G0s2-depleted cells died earlier than control
cells under conditions of hypoxic stress (Fig. 5D)

Furthermore, to assess the effect of G0s2 on cellular respiration,
we continuously measured the oxygen consumption rate (OCR)
using an XF96 Extracellular Flux Analyzer. G0s2 knockdown de-
creased the basal OCR of cardiomyocytes, most likely because of
the decreased activity of ATP synthesis (Fig. 5 E and F). In con-
trast, the proton leakage of the mitochondrial inner membrane
and the maximum respiratory capacity of OXPHOS complexes
I-IV were unaffected by GOs2 ablation (Fig. 5 E and F). These
data show that GOs2 knockdown reduced respiration caused by
ATP synthesis without affecting respiration caused by proton
leakage, nonmitochondrial respiration, or the maximal respira-
tion capacity.

All these findings indicate that GOs2 enhances the mitochondrial
ATP production rate by increasing the activity of F,F;-ATP synthase.

Discussion

In this study, we showed that G0s2 kinetically increased OXPHOS
activity through direct binding to F,F;-ATP synthase. Our previous
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Fig. 5. G0s2 enhances the mitochondrial ATP production rate. (A and B) MASC

assay of (A) permeabilized Hela cells expressing the indicated plasmids or (B) car-

diomyocytes expressing the indicated adenovirus in the presence (dotted lines) or absence (solid lines) of 1 pg/mL oligomycin A (Oli A). Upper shows the ATP pro-

duction plots, and Lower shows the mean ATP production rates between 0 and

10 min. (A) n = 12. (B) Solid lines, n = 12; dotted lines, n = 8. (C) MASC assay of

permeabilized cardiomyocytes pretreated with hypoxia. Cells expressing the indicated adenovirus were pretreated with or without hypoxia for 4 h. After the pre-
treatment, the cells were permeabilized under room air conditions followed by MASC assay in the presence (dotted lines; n = 8) or absence (solid lines; n = 12) of 1 ug/
mL Oli A. Upper shows the ATP production plot, and Lower shows the mean ATP production rate between 0 and 10 min. (D) The bar graph represents the cell viability
of G0s2-depleted cardiomyocytes under hypoxic conditions. Cardiomyocytes expressing shLacZ or shG0s2 (#2) were cultured under normoxic or hypoxic conditions for
18 h. (E and F) The OCR in cardiomyocytes expressing shLacZ and shG0s2 (#2) under basal conditions and in response to the indicated mitochondrial inhibitors (n = 8).
FCCP, carbonyl cyanide-4-(trifluoromethoxy)-phenylhydrazone. Data are represented as the means + SEMs. n.s., not significant. **P < 0.01; ***P < 0.001.

studies of F F{-ATP synthase have revealed that this enzyme has
a specific structure that connects two molecular nanomotors that
synchronize with each other to produce ATP (26-30). These
physically distinct structures suggest that a specific activating fac-
tor for F,F|-ATP synthase must exist. Combined with the find-
ings from this study, we hypothesize that G0s2 may lower the
activation barrier of the F,F;-ATP synthase nanomotor and
enhance the ATP production rate with the equivalent proton
motive driving force (PMF; i.e., the sum of the membrane po-
tential and the pH gradient). Activation barriers might be gen-
erated by various factors, such as friction between the stator and
rotor of F,F;-ATP synthase, physical and electrical resistance to
proton transport through the channel, and the existence of ro-
tary blockers such as the bacterial e-subunit and cyclophilin D
(31). The increased ATP production rate caused by GOs2 over-
expression observed in the MASC assay supports this hypothesis,
because the PMF in the initial phase of this assay should be the
same. If this hypothesis is true, even with reduced PMF, cells that
express GO0s2 should produce ATP faster than cells that express

Kioka et al.

little or no GOs2. In fact, GOs2 overexpression attenuated the de-
cline of [ATP];, under hypoxic conditions that reduced the PMF.
Precise real-time measurement of the PMF is currently difficult, but
these hypotheses might be proven in future studies. Kinetically
faster ATP production should accompany greater consumption of
both O, and PMF; however, our results suggest that preserving
ATP production is more beneficial than preserving PMF for cell
viability, particularly when the O, supply is restricted but still exists.
The transience of endogenous GOs2 expression induced by hypoxia
might serve to protect tissues in the early phase of energy crisis.
There may be specific mechanisms to decrease GO0s2 expression
under prolonged ischemia that have yet to be identified. Another
possible mechanism by which GOs2 could increase the ATP pro-
duction rate is that GOs2 increases the F,-F; coupling efficiency of
F,F-ATP synthase. However, this hypothesis is less likely, because
GOs2 altered the oxygen consumption rate to increase the ATP
production rate. Although this uncoupling phenomenon has rarely
been reported for mammalian mitochondrial F,F;-ATP synthase,
we cannot completely eliminate the possibility that intrinsically
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uncoupled F,F|-ATP synthase exists, because we could not ac-
curately measure the amount of uncoupled F,F;-ATP synthase in
intact cells.

GO0s2 was first identified in cultured monocytes during the
drug-induced cell cycle transition from GO to G1 phase (18, 32).
A limited number of studies have implied that GO0s2 is involved
in cell proliferation (33), differentiation (19), apoptosis (34),

ATP buffering enzymes, [ATP],, does not always reflect the
ATP availability that determines cellular function.

Taken together, our results indicate that GOs2 is a positive
regulator of OXPHOS that works to increase the mitochondrial
ATP production rate even under hypoxic conditions. Therefore,
enhancing the level and function of G0s2 could be beneficial for
hypoxia- and mitochondria-related disorders, such as ischemic

inflammation (35), and lipid metabolism (36) in various cellular
settings. Moreover, G0s2 was reported to localize to the cytosol
(33), endoplasmic reticulum (19), mitochondria (34), or the
surface of lipid droplets (36). How GOs2 distinguishes these
multiple functions is still not clear. In our hands, GOs2 is always

loc

alized to mitochondria, which was shown by immunostaining

with two antibodies against different epitopes of GOs2 (Fig.

S6). Complete

depletion of mitochondrial staining by GOs2

knockdown strongly suggests the specific localization of G0s2 to
mitochondria. We also showed that GO0s2 specifically bound to

mitochondrial

F,F;-ATP synthase but not other OXPHOS

protein complexes and functionally regulated OXPHOS activity.
Together, these data suggest that G0s2 acts in the mitochondria.

Ho

wever, different cellular conditions may change the localiza-

tion and role of GOs2. Additionally, GOs2-mediated changes in
ATP metabolism may possibly affect the lipid metabolism or

cel

lular proliferation.  Additional studies will reveal the

functional mechanisms by which GOs2 exerts these multiple
functions in different cellular conditions.
In this study, we evaluated [ATP]y, and [ATP],, separately

usi

ng FRET-based ATP biosensors in living cells. This dual

evaluation revealed that [ATP]u. reflected mitochondrial ATP
production with much greater sensitivity than [ATP]., (Fig. 1
and Movies S1 and S2). Because [ATP]y, is strongly influenced

by

N

w

the activity of various cytosolic ATP hydrolytic enzymes and

. Kim JW, Tchernyshyov I, Semenza GL, Dang CV (2006) HIF-1-mediated expression of

pyruvate dehydrogenase kinase: A metabolic switch required for cellular adaptation
to hypoxia. Cell Metab 3(3):177-185.

. Papandreou I, Caims RA, Fontana L, Lim AL, Denko NC (2006) HIF-1 mediates adaptation to

hypoxia by actively downregulating mitochondrial oxygen consumption. Cell Metab 3(3):
187-197.

. Semenza GL (2012) Hypoxia-inducible factors in physiology and medicine. Cell 148(3):

399-408.

. Semenza GL, et al. (1996) Hypoxia response elements in the aldolase A, enolase 1, and

diseases, metabolic diseases, and cancer.

Materials and Methods

Cells were infected with adenovirus encoding FRET-based ATP indicators AT1.03
or mit-AT1.03 to measure changes in cytosolic or mitochondrial ATP concen-
trations, respectively. Image acquisitions and FRET analyses were performed as
described previously with some modifications (13). For the control of oxygen
concentration during time-lapse imaging, digital gas mixer for stage-top in-
cubator GM8000 (Tokai Hit) was used to create hypoxic (1% O,) or normoxic
(20% O,) condition. Additional methods are found in SI Materials and Methods.
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Aims: We previously reported the association of single nucleotide polymorphisms in the lymphotoxin
alpha (LTa) gene with susceptibility to acute myocardial infarction (AMI) and increased mortality after
discharge. In the present study, we investigated whether the adverse effect of LTa C804A polymorphism
on mortality could be pharmacologically modified by statin treatment after AMI.

Methods and results: We conducted a multicenter study that included 3486 post-AMI patients between
1998 and 2008. During a median follow-up period of 1775 days, 247 deaths were recorded. The mortality
rate was significantly higher in LTa 804A allele carriers compared to non-804A allele carriers (7.9% vs.
5.7%, p ¥4 0.011). The LTa 804A allele was significantly associated with increased mortality for post-AMI
patients not receiving statins (hazard ratio [HR]: 148, 95% confidence interval [CI]: 1.03e2.12, p ¥4 0.034),
but not for those receiving statins (HR: 1.22, 95% CIL: 0.70e2.10, p ¥4 0.486). In-vitro experimental analyses

Keywords:
Lymphotoxin alpha
Myocardial infarction
Single nucleotide polymorphism
Statin demonstrated that the LTa 804A polymorphic protein, 26Asn-LTas, induced monocyte-endothelial
interaction and endoplasmic reticulum (ER) stress in cardiomyocytes more strongly than the LTas
804C polymorphic protein 26Thr-LTas;. However, the effects of both LTas proteins were decreased and
became comparable by the pretreatment of cells with pravastatin.
Conclusion: LTa C804A polymorphism was associated with an increased risk of mortality for AMI patients,
although this effect was masked in patients treated with statins. This finding is supported by the
observed attenuation of 26Asn-LTas-mediated monocyte-endothelial interaction and ER stress in car-
diomyocytes treated with pravastatin. LTa C804A polymorphism may have potential as a novel thera-
peutic target for secondary prevention after AMI.
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developed countries. Although the implementation of evidence-
based therapies has greatly reduced mortality [1,2], the long-term
mortality rate after discharge for AMI remains high. Because per-
sonal risk after AMI survival dramatically varies demographically,
the development of improved secondary prevention programs,
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including personalized therapy approaches is necessary to reduce
post-AMI mortality. In particular, therapeutic approaches that take
into account genetically determined risk may have great potential
for personalized treatments that improve adverse outcomes
after ML

Recently, others and we identified that single nucleotide poly-
morphisms (SNPs) in the genes encoding lymphotoxin alpha (LTa)
and its associated proteins are associated with AMI onset [3e8]. LTa
is a proinflammatory cytokine with homology to inflammatory
cytokine tumor necrosis factor (INF)-a [9ell] and is related with
the development of atherosclerotic lesions in coronary arteries
[12,13]. Interestingly, SNPs in the LTa gene are associated with both
increased susceptibility to AMI onset post-AMI mortality [14].
Based on the pro-inflammatory characteristics of LTa, we hypoth-
esized that the adverse effects of LTa polymorphism could be
mediated by statins, which are one of the most widely prescribed
medicines with anti-inflammatory properties [15].

Here, we investigated the pharmacogenetic interactions be-
tween LTa C804A polymorphism and statins in post-AMI patients,
and attempted to determine the underlying mechanisms through
in-vitro analyses.

2. Materials and methods

2.1. Epidemiologic data regarding the impact of LTa C804A
polymorphism

Among 10,076 consecutive Japanese AMI patients who were
registered in the Osaka Acute Coronary Insufficiency Study (OACIS)
between 1998 and 2008, we enrolled 3486 patients who were
discharged alive and submitted samples for the genetic analysis
performed in this study. Details of the OACIS and genotyping have
been reported elsewhere [14,16]. All patients provided written
informed consent, and the study protocol complied with the
Guidelines for Genome/Genetic Research issued by the Japanese
government and was approved by the ethics committee of each
institution.

The patients were divided into two groups according to the
presence (n Y 1390; statin(p) group) or absence (n %4 2096;
statin(—) group) of statin treatment at discharge. In each group, the
incidence of all-cause mortality was compared between patients
with the AA or CA genotype (A allele carriers) and those with the CC
genotype (non-A allele carriers) of LTa C804A polymorphism. LTa
C804A polymorphism (rs1041981) was determined using an auto-
mated fluorescent allele-specific DNA primer assay (Toyobo Gene
Analysis, Tsuruga, Japan) [17].

2.2. Cell culture and materials

Human umbilical vein endothelial cells (HUVEC) were pur-
chased from Clonetics (San Diego, CA,USA) and cultured in EGM-2
SingleQuots endothelial cell medium (Clonetics)at 37 °Cin a hu-
midified 5% CO, incubator. Cells from passages three to eight were
used for experiments. THP1 cells, a human acute monocytic leu-
kemia cell line, were purchased from ATCC (Manassas, VA, USA)
and cultured in RPMI 1640 medium (Clonetics) containing 10% fetal
calf serum, 2 MM glutamine, and 1% penicillin/streptomycin at 37 °C
in a humidified 5% CO, incubator [12]. Recombinant 26Thr-LTa; and
26Asn-LTas proteins were expressed in Escherichia coli using the
pET29 system (Novagen, Madison, WI, USA) and purified as previ-
ously described [8]. Cytotoxic assays were conducted in the
WEHI164s fibrosarcoma cell line (provided by the Institute of
Development, Aging and Cancer, Tohoku University). Pravastatin
was obtained from Daiichi-Sankyo (Tokyo, Japan).

2.3. Neonatal rat cardiomyocyte preparation

Primary ventricular myocytes were isolated from neonatal rats,
purified by Percoll density gradient centrifugation, and pre-plated
for 1 h to enrich for cardiac myocytes (95%). The obtained cells
were plated at a density of 7.5 X 103 cells per well (3.5-cm diam-
eter), and then cultured in Dulbecco’s Modified Eagle Medium
(Invitrogen, Camarillo, CA, USA) containing 10% fetal calf serum,
2 MM glutamine, and 1% penicillin/streptomycin at 37 °C in a hu-
midified 5% CO, incubator [18].

2.4. Monocyte-endothelial cell adhesion assay

We previously reported that LTas; increases monocyte-endothelial
interactions in vitro [12]. To investigate the effects of LTa C804A
polymorphism and statin treatment on monocyte-endothelial cell
interactions, cell adhesion assays involving THP1 cells and HUVEC
were conducted. As LTa C804A polymorphism replaces threonine
with asparagine at residue 26 (Thr26Asn) in the LTa; protein, re-
combinant 26Thr- and 26Asn-LTajs; were compared. For the assay,
HUVEC were first cultured in 96-well microplates (Asahi Techno
Glass, Tokyo, Japan) for two days to form monolayers, and were then
incubated with 1 ng/ml 26Thr-LTa; or 26Asn-LTa; for 5 h prior to
performing the adhesion assay. The effects of pravastatin treatment
on adhesion of THPI cells to HUVEC were also examined by adding
10 MM pravastatin to HUVEC cultures 12 h before stimulation with
LTa; [12]. Further details of this assay are shown in supplementary
method.

2.5. Vascular cell adhesion molecule | (VCAMI) assay

To determine the influence of 26Thr-LTaz and 26Asn-LTas on the
expression of VCAMI, Western blot analysis was performed as
previously described [12]. Briefly, total cellular protein (10€20 mg)
was obtained from HUVEC after stimulation with 1 ng/ml 26Thr-
LTa; or 26Asn-LTaz for 6 h. To evaluate whether the effects of
26Thr-LTaz/26Asn-LTa; on VCAMI expression were influenced by
pravastatin treatment, 10 MM pravastatin was added 12 h before
26Thr-LTas/26Asn-LTa; stimulation of HUVEC cultures. VCAMI1 and
actin were detected using anti-VCAMI1 and anti-actin antibodies,
respectively (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

2.6. Monocyte migration assay

The migration of monocytes to HUVEC was analyzed using
a modified Boyden chamber method. Briefly, HUVEC were cultured
in the lower compartments of 24-well Transwell® microplates
(Corning, Acton, MA, USA) for two days to form a monolayer. To
investigate the effects of LTa C804A polymorphism on the migra-
tion of THPI1 cells to HUVEC, HUVEC were incubated with 1 ng/ml
26Thr-LTasz or 26Asn-LTas for 5 h prior to performing the migration
assay. We also examined the effects of pravastatin treatment on
monocytes migration by adding 10 MM pravastatin to HUVEC cul-
tures 12 h before stimulation with LTas. Further details of this assay
are shown in Supplementary Methods.

2.7. Endoplasmic reticulum (ER) stress in rat neonatal
cardiomyocytes

ER stress induced by LTas on rat neonatal cardiomyocytes was
evaluated by treating rat cardiomyocytes with either 10 ng/ml
26Thr-LTa; or 26Asn-LTa; for 24 h. The effects of pravastatin on
26Thr-LTaz/26Asn-LTas-induced ER stress were evaluated by add-
ing 10 MM pravastatin to cultures of rat cardiomyocytes 24 h before
stimulation with LTas. For Western blot analysis, Glucose-regulated
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protein 94 kDa (GRP94) and 78 kDa (GRP78) were detected using
anti-GRP94 and anti-GRP78 antibodies, respectively (Assay De-
signs, Ann Arbor, MI, USA), and GAPDH was detected using anti-
GAPDH antibody (Millipore, Billerica, MA, USA).

2.8. Statistical analysis

All statistical analyses were performed with either SPSS 11.0
software (SPSS Inc., Tokyo, Japan) or R software (http://www.R-
project.org/). For epidemiologic analysis, discrete variables were
expressed as counts or percentages, as indicated, and compared
with the C?-test. Continuous variables were expressed as the
mean + SD and compared using the unpaired Student’s t-test.
Survival curves were constructed using the KaplaneMeier method
and differences in mortality rates were compared between groups
with the Log-rank test. Cox regression analyses were used to
determine whether LTa C804A polymorphism was an independent
predictor of mortality. For experimental analysis, data are pre-
sented as the mean + SE. Statistical significance was determined by
the unpaired Student’s t-test or one-way ANOVA followed by
Bonferroni’s correction, except for the analysis of GRP78/94, for
which ManneWhitney’s U test was used. All reported p values are
two-sided, and statistical significance was defined as p < 0.05.

3. Results

3.1. Impact of LTa C804A polymorphism on mortality and statin
treatment in post-AMI patients

Among 10,076 consecutive Japanese AMI patients who were
registered in the Osaka Acute Coronary Insufficiency Study (OACIS)
between 1998 and 2008, typing for this polymorphism was con-
ducted for 3506 post AMI patients, and successful typing was
obtained for 3486 patients, which denotes call rate was 99.4%
(Suppl. Fig. 1). The prevalence of the C804A genotypes was as fol-
lows: CC 1333(38.2%), CA 1592(45.7%), AA 561(16.1%) (p V2 0.020 by
HardyeWeinberg equilibrium test) (Suppl. Table 1).

After comparing the incidence of all-cause mortality among
patients with the three genotypes of LTa C804A polymorphism,
a similar trend of increasing mortality for patients with the AA and
CA genotypes was detected (Suppl. Fig. 2). Therefore, we selected
LTa C804A polymorphism as a dominant parameter and compared
the incidence of all-cause mortality between patients with the AA
or CA genotype (A allele carriers) and those with the CC genotype
(non-A allele carriers). The baseline characteristics of all subjects
and the two patient subgroups, consisting of those with (statin(p))
and without (statin(—)) statin treatment at discharge, are shown in
Table 1 and Suppl. Table 2. In both patient subgroups, no significant
differences were detected in the baseline characteristics between
LTa 804A allele carriers (AA b CA genotypes) and non-804A allele
carriers (CC genotypes), except for age and reperfusion therapy. Age
was significantly younger and reperfusion rate was significantly
higher in the former subgroup.

A total of 247 deaths were recorded during the median follow-
up period of 1775 days. KaplaneMeier curves were constructed
for patients based on LTa C804A polymorphism (Fig. 1A), revealing
that 804A allele carriers had significantly higher all-cause mortality
than that of non-804A allele carriers (7.9% vs. 5.7%, p ¥4 0.011). We
also plotted KaplaneMeier curves for all-cause mortality among
subgroups that were divided based on treatment with statins at
discharge (Fig. 1B). For patients not receiving statin therapy
(statin(—)), all-cause mortality was significantly higher in 804A
carriers compared to non-804A carriers (9.8% vs. 6.8%, p ¥4 0.025),
but did not differamong those receiving statin therapy (statin(p))

Table 1
Patient demographics based on lymphotoxin alpha C804A polymorphism.

LTA 804 polymorphism p Value

Non-A allele carrier A allele carrier

(CO) (AA b AC)

N % 1333 N % 2153
Age (y.o.) 64.7x 11.0 639+ 114 0.035
Male (%) 77.8 78.1 0.853
BMI (kg/m?) 23.9+ 3.4 23.8+ 3.4 0.686
DM (%) 31.0 34.2 0.053
HT (%) 58.9 59.2 0.869
HL (%) 48.5 47.0 0.404
Smoking (%) 64.6 65.3 0.691
OMI (%) 10.5 11.5 0.343
AP (%) 24.2 24.8 0.695
Admission< 24 h (%) 39.9 38.3 0.335
STEMI (%) 86.4 86.5 0.959
peak CK > 3000 (%) 31.6 34.8 0.061
Killip> 1 at admission (%) 11.8 13.3 0.193
T-Cho (mg/dl) at admission 197.9+ 42.9 195.6+ 44.7 0.145
HDL-Cho (mg/dl) 46.8+ 12.7 46.1+ 12.3 0.093
Multi-vessel disease (%) 33.9 37.3 0.050
Reperfusion therapy (%) 89.5 91.8 0.023
Stent (%) 78.8 77.0 0.249
Thrombectomy (%) 39.1 39.4 0.883
Final TIMI3 (%) 89.2 88.1 0.338
ACEIs (%) 54.4 54.9 0.768
ARBs (%) 23.9 24.2 0.842
ACEIs or ARBs (%) 76.4 76.6 0.921
Beta blockers (%) 45.0 47.6 0.135
Ca blockers (%) 21.3 21.1 0.904
Statin (%) 41.4 38.9 0.145
Diuretics (%) 24.8 27.7 0.057
Anti-platelets (%) 98.3 98.2 0.800
Nitrates (%) 37.7 39.5 0.304
Anti-coagulants (%) 18.8 18.4 0.816
T-Cho (mg/dl) at discharge 186.9+ 35.1 185.4+ 36.4 0.339
HDL-Cho (mg/dl) 38.8+ 10.7 38.0+ 10.7 0.110

Patient characteristics between LTa 804A allele carriers (AA p AC) and non-804A
allele carriers (CC).

Discrete variables are expressed as counts or percentages, as indicated, and were
compared with the C?-test. Continuous variables are expressed as the mean = SD,
and were compared with the unpaired Student’s t-test.

LTa % lymphotoxin alpha; BMI % body mass index; DM Y% diabetes mellitus;
HT % hypertension; HL % hyperlipidemia; OMI % old myocardial infarction;
AP Y, angina pectoris; STEMI % ST elevation myocardial infarction; CK % creatinine
kinase; T-Cho % total cholesterol; HDL-Cho % high density lipoprotein cholesterol;
PCI % percutaneous coronary intervention; emergent PCI % PCI performed within
24 h after the onset of MI; Multi-vessel disease % two or three vessel disease; Final
TIMI3 Y% final TIMI3 acquisition at reperfusion therapy; ACEI % angiotensin con-
inhibitor; ARB % blocker; Ca
blockers Y4 calcium channel antagonists at discharge.

verting enzyme angiotensin Il receptor

(5.0% vs. 4.2%, p Va 0.345), suggesting that the mortality effects of
LTa C804A polymorphism are influenced by statin therapy.

Cox’s proportional hazard analysis confirmed that the 804A
allele was significantly associated with increased mortality (Table 2,
adjusted HR 144, 95% CI: 1.06e1.95, p V4 0.018). Interestingly, this
trend was evident for patients without statin treatment at dis-
charge (adjusted HR 1.48, 95% CI: 1.03e2.12, p ¥4 0.034), but not for
those who were treated with statins at discharge (adjusted HR:
1.22, 95% CI: 0.70e2.10, p ¥4 0.486) (Table 2).

3.2. LTa-induced adhesion of THP1 cells to endothelial cells is
attenuated by pravastatin

As shown in Fig. 2A, both 26Thr-LTaj; and 26Asn-LTas;, corre-
sponding to LTa 804C- and 804A-polymorphic proteins, respec-
tively, increased the adhesion of THP1 cells to HUVEC monolayers
when compared with controls (p < 0.001). Notably, exposure of
HUVEC to 26Asn-LTa; led to greater increases in the adhesionrate
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Fig. 1. All-cause mortality for AMI patients in relation to LTa C804A polymorphism and
statin treatment. A. All-cause mortality rate was significantly higher in LTa 804A allele
carriers (AA p AC, N % 2153) (dotted line) than in non-804A allele carriers (CC,
N % 1333) (solid line) (p % 0.011 by the Log-rank test). B. All-cause mortality rate was
significantly higher in LTa 804A allele carriers (AA p AC) (dotted line) than in non-
804A allele carriers (CC) (solid line) in the subgroup without statin therapy

Table 2
Hazard ratio for all-cause mortality among LTa 804A allele carriers in the presence
or absence of statin prescription at discharge.

Death Total N HR 95% CI p Value

Model 1

Overall 247 3486 1.42 1.08e1.86 0.011
Statin(—) 182 2096 1.44 1.04e1.98 0.026
Statin(p) 65 1390 1.28 0.77€2.12 0.346
Model 2

Overall 247 3486 1.49 1.14e1.96 0.004
Statin(—) 182 2096 1.54 1.12e2.13 0.008
Statin(p) 65 1390 1.33 0.80e2.20 0.278
Model 3

Overall 199 3024 1.40 1.04e1.89 0.027
Statin(—) 144 1784 1.48 1.03e2.12 0.034
Statin(p) 55 1240 1.22 0.70e2.10 0.486

Model 1. Hazard ratio of LTa 804A allele carriers (AA p AC) for all-cause mortality
(unadjusted).

Model 2. The hazard ratio of LTa 804A-allele carriers on all-cause mortality after
being discharged alive was analyzed by Cox regression analysis. Covariates were age
and sex.

Model 3. Model 2 b diabetes mellitus, hypertension, hyperlipidemia, smoking his-
tory, peak CK 2: 3,000, multi-vessel disease, reperfusion therapy, and ACEI/ARBs,
beta blockers at discharge.

Abbreviations are the same as those used in Table 1.

compared to that of 26Thr-LTa; (2.36 vs. 2.03 fold, respectively,
compared with control; p < 0.05), although the rate decreased and
was comparable between the groups (1.58 vs. 1.43 fold, respec-
tively, p Y4 n.s.) after the pretreatment of HUVEC with pravastatin.
Western blotting revealed that the expression level of VCAMI on
HUVEC was markedly increased by treatment with 26Asn-LTaj
compared to that with 26Thr-LTa;. However, both 26Asn- and
26Thr-LTaz-induced VCAMI expression was attenuated at similar
levels by pravastatin (Fig. 2B).

3.3. LTa-induced monocyte migration is attenuated by pravastatin

In a two-chamber migration assay, the migration rate of THPI
towards the HUVEC-conditioned medium markedly increased by
exposure to 26Thr-LTaz and 26Asn-LTa; when compared with
controls (p < 0.001). In the absence of pravastatin pretreatment, the
migration ratio displayed a larger increase for 26Asn-LTa; stimu-
lation compared to 26Thr-LTa; (2.14 vs. 1.55 fold compared with
control, p < 0.05), whereas the two LTa proteins displayed similar
small effects in the presence of pravastatin (1.48 vs. 146 fold
compared with control, p Yan.s.) (Fig. 2C).

3.4. LTa-induced ER stress in rat cardiomyocytes is attenuated by
pravastatin

GRP78 expression levels in rat neonatal cardiomyocytes were
increased by LTas stimulation after 24 h when compared with
controls (p < 0.001) (Fig. 3A and B). Exposure to 26Asn-LTaj led to
greater GRP78 expression compared to that induced by 26Thr-LTas
(1.68 vs. 1.53 fold compared with control, p < 0.05 by Manne
Whitney’s U test), although no differences in expression were
detected after the pretreatment of cardiomyocytes with 10 mM
pravastatin (p % n.s.). Similarly, GRP94 expression was also mark-
edly increased following 26Asn-LTa; stimulation compared to
exposure to 26Thr-LTaj (1.83 vs. 1.59 fold compared with control,
p < 0.05 by ManneWhitney’s U test) (Fig. 3C and D), and no

(statin(—)) (p % 0.025 by the Log-rank test), whereas no difference was detected be-
tween the LTa C804A polymorphism groups for those that received statin therapy
(statin(p)) (p ¥ 0.345 by the Log-rank test).
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Fig. 2. Effects of LTa C804A polymorphism on monocyte-endothelial adhesion (A) and
induction of VCAMI1 expression (B) in the absence and presence of pravastatin treat-
ment. Effect of LTa C804A polymorphism on THP1 cell migration rate (C). A. The
adhesion rate of THP1 onto HUVEC was increased by both 26Thr-LTasz and 26Asn-LTas
stimulation of HUVEC. The adhesion rate was higher when cells were stimulated by
26Asn-LTas; than by 26Thr-LTas (**p < 0.001 vs. control, #p < 0.05 vs. 26Thr-LTas
protein by the unpaired t-test), but the difference was reduced by the pretreatment of
cells with 10 MM pravastatin. B. The expression levels of VCAMI were increased by
26Thr-LTa; or 26Asn-LTa; stimulation in comparison with control. 26Asn-LTa; led to
greater induction of VCAMI expression compared to 26Thr-LTas;, but VCAM1 was
expressed at comparable levels for both proteins following the pretreatment of HUVEC
with 10 MM pravastatin. A representative result among five independent experiments
is shown. C. The migration rate of THP1 towards HUVEC was increased by both 26Thr-
LTa; and 26Asn-LTas;, although the rate was higher for cells stimulated with 26Asn-
LTa; (2.14 vs. 1.55 fold when compared with control, **p < 0.001 vs. control, *p < 0.01
vs. control, and #p < 0.05 vs. 26Thr-LTas; by the unpaired t-test). However, no signif-
icant differences were detected between the two proteins following the pretreatment
of HUVEC with 10 MM pravastatin (1.48 vs. 1.46 fold when compared with control by
the unpaired t-test).

differences in expression were detected after pravastatin pre-
treatment (p % n.s.).

4. Discussion

We previously reported the clinical impacts of polymorphisms
in the genes encoding LTa and its related proteins on susceptibility
to AMI and increased post-AMI mortality. The results of the present
study further underline the importance of the LTa cascade in the
pathogenesis of cardiovascular diseases by showing that a func-
tional SNP in the LTa gene at C804A, which replaces threonine with
asparagine at residue 26 (Thr26Asn), is associated with increased
all-cause mortality after AMI. Furthermore, our findings suggest
that LTa gene polymorphism has clinical significance as a thera-
peutic target, because a reduction of 26Asn-associated mortality
risk by statin treatment was suggested in the cohort of post-AMI
patients, as well as in the in-vitro experimental studies.

We found that LTa C804A polymorphism is also associated with
increased mortality among AMI patients registered in OACIS,
a prospective observational study of AMI being conducted in Osaka,
Japan. However, this result was not entirely unexpected, as we
previously reported that A252G polymorphism in the LTa gene,
which has a strong linkage disequilibrium with C804A, is associated
with increased post-AMI mortality [14]. Therefore, the most
important finding of the present study was the demonstration of
the pharmacological modification of the C804A-related mortality
risk with statin treatment in the secondary prevention setting of
post-AMI. Our findings also suggest that the pharmacological
modification mediated by statin might be attributable to decreased
monocyte-endothelial interaction and ER stress in cardiomyocytes.

The growth of atherosclerotic lesions involves the inflammatory
response and is characterized by the adhesion of monocytes onto
endothelial cells, migration of monocytes into intima, scavenging of
lipoprotein particles, followed by the formation of foam cells and
secretion of various pro-inflammatory cytokines [19]. We recently
demonstrated that LTa; stimulation induces the expression of
various genes involved in inflammation and cell adhesion, includ-
ing VCAMI, which is a key player in the binding of monocytes to
endothelial cells [20], in HUVEC and human coronary arterial
endothelial cells [12,21]. In the present study, the stimulation of
HUVEC with LTa 804A polymorphic protein (26Asn-LTa3;) markedly
increased both the adhesion and the migration of monocytes to
endothelial cells in comparison with LTa 804C polymorphic protein
(26Thr-LTa3). Notably, the differences between 26Asn- and 26Thr-
LTas were attenuated by the pretreatment of cells with pravastatin,
a result that is consistent with our epidemiologic data. Additionally,
we performed the experiments to elucidate whether or not LTaj
could alter the transformation of monocytes into macrophages by
the observation of morphological change with microscopy and by
using fluorescent-labeled oxidized low-density lipoprotein (Dil-
Ox-LDL, Biomedical Technologies Inc. Stoughton, MA, USA) fol-
lowed by fluorescence activated cell sorting (FACS). However, we
observed no transformation of monocytes into macrophages after
LTa; stimulus, whereas Phorbol 12-myristate 13-acetate (PMA)
stimulus induced the transformation.

Several reports have described the role of LTa in inflammation
and atherosclerosis. Although the LTa signaling pathway is con-
sidered to be similar in part to that of TNFa, LTa appears to play
a dominant role in the regulation of atherosclerotic lesion growth.
Schreyer et al. [13] showed that TNFa deficiency did not alter lesion
development in mice fed an atherogenic diet, whereas the loss of
LTa resulted in a three-fold decrease in the amount of lesions. In
addition, we previously revealed that LTa is expressed in the
atherosclerotic plaques of patients with coronary artery disease [8].
The present data suggest that the increased risk of mortality
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Fig. 3. Effect of LTa C804A polymorphism on the induction of ER stress in rat neonatal cardiomyocytes. The expression levels of glucose-regulated protein (GRP) 78 were increased
in rat cardiomyocytes by stimulation with either 26Thr-LTa3z or 26Asn-LTa@; when compared with control cells (**p < 0.001) (A and B). 26Asn-LTasz had a greater effect on GRP78
expression compared to 26Thr-LTas (1.68 vs. 1.53 fold when compared with control, #p < 0.05), but GRP78 expression induction was attenuated by 10 MM pravastatin pretreatment
for both 26Thr-LTas; and 26Asn-LTasz(p % n.s.). The expression levels of GRP94 were also increased by 26Thr-LTas or 26Asn-LTa; stimulation when compared with control cells
(**p < 0.001) (C and D), but were higher for 26Asn-LTas compared to 26Thr-LTa3 (1.83 vs. 1.59 fold, #p < 0.05). The induction of GRP94 expression was also attenuated by the

pretreatment of cardiomyocytes with pravastatin (p % n.s.).

associated with LTa C804A polymorphism can be lowered by statin
treatment, and that the beneficial effects of statins for 804A allele
carriers might be attributable to the attenuation of monocyte-
endothelial interactions and cardiomyocyte degeneration. Previ-
ous experimental studies have revealed that statins attenuate the
inflammatory response, including the decreased expression of
adhesion molecules triggered by TNFa via the NFKB signaling
pathway [22e25]. Considering that LTa shares major receptors
(TNF receptors type I and II) with TNFa [11], it is reasonable to
speculate that statins attenuate the LTa-induced inflammatory
response, thereby preventing atherogenesis and cardiovascular
events. Our present experimental data support this idea, as 26Asn-
LTa; stimulation led to greater human monocyte-endothelial
adhesion and monocyte migration compared to 26Thr-LTa;, and
the effects induced by both 26Asn- and 26Thr-LTasz were blunted
and became comparable following pravastatin treatment.
Inflammation induced by pro-inflammatory cytokines is one of
the major causes of ER stress, which is characterized by the accu-
mulation of unfolded proteins induced by stimuli such as oxidative
stress and ischemia. As ER stress in cardiomyocytes is followed by
cardiac remodeling and heart failure [18,26,27], we evaluated
whether LTa polymorphism is associated with the occurrence of ER
stress. ER stress triggers the unfolded protein response, which in-
volves a group of signal transduction pathways that ameliorate the
accumulation of unfolded proteins in the ER by increasing the
expression of ER-resident chaperones, such as GRP78/94. Thus,
enhanced expression of GRP78/94 can be used as a marker of ER
stress. Here, we found that ER stress in rat cardiomyocytes was
significantly elevated by 26Asn-LTa; stimulation compared with
that by 26Thr-LTas;, and that these differences were blunted by

pravastatin treatment. These findings may partly explain our
observation that LTa 804A allele carriers had higher mortality after
MI in the absence of statin treatment.

The preventive effects of statin therapy on cardiovascular events
have been demonstrated in many clinical studies and are thought to
be mediated, at least in part, by the pleiotropic effects, including
anti-inflammatory and lipid-lowering activities [28€30]. However,
despite considerable research efforts, the pleiotropic effects of
statins remain poorly characterized and have yet to be demon-
strated in the clinical setting [15]. In the present study, no signifi-
cant differences were detected in the average total and HDL-
cholesterol level between 804A allele and non-804A allele car-
riers in both statin(p) and statin(—) subgroups, suggesting that LTa
polymorphism does not modify cardiovascular risk by altering
serum cholesterol levels. Therefore, we speculate that statins may
mask the adverse effects of LTa polymorphisms via their pleiotropic
properties, independently of their lipid-lowering effects.

Several limitations of our study warrant mention. First, the
epidemiologic analyses were based on an observational study, and
statin prescriptions were not randomized. However, the bias was
likely minimal, because statins were prescribed by attending phy-
sicians without knowledge of patients’ LTa genotype, and as
a consequence, statin prescription was naturally “genetically ran-
domized”. Second, data on the daily doses, adherence, and dis-
continuation of statin treatment after discharge were lacking,
despite the possibility that these factors may have modified the
actual impact of statin therapy on LTa polymorphism. Third,
although we found that LTa polymorphism is associated with
mortality after the onset of AMI in our patient cohort comprised of
Asian people who were predominantly Japanese, further analysis is
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needed to verify the results in other ethnic groups. Fourth, the
study included only the patients with informed consent, who were
in relatively less severity after the onset of MI, which is also a study
limitation.

In conclusion, our results demonstrate that the LTa 804A allele is
significantly associated with increased mortality in post-AMI pa-
tients, a finding that may be attributable to the increased mortality
risk of the 804A allele in the absence of statin treatment. Therefore,
post-AMI patients with LTa C804A polymorphism may be good
candidates for pharmacological intervention with statins to
improve long-term mortality. Although further investigations are
needed, genetic polymorphisms of LTa, including C804A, may
represent suitable therapeutic targets in the near future.
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Abstract

Purpose Although amiodarone is recognized as the most
effective anti-arrhythmic drug available, it has negative he-
modynamic effects. Nano-sized liposomes can accumulate in
and selectively deliver drugs to ischemic/reperfused (I/R)
myocardium, which may augment drug effects and reduce
side effects. We investigated the effects of liposomal amiodar-
one on lethal arrhythmias and hemodynamic parameters in an
ischemia/reperfusion rat model.

Methods and Results We prepared liposomal amiodarone
(mean diameter: 113 +8 nm) by a thin-film method. The left
coronary artery of experimental rats was occluded for 5 min
followed by reperfusion. Ex vivo fluorescent imaging revealed
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that intravenously administered fluorescent-labeled nano-sized
beads accumulated in the I/R myocardium. Amiodarone was
measurable in samples from the I/R myocardium when liposo-
mal amiodarone, but not amiodarone, was administered. Al-
though the intravenous administration of amiodarone (3 mg/kg)
or liposomal amiodarone (3 mg/kg) reduced heart rate and
systolic blood pressure compared with saline, the decrease in
heart rate or systolic blood pressure caused by liposomal amio-
darone was smaller compared with a corresponding dose of free
amiodarone. The intravenous administration of liposomal
amiodarone (3 mg/kg), but not free amiodarone (3 mg/kg),
5 min before ischemia showed a significantly reduced duration
of lethal arrhythmias (18 £9 s) and mortality (0 %) during the
reperfusion period compared with saline (195+42 s, 71 %,
respectively).

Conclusions Targeting the delivery of liposomal amiodar-
one to ischemic/reperfused myocardium reduces the mortal-
ity due to lethal arrhythmia and the negative hemodynamic
changes caused by amiodarone. Nano-size liposomes may
be a promising drug delivery system for targeting I/R myo-
cardium with cardioprotective agents.

Keywords Liposome - Amiodarone - Lethal arrhythmia -
Ischemia - Reperfusion

Introduction

Therapies for the prevention and treatment of ischemia-
induced life-threatening arrhythmias remain an unmet medical
need [1]. Amiodarone is currently considered to be the most
effective anti-arrhythmic drug available for treating life-
threatening arrhythmias [2, 3], despite the fact that this com-
pound has a negative impact on hemodynamic parameters [4,

5]. The intravenous administration of amiodarone is expected
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to be beneficial for the immediate treatment of arrhythmias in
emergency settings, such as acute myocardial infarction (AMI)
[6, 7]. However, in clinical practice, the administration of
amiodarone remains problematic for the treatment of AMI
[8]. Although lower doses of amiodarone result in fewer inci-
dences of death, high doses of amiodarone can cause hypoten-
sion and non-cardiac death, both of which may diminish the
positive effects of amiodarone [8, 9]. Therefore, a novel deliv-
ery system is strongly desired to enhance the anti-arrhythmic
effects of amiodarone without producing severe side effects.
Liposomes are widely used for drug delivery to actively
or passively target specific organs and to improve drug
stability in cancer and inflammatory diseases [10—12]. In
ischemic/reperfused (I/R) myocardium, cellular permeabili-
ty is enhanced and vascular endothelial integrity is disrupted
[13, 14], suggesting that nanoparticles, such as liposomes,
may be a promising drug delivery system for targeting I/R
myocardium with cardioprotective agents [15]. Indeed, we
have recently demonstrated that adenosine encapsulated by
liposomes coated with polyethylene glycol (PEG) exhibited
enhanced cardioprotective effects and attenuated side
effects, such as hypotension and bradycardia, in an ische-
mia/reperfusion model of rats [16]. In the present study, we
prepared liposomal amiodarone and examined 1) the tar-
geted accumulation of liposomal amiodarone in the I/R
myocardium, 2) the hemodynamic effects of the intravenous
administration of liposomal amiodarone and free amiodar-
one, and 3) the anti-arrthythmic effects of these preparations
in an I/R rat model. We showed that targeting the delivery of
liposomal amiodarone to I/R myocardium reduces the mor-
tality due to lethal arrhythmias and the negative hemody-
namic changes caused by amiodarone in an I/R rat model.

Methods
Materials

The materials used to prepare PEGylated liposomes, including
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), cho-
lesterol, and 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-poly(ethylene glycol) 2000 (DSPE-PEG2000),
were kindly donated by Nippon Fine Chemical Co. (Taka-
sago, Hyogo, Japan). Fluorescent beads (diameter 100 nm)
were purchased from Invitrogen. All other materials were
obtained from Sigma-Aldrich (St. Louis, MO, USA).

Animals
Male Wistar rats (9 weeks old and weighing 250-310 g; Japan

Animals, Osaka, Japan) were used. The animal experiments
were approved by the Osaka University Research Committee

‘@_ Springer

and were performed according to institutional guidelines. All
studies conformed to the Guide for the care and Use of
Laboratory Animals published by the US National Institutes
of Health (NIH Publication No. 85-23, revised 1996).

Preparation of PEGylated Liposomes

PEGylated liposomes composed of POPC, DPPC, cholester-
ol, DSPE-PEG2000, and amiodarone were prepared by a thin-
film method. Briefly, amiodarone and lipids dissolved in
chloroform were evaporated to form a thin lipid film using a
rotary evaporator. The lipid film was dried for at least 1 h
under reduced pressure and then hydrated with PBS (pH 7.4).
The liposome solution was freeze-thawed for 3 cycles with
liquid nitrogen. The particle size of the liposomes was adjust-
ed by extrusion through 100-nm-pore polycarbonate filters
(Nuclepore, Cambridge, MA, USA). The liposomal solutions
were centrifuged at 453,000 g for 15 min (CS120GXL, Hita-
chi, Japan) to remove the untrapped amiodarone. Then, the
liposomes were resuspended in PBS. To determine the effica-
cy of trapping amiodarone in the liposomes, an aliquot of the
liposomal solution was solubilized with 1 % reduced Triton
X-100 (Sigma-Aldrich), and the amount of amiodarone was
optically determined at 240 nm.

Characterization of PEGylated Liposomes

The particle size and ¢ potential of PEGylated liposomes
diluted with PBS were measured by dynamic scatter analy-
sis (Zetasizer Nano ZS; Malvern, Worcestershire, UK). The
analyses were performed 15 times per sample, and the
results represent the analysis of 3 independent experiments.

Experimental Protocol

Targeted Delivery of Fluorescent-labeled Nano-sized Beads
to the I/R Myocardium

The rats were anesthetized with intraperitoneal sodium pen-
tobarbital (50 mg/kg). Catheters were advanced into the
femoral vein to infuse the drugs. Ischemia/reperfusion was
induced by 5 min of left coronary artery occlusion followed
by reperfusion [16]. After the hemodynamic parameters
became stable, fluorescent-labeled nano-size beads,
100 nm in diameter (FluoSpheres, Invitrogen), were intra-
venously infused to the rats for 5 min before ischemia or
before a sham operation (n= 3, each). Fifteen minutes after
reperfusion, the hearts were removed and cut into 5 sections
parallel to the axis from the base to the apex. Then, ex vivo
fluorescence images were obtained with an Olympus
SZX12 stereoscopic microscope equipped with a DP71
digital camera (Olympus, Tokyo, Japan) before and after
the hearts were sliced.
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Targeted Delivery of Amiodarone and Liposomal
Amiodarone to the I/R Myocardium

Catheters were advanced into the femoral artery and vein to
measure the systemic blood pressure (BP) and to infuse the
drugs into the anesthetized rats, respectively. Electrocardio-
graphic and hemodynamic parameters, such as heart rate (HR)
and BP, were continuously monitored during the study using a
PowerLab system (ADInstruments, Castle Hill, Australia). After
the hemodynamic parameters became stable, to clarify the tar-
geted delivery of amiodarone and liposomal amiodarone to the
I/R myocardium, we intravenously administered saline, free
amiodarone (3 mg/kg) or liposomal amiodarone (3 mg/kg) to
rats for 5 min before the onset of ischemia. Then, we obtained
blood samples and myocardium from the I/R area.

Effects of Amiodarone and Liposomal Amiodarone
on Lethal Arrhythmias

To evaluate the effects of amiodarone and liposomal amiodar-
one on lethal arrhythmias, we intravenously administered saline
(n=7), free amiodarone (3.0 or 10.0 mg/kg) (n=~6 each), PEGy-
lated liposomes (empty liposomes) (n=6), and PEGylated lipo-
somal amiodarone (3.0 mg/kg) (n=6) for 5 min before
ischemia. The dose of amiodarone used in this study was lower
than that used in a previous study [17] to clarify whether
amiodarone encapsulated by liposomes coated with PEG
exhibited enhanced anti-arrthythmic effects. Without any pro-
cedure such as electrical conversion or cardiac massage, ven-
tricular tachyarrhythmias (VT/VF) occurred frequently during
early period of reperfusion and the mortality of rats reached
more than a half of cases in this model [18].

Measurement of Amiodarone Concentration

The concentration of amiodarone in serum and heart tissue
from the I/R area was assayed by high-performance liquid
chromatography (HPLC) as previously described [19]. The
detection limit of the HPLC assay was 50 ng/mL. Blood and
myocardial samples were obtained at the end of the experi-
mental protocol. The sample preparation was performed as
previously described [19]. Briefly, myocardium was freed
from visible blood, thereafter rinsed with 0.9 % sodium chlo-
ride and stored at —20 °C until analysis. After that, myocardial
tissue samples were finely minced and 100 mg were homog-
enized with 0.9 % sodium chloride (1 mL) and after centrifu-
gation, the clear supernatant was injected into HPLC.

Quantitative Evaluation of Fluorescent-labeled Nano-sized
Beads in the I/R Myocardium

To analyze the quantitative fluorescent intensity, signals
from heart slices were quantified by image analysis (Image

J; National Institutes of Health, USA) as previously de-
scribed [20]. The signal intensity from the heart slices was
evaluated as the average signals of the whole heart and the
left ventricle (LV) (Fig. 2¢).

Arrhythmia Analysis

The electrocardiographic tracings were independently analyzed
by two of the authors, who were blinded to the treatment
assignment. The duration of each spontaneous ventricular tachy-
cardia or fibrillation episode during the I/R protocol was mea-
sured using the time scale provided by the recording software.
Ventricular tachycardia was defined as 4 or more consecutive
ventricular ectopic beats, and ventricular fibrillation was defined
as a signal in which the individual QRS deflections could not
easily be distinguished from one another. However, distinguish-
ing ventricular tachycardia from fibrillation was often difficult
[21]; therefore, we report ventricular tachycardia and fibrillation
collectively as ventricular tachyarrhythmias (VT/VF) in this
study. VI/VF duration and mortality were evaluated for 5 min
of ischemia followed by 15 min of reperfusion.

Statistical Analysis

The parameters of the liposomes are expressed as the mean +
standard deviation (SD). Other data are expressed as the aver-
age * standard error of the mean (SEM). To compare the
parameters of the liposomes, unpaired t-tests were performed.
We performed the Welch t-test to compare the amiodarone
concentration in the plasma and myocardium. For hemodynam-
ic parameters, the data were assessed with the paired t-test for
comparisons to the baseline within a group. One-way repeated-
measurement ANOVA followed by post-hoc Bonferroni’s mul-
tiple comparisons were used for comparisons between groups.
To address the differences in VI/VF duration among the
groups, we performed a non-parametric (Kruskal-Wallis) test
followed by evaluation with the Mann—Whitney U test. The
mortality rates were compared using the Fisher’s exact proba-
bility test. In all analyses, P<0.05 was considered to be statis-
tically significant.

Results
Characterization of PEGylated Liposomes

We prepared 5 types of PEGylated liposomes composed of
POPC, DPPC, cholesterol, and amiodarone. The ratio of
unsaturated lipids (POPC) to saturated lipids (DPPC) varied
(Fig. 1). During preparation of the liposomes, the POPC:
DPPC:cholesterol:amiodarone molar ratio of 10:0:5:1
exhibited the best encapsulation efficiency for amiodarone
compared with the other conditions (Fig. 1).
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Fig. 1 Encapsulation efficiency of amiodarone in the liposomes.
Amiodarone was loaded into liposomes containing POPC, DPPC, or
a mixture of POPC and DPPC. The liposomal amiodarone was com-
posed of phosphatidylcholine (POPC + DPPC):cholesterol:amiodarone
at a 10:5:1 molar ratio. The percent molar ratio of POPC in total
phosphatidylcholine (POPC + DPPC) is indicated in the figure. The
encapsulation efficiency of amiodarone was determined as described in
the Methods section

The dynamic light scatter analysis showed no significant
differences between the mean diameter, polydispersity index,
or  potential distribution of the empty and amiodarone-
loaded PEGylated liposomes (Table 1).

Accumulation of Fluorescence-labeled Nano-sized Beads
in the I/R Myocardium

Representative pictures obtained by fluorescence imaging
are shown in Fig. 2a (whole heart) and b (sliced hearts).
Quantitative analysis revealed that the average fluorescence
intensity of the whole heart (Fig. 2¢ left) or the left ventricle
(Fig. 2c right) of the I/R hearts was significantly higher than
that in sham-operated hearts.

Amiodarone Concentration in the Blood and I/R Myocardium

The plasma concentration after the administration of liposo-
mal amiodarone was significantly higher than that of free
amiodarone (Table 2). Importantly, the amiodarone concen-
tration in the I/R myocardium was detectable after the
administration of liposomal, but not free, amiodarone
(Table 2).

Table 1 Characterization of liposomes by dynamic light scatter analysis

Hemodynamic Effects of Amiodarone and Liposomal
Amiodarone

The baseline heart rates were 411+16, 426+14,427+12,409+
8 and 414 + 6 beats/min in the saline, empty liposome, amio-
darone (3 mg/kg), amiodarone (10 mg/kg) and liposomal amio-
darone (3 mg/kg) groups, respectively. The baseline systolic BP
was 113£7, 118+ 10, 111+5, 90+4 and 104+2 mmHg in the
saline, empty liposome, amiodarone (3 mg/kg), amiodarone
(10 mg/kg) and liposomal amiodarone (3 mg/kg) groups, re-
spectively. There were no significant differences in the baseline
HR or systolic BP among the groups tested. The intravenous
administration of amiodarone (3 and 10 mg/kg) or liposomal
amiodarone reduced both the HR and systolic BP from the
baseline, whereas the saline or empty liposomes did not
(Fig. 3). The time-course changes of both the HR and
systolic BP were significantly smaller in the liposomal
amiodarone group (3 mg/kg) compared with the
corresponding dose in the free amiodarone group
(3 mg/kg) (Fig. 3). The reductions in HR and systolic
BP at 1, but not 3, minutes after liposomal amiodarone
administration were significantly smaller compared with
those following the corresponding dose of amiodarone.

Antiarrhythmic Effects of Amiodarone and Liposomal
Amiodarone

Representative electrocardiograms of the rats that received
saline, free amiodarone or liposomal amiodarone are shown
in Fig. 4. The intravenous administration of liposomal amio-
darone (3 mg/kg), but not amiodarone (3 mg/kg), significantly
reduced the duration of VT/VF compared with saline (Table 3).
Furthermore, the mortality in the group that received liposomal
amiodarone (3 mg/kg), but not the corresponding dose of
amiodarone (3 mg/kg), was significantly lower than that in
the saline group. In the group of rats that received a high dose
of amiodarone (10 mg/kg), the VI/VF duration was 36+ 12 s,
and none of the rats died (Table 3), which was similar to the low
dose of liposomal amiodarone group (3 mg/kg).

Discussion

In this study, we revealed that 1) liposomal amiodarone was
successfully prepared using a thin-film method, 2) the

Mean diameter (nm) Polydispersity index ¢ Potential (mV)
PEGylated liposomes (empty liposomes) 111+14 0.124+0.027 -2.1
PEGylated liposomal amiodarone 113+£8 0.128+0.040 =37

Results represent 4 independent experiments. The values are expressed as the mean + SD. PEG polyethylene glycol
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Fig. 2 Representative pictures
of ischemia/reperfused a
myocardium with and without
fluorescence-labeled nano-sized
beads. Representative pictures
obtained by fluorescent imag-
ing are shown in a (whole
heart) and b (sliced hearts).
Quantitative analysis revealed
that the average fluorescence
intensity of the whole heart (c
left) or the left ventricle (c right)
of the I/R hearts was signifi-
cantly higher than that of the
sham-operated hearts

I/R Sham

I/R

Cc Fluorescence intensity/ Whole heart area Fluorescence intensity/ LV area
140 160
120 - 140
100 - 120 -
100 -
80
80
60 -
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40 -
20 - 20
0 = =
Sham I/R Sham I/R

accumulation of nano-sized beads was observed in the I/R
myocardium, 3) liposomal amiodarone showed a smaller
reduction in the HR and systolic BP compared with free
amiodarone, and 4) liposomal amiodarone, but not amiodar-
one, reduced the VI/VF duration and mortality during the
reperfusion period compared with saline.

Table 2 Amiodarone concentration in the blood and I/R myocardium

Groups Plasma, ng/mL Myocardium, ng/mL
Saline N.D. N.D.

Free amiodarone 472+147 N.D.
Liposomal amiodarone 3872+378* T1£7*

Data are expressed as the mean + SEM. N.D. not detected. n=3 rats in
each group. * p<0.05 versus free amiodarone

Preparation of Liposomal Amiodarone

This study is the first to encapsulate amiodarone in PEGy-
lated liposomes, although it has been previously encapsu-
lated in other liposomes [22] and micelles [23]. We
demonstrated that lipid bilayers composed of unsaturated
lipids are more suitable for encapsulating amiodarone in
PEGylated liposomes compared with those composed of
saturated lipids. PEGylated liposomes have a long circulat-
ing time in the bloodstream because PEG endows a steric
barrier to liposomes, allowing them to avoid interactions
with opsonins and cells of the mononuclear phagocytic
system [24]. Thus, they have been used to increase drug
stability, safety, and bioavailability in clinical applications.
In this study, we found that a higher concentration of amio-
darone was retained in the blood when we administered
liposomal amiodarone compared with the administration of
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Fig. 3 Time-course changes in HR and systolic BP after drug admin-
istration. Shows the percent change from baseline for HR (a) and
systolic BP (b) after intravenous administration of the tested drugs.
The data are expressed as the mean £ SEM. *P <0.05 versus baseline,
paired t-test. P=0.0009 (HR), 0.0002 (systolic BP) between

free amiodarone, suggesting that encapsulation of amiodar-
one in PEGylated liposomes enhances the stability of amio-
darone in the blood.

Targeted Delivery to the /R Myocardium by Liposomal
Amiodarone

Ex vivo fluorescence imaging revealed that fluorescence-
labeled nano-sized beads accumulated in the I/R myocardium,
suggesting that myocardial permeability can be enhanced in
the I/R myocardium. Consistent with this finding, we

Fig. 4 Representative
electrocardiograms. The upper,
middle and lower panels show
representative electrocardiograms
under baseline conditions
during ischemia and at the
onset of reperfusion for rats that
received saline, free amiodarone
(3 mg/kg) and liposomal
amiodarone (3 mg/kg),
respectively

Saline

Free amiodarone

Liposomal amiodarone
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amiodarone (3 mg/kg) and liposomal amiodarone (3 mg/kg), 1-way
repeated-measurement ANOVA. 1P <0.05 versus saline, 1P <0.05 ver-
sus amiodarone (3 mg/kg), 1-way repeated-measurement ANOVA with
Bonferroni’s multiple comparison

observed that the amiodarone concentration in the I/R myo-
cardium in the liposomal amiodarone group was much higher
compared with that in the amiodarone group. Enhanced per-
meability in the I/R myocardium and the prolonged presence
of amiodarone in PEGylated liposomes in the blood represent
a possible mechanism for increased amiodarone concentra-
tions in the I/R myocardium. Amiodarone will be released
from accumulated liposomal amiodarone in I/R myocardium
due to the natural decay and concentration gradient. These
findings suggest that the I/R myocardium is a promising
passive target for liposomal drug delivery.

Ischemia Reperfusion

Jo2s mv
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Table 3 Lethal arrhythmias and mortality in an I/R rat model

VT/VF
duration (sec)

Number Mortality (%)

Saline 7 195+42 71
Empty liposomes 6 162£31 50
Amiodarone (3 mg/kg) 6 167+78 33
Amiodarone (10 mg/kg) 6 36+12% 0#
Liposomal Amiodarone 6 18+9* O#

(3 mg/kg)

*p<0.05 versus saline (VT/VF duration). # p<0.05 versus saline group
(mortality). VT ventricular tachycardia, VF ventricular fibrillation

Minimal Negative Hemodynamic Effects of Liposomal
Amiodarone

Amiodarone causes hypotension and bradycardia in clinical
settings [4, 5]. In this study, both free and liposomal amio-
darone significantly reduced the HR and systolic BP; how-
ever, the time-course changes for both the HR and systolic
BP in the liposomal amiodarone group were significantly
smaller compared with those following the corresponding
dose of free amiodarone. Importantly, the reductions in HR
and systolic BP at 1, but not 3, minutes after liposomal
amiodarone administration were significantly smaller com-
pared with those following the corresponding dose of amio-
darone. These findings suggest that liposomal amiodarone
may minimize the negative effects on systemic hemodynam-
ics immediately after the administration of amiodarone. One
possible mechanism to explain this finding is that amiodar-
one on the surface of the liposome membrane is covered
with PEG so that amiodarone cannot act directly on cardio-
vascular cells. Gradual release of amiodarone from liposome
may minimize the rapid hemodynamic changes, because
systemic hemodynamic effects of liposomal amiodarone
were significantly attenuated in liposomal amiodarone
group than free amiodarone group.

Augmented Anti-arrhythmic Effects of Liposomal
Amiodarone

In this study, liposomal amiodarone (3 mg/kg), but not the
corresponding dose of free amiodarone (3 mg/kg), signifi-
cantly reduced the VT/VF duration and mortality compared
with saline in an I/R rat model. Because the acute effects of
amiodarone are known to be attributable to blockade of Na™,
Ca*" and dose-dependent K* channels [2, 25], increasing the
concentration of amiodarone in the I/R myocardium may
augment its anti-arthythmic effects through its tonic effects
on cardiomyocytes caused by blocking cardiac ionic cur-
rents. Kishida et al. reported that amiodarone enhances nitric
oxide production in cultured human endothelial cells [26].

Furthermore, amiodarone protects cardiac myocytes against

oxidative injury by scavenging free radicals [27]. These
pleiotropic effects of amiodarone are also enhanced by its
increased concentration in the I/R myocardium via PEGy-

lated liposomes, which may contribute to the reduction of

lethal arrhythmias during reperfusion followed by ischemia.
In the present study, since we did not do any procedure such
as electrical conversion or cardiac massage for VI/VF, the

mortality was higher than in our previous report [16].

Clinical Implications

In clinical settings, higher doses of amiodarone cause hypo-
tension and non-cardiac death or induce worsening heart
failure through negative inotropic effects [28]. These effects
often diminish the beneficial effects of amiodarone for
patients with AMI or heart failure [8, 9]. The present study
demonstrated that liposomal amiodarone (3 mg/kg) exerts
anti-arrhythmic effects similar to a high dose of free amio-
darone (10 mg/kg) while reducing the extent of bradycardia
and hypotension, suggesting that encapsulating amiodarone
in liposomes augments its anti-arrhythmic effects and
reduces its negative effects on hemodynamic parameters
with reducing administrative dose. These findings can have
a great impact on preventing lethal arrhythmias during
reperfusion in AMI patients.

Study Limitations

There are several limitations in this study. We used a brief
period of I/R without myocardial infarction in rats. Saka-
moto et al. demonstrated that the incidence of VI/VF in a
rodent model was ‘bell-shaped’ with a maximum at 5 min of
ischemia and that most lethal arrhythmias occurred within
first 20 s after the onset of reperfusion [29]. Consistently,
our data showed that the mean time at which the lethal
arrhythmia occurred after the onset of reperfusion was

3.3+/-1.6 s. Therefore, we chose the 5 min of ischemia
followed by 15 min of reperfusion model. We also chose
the timing of drug administration before the onset of ische-
mia to clarify whether liposomal-amiodarone could prevent
the lethal arrhythmia that occurs in the early period of
reperfusion. In addition, in clinical practice lethal arrhyth-
mias often occur after a brief period of I/R without any
irreversible damage to the heart, indicating that the anti-
arrhythmic effects of liposomal amiodarone during a brief
period of ischemia model could have clinical relevance [30].
However, careful interpretation is necessary when using
liposomal amiodarone in acute myocardial infarction with
irreversible damage to confirm the beneficial effects of
liposomal amiodarone. Furthermore, because the electro-
physiology of rats differs from that of humans and drug
administration in our study started before the onset of
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ischemia, additional pre-clinical studies including a longer
period of I/R model to consider the timing of drug admin-
istration are needed using large animal models. We should
also take into account that the potential side effects of
amiodarone such as bradycardia are minimal in the left
coronary artery occlusion model used in the present study.

Conclusion

In conclusion, the targeted delivery of liposomal amiodar-
one to the I/R myocardium exerted strong anti-arrhythmic
effects and reduced the negative impact on systemic hemo-
dynamics. Nano-sized liposomes may be a promising drug
delivery system for targeting the I/R myocardium with car-
dioprotective agents.
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ABSTRACT FKS506 (Tacrolimus) has the potential to
decrease cerebral ischemia-reperfusion injury. How-
ever, the clinical trial of FK506 as a neuroprotectant
failed due to adverse side effects. This present study
aimed to conduct the selective delivery of FKS506 to
damaged regions, while at the same time reducing the
dosage of FKS506, by using a liposomal drug delivery
system. First, the cytoprotective effect of polyethylene
glycol-modified liposomes encapsulating FKS506 (FK506-
liposomes) on neuron-like pheochromocytoma PC12
cells was examined. FKS506-liposomes protected these
cells from H,O,-induced toxicity in a dose-dependent
manner. Next, we investigated the usefulness of FK506-
liposomes in transient middle cerebral artery occlusion
(t-MCAOQ) rats. FK506-liposomes accumulated in the
brain parenchyma by passing through the disrupted
blood-brain barrier at an early stage after reperfusion
had been initiated. Histological analysis showed that
FKS506-liposomes strongly suppressed neutrophil inva-
sion and apoptotic cell death, events that lead to a poor
stroke outcome. Corresponding to these results, a single
injection of FK506-liposomes at a low dosage signifi-
cantly reduced cerebral cell death and ameliorated
motor function deficits in t-MCAO rats. These results
suggest that liposomalization of FKS506 could reduce
the administration dose by enhancing the therapeutic
efficacy; hence, FK506-liposomes should be a promis-
ing neuroprotectant after cerebral stroke.—Ishii, T.,
Asai, T., Oyama, D., Agato, Y., Yasuda, N., Fukuta, T.,
Shimizu, K., Minamino, T., Oku, N. Treatment of
cerebral ischemia-reperfusion injury with PEGylated

Abbreviations: DDS, drug delivery system; Dil-C,q, 1,1=
dioctadecyl-3,3,3=,3=-tetramethylindocarbocyanine; DPPC, di-
palmitoylphosphatidylcholine; DSPE, distearoylphosphatidyle-
thanolamine; FKS506-liposome, polyethylene glycol-modified
liposomes encapsulating FK506; HCO-60, polyoxyethylene
(60) hydrogenated castor oil; HS, horse serum; ICA, internal
carotid artery; I/R, ischemia-reperfusion; IVIS, in vivo imag-
ing system; MCA, middle cerebral artery; MPO, myeloperox-
idase; NGF, nerve growth factor; PEG, polyethylene glycol;
t-MCAO, transient middle cerebral artery occlusion; TTC,
2,3,5-triphenyltetrazolium chloride; TTW, therapeutic time
window; TUNEL, terminal deoxyribonucleotidyl transferase
(TDT)-mediated dUTP-digoxigenin nick end labeling
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After restoration of blood flow in cerebral stroke
patients, cerebral ischemia-reperfusion (I/R) injury
often occurs, resulting in neurological deficits (1, 2).
Hence, the development of neuroprotective therapy
for this type of injury has been awaited for a better
outcome after a cerebral stroke. Although >1000 can-
didate compounds have shown potency as a neuropro-
tectant, and >100 of them have been tested in clinical
studies in the past, none of them have passed these
trials due to insufficiency of medicinal efficacy and to
adverse side effects (3, 4). To overcome the present
situation, we previously applied the liposomal drug
delivery system (DDS) to the treatment of cerebral I/R
injury (5). When 100 nm liposomes were intravenously
injected immediately after the start of reperfusion, they
selectively accumulated in the I/R region, suggesting
that drug delivery using liposomes is applicable for
treatment of I/R injuries. Moreover, liposomes modi-
fied with the antiapoptotic protein asialoerythropoietin
significantly suppressed cerebral cell death and im-
proved motor functional deficits induced by I/R injury
in transient middle cerebral artery occlusion (t-MCAO)
rats by increasing the accumulation of the protein in
the injured region compared with the outcome for the
free asialoerythropoietin-treated group. This finding
offers the possibility that liposomal DDS could be a
useful strategy for the treatment of cerebral I/R injury.
However, the efficacy of liposomal DDS for treatment
of cerebral I/R injuries has been proven for just a single
protein, i.e., asialoerythropoietin. Accordingly, more
study is needed to reinforce the utility of this therapeu-

! Correspondence: Department of Medical Biochemistry,
School of Pharmaceutical Sciences, University of Shizuoka,
52-1 Yada, Suruga-ku, Shizuoka 422-8526, Japan. E-mail: oku@
u-shizuoka-ken.ac.jp

doi: 10.1096/1j.12-221325

This article includes supplemental data. Please visit htzp.//
www.fasebj.org to obtain this information.

0892-6638/13/0027-1362 © FASEB



tic strategy. The therapeutic effect of liposomes encap-
sulating a neuroprotective chemodrug on I/R injury
has not been examined yet. Therefore, in this study
designed for achieving this purpose and developing a
novel neuroprotectant, we prepared polyethylene gly-
col (PEG)-modified liposomes encapsulating FK506
(FK506-liposomes).

The immunosuppressant FK506 has been widely
used to prevent allograft rejections in clinical organ
transplantation, and was also recently reported to be a
drug candidate for the treatment of acute stroke in
animal studies (6 —8). Calcineurin is activated by exces-
sive influx of Ca’* into cerebral cells after a cerebral
ischemic event, resulting in the induction of nitric
oxide, generation of inflammatory cytokines, and the
release of cytochrome ¢ (9 —12). FK506 inhibits the
activation of calcineurin by associating with the FK506-
binding protein (FKBP) in neuronal cells and glial
cells; hence, it shows a neuroprotective effect on exper-
imental stroke models. However, the frequent admin-
istration of FK506 required to achieve a good outcome
has the risk of developing side effects such as heart
deficits and nephrotoxicity. The liposomalization of
FK506 is a promising approach for changing the bio-
distribution and negating the problem of poor water
solubility (13, 14). The liposomal formulation of FK506
is as effective as an equal dose of commercial FK506 in
preventing the rejection of transplant grafts, but with
considerably less nephrotoxicity (14). The efficient
delivery of FKS506 to ischemic regions by using lipo-
somes might potentially reduce the administration dos-
age without changing neuroprotective efficacy. In the
present study, we assessed the potential of FKS506-
liposomes as a neuroprotectant against cerebral I/R
injury by investigating their cerebral distribution, phar-
macological activity, therapeutic effect, and therapeutic
time window in t-MCAO rats.

MATERIALS AND METHODS

Animals

Male Wistar rats (170 —210 g) were purchased from Japan SLC,
Inc. (Shizuoka, Japan). The animals were cared for according to
the Animal Facility Guidelines of the University of Shizuoka. All
animal procedures were approved by the Animal and Ethics
Review Committee of the University of Shizuoka.

Preparation of FK506-liposomes

The lipid composition of FK506-liposomes was dipalmitoyl-
phosphatidylcholine (DPPC) and distearoylphosphatidyletha-
nolamine (DSPE)-PEG (molecular weight of PEG was 2000)
in a 20:1 molar ratio. FK506-liposomes were prepared by the
following freeze-drying method: FK506 was dissolved in meth-
anol and added to a flask containing the above lipids dis-
solved in fert-butylalcohol. The molar ratio of FK506 to DPPC
was 1:50. The solution was lyophilized, and then the lyophi-
lizate was hydrated with PBS (pH 7.4) at 50°C. The liposome
solution was freeze-thawed for 3 cycles with liquid nitrogen.
Then the particle size of the liposomes was adjusted by
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extrusion through 100-nm pore-size polycarbonate filters
(Nuclepore, Cambridge, MA, USA). Unencapsulated FK506
was removed by ultracentrifugation at 604,000 g for 15 min
(Hitachi, Tokyo, Japan), and the concentration of FK506 in
the liposomes was determined by HPLC (Hitachi). Final
liposomal concentration was 10 mM as DSPC. FK506-lipo-
somes were dissolved in tetrahydrofuran, and 20 jLl of the
solution was injected into an octadecylsilane (ODS) column
(TSK gel ODS-80TM, 4.6X150 mm, Tosoh, Tokyo, Japan).
The mobile phase consisted of acetonitrile and water (3:2,
v/v). HPLC analysis was performed at 60°C and a flow rate of
I ml/min with UV detection at 214 nm. For the cerebral
distribution study, 1,1=-dioctadecyl-3,3,3=,3=-tetramethylindo-
carbocyanine (Dil-C,g; Molecular Probes Inc., Eugene, OR,
USA) was mixed with the initial lipid solution for fluores-
cence labeling of the liposomes.

Cell culture

Pheochromocytoma cells [PC12 cells; European Collection of
Cell Cultures (ECACC), Porton Down, UK] were cultured in
high-glucose DME medium (Wako, Osaka, Japan) supple-
mented with streptomycin (100 jlg/ml), penicillin (100
U/ml), heat-inactivated 5% fetal bovine serum (FBS; Japan
Bioserum, Tokyo, Japan), and 10% horse serum (HS; MP
Biomedicals, Solon, OH, USA) at 37°C in a humidified
chamber with 5% CO,. PC12 cells were plated on poly-d-
lysine-coated 24-well plates for the WST (viability) assay.
These cells were caused to differentiate into nerve-like cells by
adding nerve growth factor (NGF) at 100 ng/ml to DME
medium containing 0.5% HS. Five days after incubation with
NGF, these cells were used for subsequent experiments.

Cell proliferation assays

FK506-liposomes (0.01, 0.1, or 1.0 j.LM as FK506 dosage) or free
FK506 (1.0 jIM) were added to differentiated PCI12 cells in
24-well plates. H,O, was added to each well to a final concen-
tration of 75 jLM at 30 min after addition of the samples. The
number of viable cells was measured by using TetraColor One
(Seikagaku, Tokyo, Japan). Briefly, TetraColar One solution was
added to each well, and the cells were then incubated at 37°C for
3 h in a humidified atmosphere containing 5% CO,. Absor-
bance at 450 nm was measured by using a Tecan Infinite M200
microplate reader (Tecan, Ménnedorf, Switzerland). FK506 was
dissolved in ethanol, and the final concentration of ethanol was
0.1% in medium.

t-MCAO rats

Preparation of t-MCAO rats was performed as described
previously (15). Briefly, anesthesia was induced with 3%
isoflurane and maintained with 1.5% isoflurane during sur-
gery. During surgery, the body temperature of the rats was
maintained at 37°C with a heating pad. After a median
incision of the neck skin had been made, the right carotid
artery, external carotid artery, and internal carotid artery
(ICA) were isolated with careful conservation of the vagal
nerve. An €18 mm 4-0 monofilament nylon suture coated
with silicon was introduced into the right ICA and advanced
to the origin of the MCA to occlude it. Silk thread was used
for ligation to keep the filament at the site of insertion into
the MCA. After the surgery, the neck was closed; anesthesia
was then discontinued. MCAO was performed for 1 h. Success
of the surgery was judged by the appearance of hemiparesis
and an increase in body temperature (>37.8°C). Reperfusion
was started by withdrawing the filament €10 mm at 1 h after
the start of occlusion under isoflurane anesthesia.
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Drug administration

Polyoxyethylene (60) hydrogenated castor oil (HCO-60; 200
mg/ml), including 10% ethanol was used as vehicle for free
FK506. FK506 or FK506-liposomes were intravenously injected at
a single dose of 30, 100, or 300 jlg/kg body weight (0.5 ml/rat)
immediately after the start of reperfusion. In the therapeutic
time window study, the injection time was shifted as indicated in
the legend of Fig. 6. It was reported earlier that the vehicle has
no effect on the outcome of ischemia (6, 16, 17).

Cerebral distribution of FK506-liposomes

PEGylated liposomes and FK506-liposomes were fluorescently
labeled with Dil-C,4 as described above. They were intrave-
nously injected into the t-MCAO rats at the start of reperfu-
sion. The rats were euthanized at 3 or 24 h after the injection,
and their brains were sliced into 2-mm-thick coronal sections
with a rat brain slicer (Muromachi Kikai, Tokyo, Japan). All
sections were put on glass slides, and the fluorescence of Dil
was measured with an in vivo imaging system (IVIS; Xenogen
Corp., Alameda, CA, USA). Thereafter, these sections were
embedded in optical cutting temperature (OCT) compound
(Sakura, Finetech., CO Ltd., Tokyo, Japan) and then frozen
in a dry ice/ethanol bath. These frozen sections were cut into
10-jlm ones with a cryostat (HM505E; Microm, Walldorf,
Germany) for subsequent immunostaining experiments. Av-
erage photon counts in I/R region were calculated from 4
rats at each time.

Immunostaining for CD31

The sections were incubated with 1% bovine serum albumin
in PBS for 10 min at room temperature for blocking, and
then  with biotinylated anti-mouse CD31 rat monoclonal
antibody (BD Pharmingen, Franklin Lakes, NJ, USA) for 18 h
at 4°C, and thereafter with streptavidin-Alexa fluor 488 con-
jugates (Molecular Probes Inc.) for 30 min at room temper-
ature. Finally, the sections were mounted with Perma Fluor
Aqueous Mounting Medium (Thermo Shandon, Pittsburgh,
PA, USA) and observed for fluorescence in the striatum with
an LSM microscope system (Carl Zeiss Co., Ltd., Oberkochen,
Germany).

Terminal deoxyribonucleotidyl transferase (TDT)-mediated
dUTP-digoxigenin nick end labeling (TUNEL) staining

Brains of t-MCAO rats were dissected at 24 h after the
injection of FK506-liposomes (100 jlg/kg as FK506 dosage),
free FK506 (100 jlg/kg), PEGylated liposomes (same lipid
concentration as FK506-liposomes), or PBS; embedded in
optimal cutting temperature (OCT) compound (Sakura
Finetek, Torrance, CA, USA); and then frozen in dry ice/
ethanol. Frozen sections (10 jLm) were prepared by using a
cryostatic microtome (HM 505E, Microm, Walldorf, Ger-
many) and were stained with TUNEL reagents supplied in an
ApopTag Plus fluorescein in situ apoptosis detection kit
(Chemicon International, Inc., Temecula, CA, USA), as de-
scribed below. For fixation of the sections, they were incu-
bated in 4% paraformaldehyde for 15 min at room tempera-
ture, and then in ethanol/acetic acid (2:1) solution for 5 min
at —20°C. DNA strand breaks were labeled with the digoxi-
genin-conjugated terminal deoxynucleotidyl transferase en-
zyme by incubation for 1 h at 37°C. Then, the sections were
incubated in antidigoxigenin-fluorescein solution for 30 min
at room temperature. Finally, the sections were mounted with
Perma Fluor aqueous mounting medium including DAPI (1.0
jlg/ml) and observed for fluorescence with the LSM system.
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The observed area in the striatum was similar to the imaged
region in Fig. 2C, D. For quantitative evaluation, the number
of TUNEL-positive cells was counted in 4 sections/rat. Five
rats were used to obtain the quantitative data.

Histological analysis of neutrophil influx

Frozen sections (7 jLm) were prepared as described above. For
fixation of these sections, they were incubated in acetone for
1 min at room temperature, and then in 0.3% H,O, solution
for 30 min at room temperature. After having been blocked with
fetal bovine serum for 20 min at room temperature, the sections
were incubated with anti-myeloperoxidase (MPO) rabbit poly-
clonal antibody (Thermo Fisher Scientific, Rockford, IL, USA)
for 30 min at room temperature. A Vectastain ABC rabbit IgG kit
and DAB peroxidase substrate kit (both from Vector Laborato-
ries, Inc., Burlingame, CA, USA) were used for identification of
neutrophils in the sections. Finally, the sections were counter-
stained with hematoxylin and observed microscopically (BX51;
Olympus, Tokyo, Japan). The observed area in the striatum was
similar to the imaged region in Fig. 2C, D.

Therapeutic experiment

FK506-liposomes (30 or 100 jlg/kg as FK506 dosage), PBS,
free FK506 (30, 100, or 300 jlg/kg), or vehicle (200 mg/ml
HCO-60 including 10% ethanol in PBS) for FK506 were
intravenously injected into t-MCAO rats immediately after the
start of reperfusion. The volume of damaged region, the
degree of brain swelling, and the functional outcome of rats
were assessed at 24 h after the injection. For the functional
outcome study, the rats underwent a 21-point neurological
score analysis prior to sacrifice, as described previously (18).
All of the normal and sham-operated rats received 21 points
in this test. After this study, the brains of t-MCAO rats were
sliced into 2-mm-thick coronal sections by using a rat brain
slicer (Muromachi Kikai) and stained with 2,3,5-triphenyltet-
razolium chloride (TTC; Wako) for the detection of cerebral
cell death. The volume of the damaged regions was calculated
by using an image-analysis system (Image J; U.S. National
Institutes of Health, Bethesda, MD, USA). The damaged
regions were considered to be those appearing completely
white. Brain swelling was calculated as the ratio of volumes
between ipsilateral and contralateral hemisphere sections.

Assessment of therapeutic time window

t-MCAO rats were intravenously injected with FK506-lipo-
somes (30 or 100 jlg/kg as FK506 dosage) or PBS at various
times after the start of reperfusion. The volume of damaged
regions was assessed at 24 h after injection by using TTC
staining as described above.

Statistical analysis

Statistical analysis was performed by 1-way analysis of variance
(ANOVA) followed by Dunnett’s multiple comparison tests.
Data are presented as means :!: sd.

RESULTS

FKS506-liposomes protected differentiated PC12 cells
from H,O,-induced toxicity

The particle size and {-potential of FK506 liposomes
were 109 :I: 43 nm and —7.2:1: 0.7 mV, respectively. To
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assess the pharmacological activity of FK506-liposomes,
we examined the cytoprotective effect of them on
differentiated PC12 cells treated with H,O, The num-
ber of live PCI2 cells was decreased to @40% by
exposure to H,O, (Fig. 1). FK506-liposomes suppressed this
cell death induced by H,O, in a dose-dependent man-
ner, whereas empty-liposomes (PEGylated liposomes)
showed no cytoprotective effect against the H,O,in-
duced toxicity.

FK506-liposomes diffused into the brain parenchyma
only in the ischemic hemisphere

The intracerebral distribution of FK506-liposomes
given immediately after the start of reperfusion to
t-MCAO rats was observed at 3 h (Fig. 24) and 24 h
(Fig. 2B) after the injection. The fluorescence of Dil-
labeled FK506-liposomes was observed only in the isch-
emic hemisphere at both time points. Immunohistolog-
ical analysis revealed that the FK506-liposomes had
leaked into the brain parenchyma from cerebral vessels
in the ipsilateral hemisphere (Fig. 2C, D). Moreover,
higher Dil fluorescence intensity was detected in the
brain sections prepared at 24 h after the injection than
in those prepared at 3 h (Fig. 2F) after it, which
suggests that the accumulation of FK506-liposomes in
the brain parenchyma gradually increased by continu-
ous leakage from cerebral vessels according to en-
hanced permeability and the retention effect. In con-
trast, no leakage of them into the cerebral parenchyma
of the contralateral hemisphere occurred.
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Figure 1. FK506-liposome-mediated attenuation of H,O,-
induced cytotoxicity toward differentiated PC12 cells. PC12
cells were caused to differentiate by the addition of NGF at
100 ng/ml to culture medium supplemented with 0.5% HS.
After 5 d in culture for differentiation, FK506-liposomes, free
FK506, or empty liposomes (Empty-Lip) were added to the
culture medium, and then H,O, was added to each well. After
24 h, viable cell numbers were determined by performing the
WST assay. Final lipid concentration of empty liposomes was
same as that of FK506-liposomes. Data are presented as means :!: sd
(n€6). *P < 0.05, **P < 0.01, ***P < 0.001 vs. H,O,-treated
group.
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FKS506-liposomes showed antiapoptotic effect in
t-MCAO rats

At 24 h after the injection of each sample, apoptosis of
the cerebral cells in t-MCAO rats was identified by
TUNEL staining (Fig. 3). TUNEL-positive cells were
detected in neither the striatum nor the cerebral cortex
in the nonischemic hemisphere (data not shown). A
number of apoptotic cells were observed in the control
group and free FK506-treated group (Fig. 34, B). This
dosage (100 jlLg/kg) of free FK506 was too low to exert
an antiapoptotic effect in t-MCAO rats. However,
FK506-liposomes obviously reduced the number of
TUNEL-positive cells despite the same dosage as free
FK506. Quantitative analysis of TUNEL-positive cells
elucidated the difference between each group (Fig.
3C). In the FK506-liposome-treated group, the number
of apoptotic cells in the striatum was significantly
reduced compared with that in the other groups. In
contrast to this result, there was no significant differ-
ence in the cortex between FK506-liposome-treated
group and other groups, even though this treatment
tended to suppress the cerebral apoptosis. Empty lipo-
somes had no effect on apoptosis induced by I/R

injury.

FK506-liposomes suppressed neutrophil invasion
induced by I/R

To evaluate anti-inflammatory effect of FKS506-lipo-
somes, we examined neutrophil invasion into I/R re-
gions as an indicator of intracerebral inflammation
(Fig. 4). In the nonischemic hemisphere of all groups,
almost no MPO-stained cells were identified (data not
shown). Conversely, a number of neutrophils that had
infiltrated were detected in the striatum and the cortex
of the ischemic hemisphere (Fig. 44, control). In the
FK506-liposome-treated group, few MPO-positive cells
were observed in the striatum, whereas they were more
numerous in the cortex. The quantitative analysis re-
vealed that FK506-liposomes reduced the number of
infiltrating neutrophils in the striatum by €80%, and
significantly suppressed neutrophil invasion compared
with the treatment with the same dosage of free FK506
(Fig. 4B).

FK506-liposomes ameliorated cerebral I/R injury in
t-MCAO rats

t-MCAO caused cerebral cell death and brain swelling
in these experimental model rats. Treatment with free
FK506 at 30 or 100 jlg/kg hardly affected the dam-
aged region and brain swelling induced by I/R,
whereas FK506-liposomes at these same dosages as
the free drug significantly reduced the amount of
brain damage (Fig. 5A, B). Furthermore, administra-
tion of FK506-liposomes at 100 jlg/kg showed thera-
peutic efficacy quite similar to that obtained with the
free drug at 300 jlg/kg. These results suggest that
liposomalization of FK506 enhanced its cytoprotective
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Figure 2. Cerebral distribution of Dil-labeled FK506-liposomes in t-MCAO
rats. A, B) Localization of Dil-labeled FK506-liposomes in the brain slices
prepared at 3 h (4) or 24 h (B) after injection was observed with IVIS. Color
shows the relative level of fluorescence intensity, ranging from low (blue), to
medium (green), to high (yellow, red). After imaging with IVIS, 10-jLm frozen
sections were made from these brain slices and immunostained for CD31.
Fluorescence images of each frozen section were observed by confocal laser
scan microscopy. C, D) Intracerebral distribution of Dil-labeled FK506-
liposomes in the ischemic and nonischemic hemispheres at 3 h (C) and 24 h
(D) after injection. Green fluorescence shows cerebral vessels; red, the
fluorescence of Dil; yellow, the colocalization of vessels and Dil-labeled
FK506-liposomes. These results are representative data from 4 independent
animal experiments, all of which showed similar results. Isc-hem, ischemic
hemisphere (ipsilateral hemisphere); non-isc-hem, nonischemic hemisphere

(contralateral hemisphere). Scale bar € 20 jLm. E) Average photon counts in the ischemic hemisphere were determined

by the image of brain slices with IVIS (n€4). *P < 0.05.

effect due to improved biodistribution. In accordance
with several reports, the extent of cerebral cell death, as
indicated by reduced brain volume (Fig. 54), and that
of brain swelling (Fig. 5B) were similar in both control
(PBS-injected) and vehicle-injected groups.

The therapeutic time window (TTW) of agents is
critical information for developing neuroprotectants,
particularly in designing the clinical trial. The TTW of
FK506-liposomes was estimated by altering the time of
injection after the commencement of reperfusion (Fig. 6).
The volume of brain damage in the t-MCAO rats was
significantly decreased by the dose of FK506-liposomes
administered at 30 jlg/kg as FK506 up through 2 h
after reperfusion had begun. However, the treatment
with the same dose of FK506-liposomes given at 3 h
after the start of reperfusion or later had almost no
effect on cerebral cell death, as judged by the results of
TTC staining. Moreover, a higher amount of FK506-
liposomes (100 jlg/kg as FK506) injected at 3 h after
reperfusion had begun also scarcely suppressed the
brain damage. Taken together, these data indicate that
the therapeutic time window for FK506-liposomes was
up to 2 h after MCAO/reperfusion in this experimental
model rat, and suggest that the injection of them at an
early time would result in a good outcome.
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The motor ability of the t-MCAO rats was evaluated
based on the 21-point motor score (Fig. 7). In the
control group, hemiparesis was observed at 24 h after
the start of reperfusion, resulting in a low score. On the
other hand, t-MCAO rats treated with FK506-liposomes
showed alleviated hemiparesis, especially in their hind
legs. This recovery probably contributed to the high
scores on the inclined platform test, horizontal bar test
(forepaws placed on ribbed bar), and circling test
obtained for the FK506-liposome-treated animals (Sup-
plemental Table S1). The administration of free FK506
at 300 jlg/kg also significantly improved motor func-
tion deficit. These results correlated well with the
extent of cerebral cell death and swelling.

DISCUSSION

The present study showed that FK506-liposomes signif-
icantly suppressed neutrophil invasion and apoptotic
cell death, and ameliorated neurological deficits in
t-MCAO rats compared with free FK506. The liposomal-
ization of FK506 might lead to an increase in the
amount of drug accumulation in I/R regions. The
disruption of blood-brain barrier is induced at an early
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Figure 3. Histological evaluation of antiapoptotic effect of
FK506-liposomes in t-MCAO rats. 4, B) At 24 h after injection of
each sample, brains were dissected and frozen, and then frozen
brain sections were prepared. TUNEL (green) procedure was
performed to visualize apoptotic cells. DAPI staining (blue) was
used for counterstaining. The fluorescence images of the sec-
tions prepared from the striatum (A) and cortex (B) were
observed by confocal laser scanning microscopy. Top panels
show TUNEL-positive cells; middle panels, nuclei stained with
DAPIL; bottom panels, merged images. Scale bars € 50 jlm. C)
Quantitative data on apoptotic cerebral cells in the striatum and
cortex were obtained by counting TUNEL-positive cells in
stained sections. Five animals and 4 sections/rat were used to
obtain the quantitative data. Data are presented as means :!: sd.
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stage in the ischemic core region after cerebral isch-
emia (19, 20). Moreover, a previous report demon-
strated that the area in which macromolecules accumu-
late expands as time passes after I/R in t-MCAO rats
(21). Hence, the concept of passive targeting, as con-
structed for cancer treatment, could be a promising
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scheme for efficient drug delivery to I/R regions. In the
present study, a higher extent of localization of FK506-
liposomes in the ischemic hemisphere was observed at
24 h than at 3 h after the injection. This result suggests
that the accumulation amount of FK506-liposomes
given at the start of reperfusion gradually increased in
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Figure 4. Invasion of neutrophils into the brain parenchyma of t-MCAO rats. At 24 h after injection of each sample, brains were

dissected and frozen; and then frozen brain

neutrophils (brown). Hematoxylin staining (blue) was used for counterstaining. 4) Stained

sections were prepared. MPO immunostaining was performed to visualize

sections were observed by

microscopy. Arrows indicate neutrophils that had infiltrated the brain parenchyma. Scale bar € 50 jLm. B) Quantitative data on
neutrophil invasion analysis were obtained by counting MPO-positive cells in stained sections. Data are presented as means :!:
sd (n@6). **P < 0.01 vs. control group; *P < 0.05 vs. free FK506-treated group.
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Figure 5. Suppression of cerebral cell death and brain swelling by the treatment with FK506-liposomes. t-MCAO rats were
injected via a tail vein with PBS, FK506-liposomes, vehicle for free FK506 or free FK506 immediately after the start of reperfusion
at dosages indicated as FK506. At 24 h after injection, brains were dissected and stained with TTC. Damage volume (A4) and
degree of brain swelling (B) were calculated by using Image J. Data are means :!: sd (n€7). ***P < 0.001 vs. control group;
%P < 0.05, #P < 0.01 vs. free FK506-treated group at the same dose; SP < 0.05, %8P < 0.001 vs. vehicle-treated group.

a time-dependent manner, as in the case of enhanced
permeability and retention effect. However, the half-
life of free FK506 is extremely short, and FK506 admin-
istered intravenously is almost totally metabolized by
the liver, primarily by cytochrome P450 3A (22, 23).
The change in biodistribution afforded by liposomal-
ization would be expected to be closely related to the
therapeutic outcome.

Fatal damage in the striatum, the region assumed to
be the ischemic core in the present experimental
model, occurs at an early stage after an I/R event (21).
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Figure 6. Therapeutic time window of FK506-liposomes in
t-MCAO rats. t-MCAO rats were intravenously injected via a
tail vein with FK506-liposomes (30 or 100 jlg/kg as FK506
dosage) at the indicated times (0, 1, 2, 3, or 6 h) after the start
of reperfusion. At 24 h after reperfusion had begun, brain was
dissected and stained with TTC. Damage volume was calcu-

lated by using Image J. Data are presented as means :!: sd
(n@6-7). **P < 0.01, ***P < 0.001 vs. control.
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In this study, FK506-liposomes substantially reduced
the cerebral cell death and inflammation induced by
I/R in this region. Thus, FK506-liposomes spreading
into the brain parenchyma quickly showed pharmaco-
logical activity. Although PEG-modification of lipo-
somes prolongs their circulation in the blood, it causes
a decrease in cellular uptake of liposomes (24, 25).
Therefore, FK506-liposomes reaching I/R regions
might have released FK506 into the brain parenchyma,
and the released drugs then acted on the cerebral cells.
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Figure 7. Motor activity score of t-MCAO rats. t-MCAO rats
were treated with each sample as described in the legend of
Fig. 5, and these rats were then assessed for motor function in
a 21-point neuropathological scoring system. Data are pre-
sented as means :!: sd (n@7). **P < 0.01 vs. control group;

#p < 0.01 vs. free FK506-treated group at the same dose;

SP < 0.05 vs. vehicle-treated group.
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Neutrophils generate cytotoxic substances such as
hypochlorous acid in inflammation sites, resulting in
progressive inflammation. These cells normally do not
exist in the brain, but they do invade into the cerebral
parenchyma via brain endothelial cells after a cerebral
ischemic event. This invasion induced by intracerebral
inflammation occurs during the period of 9 to 24 h
after the start of reperfusion in t-MCAO rats (26).
Therefore, the observation of neutrophil invasion is
one way to assess the extent of cerebral inflammation
after I/R. In the present study, FK506-liposomes signif-
icantly suppressed the neutrophil invasion induced by
cerebral I/R. A past study showed that FK506 inhibits
the expression of adhesion molecules in the cerebral
vasculature by reducing the production of inflamma-
tory cytokines by neuronal cells and glia cells (26).
Accordingly, we suggest that FK506-liposomes adminis-
tered after the start of reperfusion inhibited the inflam-
matory response by affecting neuronal cells and glia
cells in the t-MCAO rats.

FK506 directly suppresses apoptotic cell death in-
duced by cerebral I/R through the inhibition of Bad
dephosphorylation and subsequent cytochrome c re-
lease (27, 28). In addition, the prevention of reactive
oxygen species production is related to its antiapoptotic
effect on cerebral cells injured by I/R (29). The present
study demonstrated that FKS506-liposomes markedly
reduced the number of apoptotic cells in t-MCAO rats.
These multifunctional mechanisms, including the anti-
inflammatory effect of FK506-liposomes, probably ef-
fectively acted on the neurovascular unit to bring about
the good outcome in the t-MCAO rats.

A large number of small molecules as neuropro-
tectants have failed in clinical trials (30). Based on our
present data, we propose that liposomalization of small
molecular neuroprotectants should overcome their in-
sufficiency of medicinal efficacy and adverse side ef-
fects. Liposomes can encapsulate many kinds of drugs
regardless of their being hydrophilic or hydrophobic.
Furthermore, liposomes can be modified with func-
tional molecules, resulting in improved biodistribution,
controlled release of drugs, increase in drug accumu-
lation in targeted cells, regulation of intracellular dis-
tribution, and so on (31-34). Therefore, liposomal
DDS has a great potential to be a novel strategy for the
treatment of cerebral I/R injury.

In summary, our data demonstrate the usefulness of
FK506-liposomes for the treatment of cerebral isch-
emia/reperfusion injury. FK506-liposomes intrave-
nously injected immediately after the start of reperfu-
sion significantly suppressed neutrophil invasion, apoptotic
cell death, and infarct volume compared with free
FK506 in t-MCAO rats. In addition, the motor func-
tion deficits induced by ischemia/reperfusion in
these rats were ameliorated to a greater extent by the
treatment with FK506-liposomes than by that with
free FKS506. Therefore, liposomalization of FK506
should permit a reduction in the dosage of FK506
without a decrease in the therapeutic efficacy of the
drug. Taken together, our present findings indicate

FK506-LIPOSOMES REDUCE ISCHEMIC STROKE DAMAGE

that FK506-liposomes have a clear potential to be a
neuroprotectant if administered quickly after a cere-
bral stroke.
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Am J Physiol Heart Circ Physiol 304: H1361-H1369, 2013. First
published March 15, 2013; doi:10.1152/ajpheart.00454.2012.—Incre-
tin hormones, including glucagon-like peptide-1 (GLP-1), a target for
diabetes mellitus (DM) treatment, are associated with cardioprotec-
tion. As dipeptidyl-peptidase IV (DPP-1V) inhibition increases plasma
GLP-1 levels in vivo, we investigated the cardioprotective effects of
the DPP-IV inhibitor vildagliptin in a murine heart failure (HF)
model. We induced transverse aortic constriction (TAC) in C57BL/6J
mice, simulating pressure-overloaded cardiac hypertrophy and HF.
TAC or sham-operated mice were treated with or without vildagliptin.
An intraperitoneal glucose tolerance test revealed that blood glucose
levels were higher in the TAC than in sham-operated mice, and these
levels improved with vildagliptin administration in both groups.
Vildagliptin increased plasma GLP-1 levels in the TAC mice and
ameliorated TAC-induced left ventricular enlargement and dysfunc-
tion. Vildagliptin palliated both myocardial apoptosis and fibrosis in
TAC mice, demonstrated by histological, gene and protein expression
analyses, and improved survival rate on day 28 (TAC with vildaglip-
tin, 67.5%; TAC without vildagliptin, 41.5%; P < 0.05). Vildagliptin
improved cardiac dysfunction and overall survival in the TAC mice,
both by improving impaired glucose tolerance and by increasing
GLP-1 levels. DPP-IV inhibitors represent a candidate treatment for
HF patients with or without DM.

heart failure; impaired glucose tolerance; dipeptidyl-peptidase IV
inhibitor

HEART FAILURE (HF) is a leading causes of death in humans
worldwide (1, 20, 37, 56), and is often linked to impaired
glucose tolerance or diabetes mellitus (DM) (21, 53). DM is a
major risk factor for cardiac dysfunction; Lind et al. (28)
reported that poor glycemic control among patients with type 1
DM led to a high incidence of cardiovascular events. The
energetic substrate utilization of cardiomyocytes under hyper-
glycemic conditions shifts from glucose to fatty acid oxidation,
leading to HF (38). In DM, oxidative stress also causes endo-
thelial dysfunction and decreases endothelial NO release, in-
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ducing microangiopathy (13, 31). Either glucose abnormalities
or diabetes commonly exists in patients with HF, but as
previously reported, patients with diabetes have no worse
outcome of HF (50). Our previous clinical study revealed that
@90% of patients with chronic HF had impaired glucose
tolerance (21).

Incretin hormones have recently been proposed as new
targets for DM treatment. Glucagon-like peptide-1 (GLP-1) is
an incretin hormone secreted from the lower intestines and
colon, which stimulates insulin secretion from pancreatic beta
cells. Its receptors are ubiquitously expressed, including in the
cardiovascular system (8). GLP-1 is thought to possess cardio-
protective properties because of the following three reasons:
1) GLP-1 receptors localize to cardiomyocytes and endothelial
cells (3, 57); 2) activation of GLP-1 receptors increases phos-
phoinositide 3 (PI3)-kinase, serine/threonine protein kinase
Akt (Akt), and extracellular signal-regulated kinase phosphor-
ylation, potentially mediating cardioprotection (6, 19); and
3) activation of GLP-1 receptors stimulates p38 mitogen-
activated protein (MAP) kinase and endothelial nitric oxide
synthase via protein kinase A activation, putatively affecting
cardioprotection (5, 59) and plasma glucose normalization
(16). As dipeptidyl-peptidase IV (DPP-IV) rapidly degrades
GLP-1, which has a biological half-life of approximately 1.5-5
min (11, 18), both GLP-1 analogs and DPP-IV inhibitors
have been developed as new drugs to treat type 2 DM.
GLP-1 analogs reportedly ameliorate not only DM but also
HF and myocardial ischemia (15, 33, 34, 48, 59), suggesting
that DPP-IV inhibitors function cardioprotectively. Indeed,
DPP-1IV inhibitors are reportedly effective against myocar-
dial infarction in mice and pacing-induced heart failure in
pigs (14, 42, 59), suggesting that DPP-IV inhibitors may
also affect the survival rate. However, the effects of DPP-IV
inhibitors on the pathophysiology of pressure-overloaded
HF and survival after HF are unknown.

We aimed to clarify whether vildagliptin, a DPP-IV inhibi-
tor, improves the pathophysiology of HF and increases survival
rate in pressure-overloaded mice.

METHODS

All of the animal care procedures were performed according to the
American Physiological Society “Guiding Principles in the Care and
Use of Vertebrate Animals in Research and Training” and with the
approval of the ethical committee of Osaka University.
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Animal preparation. Male C57BL/6J mice (8 wk old, weighing
22-24 g) were purchased from CLEA Japan, (Tokyo, Japan). After 1
wk of observation, either transverse aortic constriction (TAC) or a
sham operation was performed as previously described (24). In brief,
the transverse aorta was isolated between the carotid arteries and
constricted by a 7-0 silk suture ligature tied firmly against a 30-gauge
needle. Sham-operated mice underwent a similar surgical procedure
without aortic constriction. The needle was promptly removed, and
the chest was closed with a 5-0 silk suture. Each surgical procedure
was completed within 30 min to maintain the body temperature at
37°C.

Experimental protocol. Vildagliptin was gifted by Novartis Phar-
maceuticals (Basel, Switzerland). The sham-operated or TAC mice
were randomly divided into two subgroups; the sham-operated group
with (n = 10) or without vildagliptin (n = 10) and TAC with (n = 40)
or without vildagliptin (n = 41). The vildagliptin treatment subgroups
were provided with drinking water containing vildagliptin (10 mg-kg
body wt=!-day—") (39, 58), and the other groups received unsupple-
mented drinking water from 1 day postsurgery. The mice were
allowed to drink ad libitum, and the drinking volumes were measured.
The mice were fed a normal chow diet for 4 wk.

Echocardiography. Transthoracic echocardiography was performed
before euthanasia as previously described (24). In brief, at 4 wk
postsurgery, the mice were placed in a supine position without
anesthesia. Short-axis, two-dimensional guided M-mode Doppler
echocardiograms were captured and analyzed offline using a Vevo
770 High-Resolution in vivo Micro-Imaging System (VisualSonics,
Toronto, Canada) equipped with a 15- to 45-MHz transducer. Left
ventricular (LV) end-diastolic diameter (Dd), end-systolic diameter
(Ds), and fractional shortening (FS) were measured. All measure-
ments were made from leading edge to leading edge, according to the
American Society of Echocardiography guidelines (22). Percentage
FS was calculated as follows: %FS = [(LVDd — LVDs)/LVDd] X
100. The investigator performing and interpreting the echocardio-
grams was blinded to the subgroups.

Hemodynamic assessment. To confirm pressure overload, four to
five mice in each group were randomly selected for LV pressure
measurement, as previously described (27). In brief, under pentobar-
bital anesthesia, an endotracheal tube was inserted and connected to a
volume-cycled rodent ventilator. A 1.4-Fr micromanometer-tipped
catheter (Millar Instruments, Houston, TX) was inserted into the right
carotid artery, blood pressure and heart rate were measured simulta-
neously, and data were acquired using the PowerLab Data Acquisition
System (AD Instruments, Bella Vista, NSW, Australia).

Analysis of intraperitoneal glucose tolerance test. Four weeks after
either TAC or sham operation, about half of the surviving mice,
namely five mice in each sham-operated group and 12 and 8 mice in
TAC with and without vildagliptin groups, were randomly selected for
an intraperitoneal glucose tolerance test following overnight fasting
(12-16 h). As overnight fasting and glucose injection might be
stressful, we enrolled only half of the surviving mice to reduce the
effect on additional deaths. Glucose (1 mg/kg body wt) was injected
into the intraperitoneal cavity, as previously described (54). Blood
was sampled from the tail prior to and at 30, 60, 90, and 120 min after
glucose administration. Blood glucose concentrations were measured
by a glucose meter using the glucose oxidase method (Glutest Ace R;
Sanwa Kagaku Kenkyusho, Nagoya, Japan).

GLP-1 measurement [ELISA]. Four weeks after treatment, their
chests were opened under anesthesia 1 h after feeding following
overnight fasting for GLP-1 measurement by enzyme-linked immu-
nosorbent assay (ELISA). Blood samples were obtained from the
hearts and immediately collected in BD P700 tubes (Becton Dickin-
son, Franklin Lakes, NJ) containing EDTA and DPP-IV protease
inhibitor cocktail. The tubes were centrifuged at 1,200 g for 10 min to
extract plasma. The plasma samples were then stored at —80°C in a
freezer until GLP-1 assay. Plasma GLP-1 levels were measured using
a Glucagon-Like Peptide-1 (Active) ELISA Kit (Millipore, Billerica,

DPP-IV INHIBITOR IMPROVES SURVIVAL IN MURINE HEART FAILURE

MA) according to the manufacturer’s instructions (52). The GLP-1
ELISA measures biologically active GLP-1-(7-37) and GLP-1-(7—
36)-NH, but does not cross-react with glucagon, GLP-2, inactive
GLP-1-(9-37) or GLP-1-(9-37)-NHo,.

Histology and immunohistochemistry. Histochemical analysis was
performed as previously described (25). Briefly, the surviving mice
were euthanized after 4 wk of observation. The hearts were harvested,
and cardiac tissues were fixed with 4% paraformaldehyde. The fixed
samples were embedded in paraffin and sectioned at 4-!Lm thickness for
picrosirius red staining. The extent of myocardial collagen was analyzed
in five hearts from each group (30). The original images were digitized
and transformed into binary images, and each area was calculated using
ImagelJ software (NIH, Bethesda, MD). The total myocardial collagen
index was defined as the total area of collagen content in the entire
microscopic field divided by the total connective tissue area plus the
myocardial area. The terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL) assay was performed using an Apo-
pTag Peroxidase In Situ Apoptosis Detection Kit (Millipore),
according to the manufacturer’s instructions. The number of
TUNEL-positive cells was expressed as a percentage of total cells,
as previously described (35).

Real-time quantitative polymerase chain reaction. Four weeks after
TAC, murine ventricles were processed for total RNA isolation using
TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. First-strand cDNA was synthesized from 1 !Lg total RNA
using the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA). The primers and probes used to
quantify transforming growth factor-113 (Tgf-113) and glyceraldehyde
3-phosphate dehydrogenase (Gapdh) were recommended by the man-
ufacturer (Applied Biosystems). Real-time quantitative reverse tran-
scriptase polymerase chain reaction (RT-PCR) was performed in a
StepOne Real-Time PCR System (Applied Biosystems). From each
amplification plot, a threshold cycle (Ct) value was calculated, repre-
senting the PCR cycle number at which fluorescence was detectable
above an arbitrary threshold. Each sample was analyzed in duplicate,
and the results were systematically normalized to GAPDH expression
using the LILICt method (29).

Western blot analysis. LV samples frozen at —80°C were placed on
ice, homogenized, and lysed with lysis buffer [1% NP-40, 150 mM
NaCl, 20 mM Tris pH 7.5, 2 mM EDTA, 50 mM NaF, 1 mM Na3;VOu,
plus protease inhibitor cocktail (Nacalai tesque, Kyoto, Japan)]. The
supernatant was loaded onto 10%-15% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gels. Immunoblotting was per-
formed as previously described (41). The ChemiDoc XRS System
(Bio-Rad Laboratories, Hercules, CA) was used for chemilumines-
cence imaging. Primary antibodies against phospho-Smad2 (p-
Smad?2), p-Smad3, caspase-3, and cleaved caspase-3 primary antibod-
ies were purchased from Cell Signaling Technology (Beverly, MA);
anti-Smad2/3 primary antibody was purchased from BD Transduction
Laboratories (Franklin Lakes, NJ); and anti-GAPDH (used as a
loading control) primary antibody was purchased from Millipore.
Target bands were identified using ECL prime and ECL Select
Western blotting reagents (GE Healthcare, Little Chalfont, Bucking-
hamshire, UK). Protein bands were quantified by densitometry.

Statistical analysis. All of the data are expressed as means + SE
and were analyzed by repeated-measures analysis of variance
(ANOVA) followed by Bonferroni test and Student’s #-test for paired
and nonpaired data as appropriate. The differences in the number of
surviving mice were analyzed by Kaplan-Meier method. P values of
<0.05 were considered significant using JMP 8.0.1 software (SAS
Institute, Cary, NC).

RESULTS

Hemodynamic measurements. The blood pressures and heart
rates 4 wk after TAC were similar in the sham-operated groups
with and without vildagliptin (71.2 + 3.1 vs. 745 + 3.2
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Fig. 1. 4: plasma glucose levels measured by intraperitoneal glucose tolerance
test. Sham-operated mice (n = 5), sham-operated mice with vildagliptin (n =
5), mice with transverse aortic constriction (TAC) (n = 8), and TAC mice with
vildagliptin (n = 12) were enrolled. B: plasma levels of glucagon-like pep-
tide-1 (GLP-1) 4 wk after TAC or sham operation. All blood samples were
collected 1 h after feeding following overnight fasting. Sham-operated (n = 8),
sham-operated mice with vildagliptin (» = 10), TAC mice (n = 15), and TAC
mice with vildagliptin (n = 21) were measured. The data shown are means +
SE. *P < 0.05 vs. sham operated, 1P < 0.05 vs. TAC.

mmHg; 459 + 36 vs. 451 + 22 beats/min; P = 0.482 and P =
0.830, respectively; » = 5 in each group), and in the TAC
groups with and without vildagliptin (101.4 + 9 vs. 121.4 + 10
mmHg; 394 + 80 vs. 463 + 27 beats/min; P = 0.193 and P =
0.400; n = 5 and n = 4, respectively).

Intraperitoneal glucose tolerance test and plasma GLP-1
levels. Figure 14 shows the results of the intraperitoneal
glucose tolerance test. Blood glucose levels at 30 and 120 min

Vildaglipiin

HI1363

after intraperitoneal glucose injections were higher in the TAC
mice than in the sham-operated mice (TAC vs. sham operated:
476.4 + 20.9 vs. 400.5 + 11.2 mg/dl at 30 min, and 161.5 +
9.4 vs. 127.3 + 8.3 mg/dl at 120 min, n = 8 and 5; P < 0.05).
This was consistent with our previous report (27) in which
TAC mice exhibited impaired glucose tolerance. Vildagliptin
administration decreased blood glucose levels at each time
point after glucose injection in TAC mice (with vs. without
vildagliptin: 345.1 + 7.9 vs. 476.4 + 20.9 mg/dl at 30 min,
245.5 + 13.1 vs. 349.6 + 25.3 mg/dl at 60 min, and 127.9 +
8.5vs. 161.5 + 9.4 mg/dl at 120 min, n = 12 and 8; P < 0.05).

We evaluated the GLP-1 levels in the TAC mice with or
without vildagliptin. Because ad libitum feeding could have
affected the plasma GLP-1 levels, we conducted a preliminary
experiment to identify the optimal conditions for GLP-1 mea-
surement. Nine-week-old C57BL6/J mice were fed a normal
chow diet, divided into two groups, and treated with or without
vildagliptin for 4 wk, as described above. To evaluate whether
feeding affected the plasma GLP-1 levels, the mice were fasted
12 h before blood sampling. We randomly separated each
group into two subgroups; the two subgroups were fasted
further, and the others were allowed to feed 1 h before
sampling. Under fasting conditions, vildagliptin produced a
statistically insignificant increase in GLP-1 levels (with vs.
without vildagliptin: 5.19 + 1.04 vs. 3.93 + 0.70 pM, n = 5
each; P > 0.05). In the mice sampled 1 h after feeding, GLP-1
levels were elevated with in the vildagliptin group (with vs.
without vildagliptin: 9.13 + 2.35 vs. 447 + 0.87 pM, n = 4
and 5; P < 0.05), suggesting that this sampling time schedule,
ie., 1 h after food intake, was suitable for plasma GLP-1
measurement. Figure 18 shows the plasma GLP-1 levels under
this time schedule. The GLP-1 levels were decreased in the
TAC mice (sham operated vs. TAC: 2.37 + 0.40 vs. 1.41 +
0.26 pM, n = 8 and 15; P < 0.05), but elevated in TAC mice
with vildagliptin to the levels of sham-operated mice with vilda-
gliptin (with vs. without vildagliptin: 4.83 + 0.50 vs. 1.41 + 0.26
pM, n = 21 and 15; P < 0.05).

Echocardiography. Representative echocardiographic im-
ages are shown in Fig. 2. Echocardiographic analysis revealed
enlarged Dd and Ds in the TAC mice both with and without
vildagliptin (n = 27 and 17). Both LV dilatation and dysfunc-
tion in the TAC group were ameliorated by vildagliptin treat-
ment (Fig. 3).

Fig. 2. Representative M-mode echocardiograms of mice 4
wk after TAC or sham operation. Top left, sham operated;
top right, sham operated with vildagliptin; bottom left, TAC;
bottom right, TAC with vildagliptin.
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Fig. 3. 4 and B: left ventricular (LV) dimensions. C: fractional shortening (FS) 4 wk after TAC or sham operation. LV end-diastolic diameter (Dd), end-systolic
diameter (Ds), and FS measured by echocardiography at 4 wk after TAC or sham operation. Echocardiographic analysis revealed enlarged LV end-diastolic and
end-systolic diameters in both of the TAC groups compared with the sham-operated mice. Both LV dilatation and dysfunction in the TAC group were ameliorated
by vildagliptin treatment. Sham-operated mice (n = 5), sham-operated mice with vildagliptin (» = 5), TAC mice (n = 17), and TAC mice with vildagliptin (n = 27)
were examined. LVDd, LV end-diastolic dimension; LVDs, LV end-systolic dimension. Data shown are means + SE. *P < 0.05 vs. sham operated, 1P < 0.05 vs. TAC.

Water uptake and heart weight. Body weight was not sta-
tistically different between the groups: 24.3 + 1.7 gand 234 + 1.4
g in the sham-operated and TAC mice without vildagliptin
(n = 10 and 17), 258 + 1.7 g and 252 + 2.4 g in the
sham-operated and TAC mice with vildagliptin (» =10 and
27). Heart weight-to-body weight ratio (HW/BW) markedly
increased in the TAC group compared with the sham-operated
group (4.9 + 0.1 vs. 9.3 + 0.5 for sham-operated and TAC
mice without vildagliptin, respectively; P < 0.05), and vilda-
gliptin did not attenuate HW/BW (9.2 + 0.4 for TAC with
vildagliptin; Fig. 4). Volumes of vildagliptin solution or water
consumed were similar in all of the groups (5.2 + 0.2, 4.9 +
0.5,4.4 + 09, and 4.5 + 1.3 ml/day for sham-operated with
and without vildagliptin and TAC with and without vildaglip-
tin, respectively; P = 0.05 for all).

Apoptosis and fibrosis. We performed TUNEL staining to
clarify the degree of apoptosis in the murine hearts. Apoptosis
in the myocardium of the TAC mice was increased compared
with the sham-operated mice, and this increase in apoptotic cell
death was largely attenuated by vildagliptin (Fig. 5, 4 and B,
n = 4 per each group). Next we performed immunoblotting to
confirm apoptotic changes in protein levels. We observed
increased cleaved caspase-3 protein in pressure-overloaded
murine hearts, which was partially ameliorated by vildagliptin

ull

Vildagliptin —_ +
TAC

Sham
Fig. 4. Heart weight (mg)/body wt (g) ratio 4 wk after the TAC or sham
operation. Sham-operated mice (n = 10), sham-operated mice with vildagliptin
(n = 10), TAC mice (n = 17), and TAC mice with vildagliptin (» = 27) mice
were measured. The values shown are means + SE. *P < 0.05 vs. sham
operated.

P e @ B

Heart weight / body weight (mg/g)
I

(Fig. 5, C and D, n = 4 per each group). These findings
indicate that vildagliptin partly reduces myocardial apoptosis
in pressure-overloaded murine hearts.

Figure 64 shows increases in myocardial collagen in the
TAC group, also ameliorated by vildagliptin. Figures 68 shows
fibrotic areas identified by picrosirius red staining. The total
myocardial interstitial collagen area significantly increased in
the TAC group compared with the sham-operated groups (P <
0.05 vs. sham operated, n = 5 per each group) but was
decreased in the TAC with vildagliptin group (P < 0.05 vs.
TAC) (sham operated, 1.79 + 0.22%; sham operated with
vildagliptin, 1.77 + 0.20%; TAC, 12.12 + 0.27%; TAC with
vildagliptin, 8.02 + 1.84%). We next analyzed expression of
Tef-113, a fibrosis-related gene, using RT-PCR. Myocardial
Tgf-113 expression significantly increased in the TAC group
compared with that in the sham-operated group (P < 0.05 vs.
sham operated) but significantly decreased in the groups with
vildagliptin (P < 0.05 vs. TAC; sham operated, 1 + 0.08;
sham operated with vildagliptin, 0.98 + 0.11; TAC, 1.85 +
0.12; TAC with vildagliptin, 1.55 + 0.06; Fig. 6C, n = 3 per
each group).

Finally, we performed immunoblotting to verify the fibrotic
changes that arose through increased levels of TGF-§ pathway
proteins. We observed increased p-Smad2 and p-Smad3 pro-
tein levels in the pressure-overloaded murine hearts, which
were partially restored by vildagliptin (Fig. 7, n = 4 per each
group). These findings indicate that vildagliptin reverses myo-
cardial fibrosis via the TGF- pathway in murine pressure-
overloaded hearts.

Survival analysis. The number of TAC mice without vilda-
gliptin was 41 and the number of those with vildagliptin was
40. Only 17 (41.5%) TAC mice without vildagliptin survived
28 days, whereas 27 (67.5%) TAC mice with vildagliptin
survived 28 days (Fig. 8; P < 0.05). These data indicate that
vildagliptin treatment is strongly protective. Vildagliptin did
not affect the survival rate in the sham-operated mice.

DISCUSSION

This study was the first to demonstrate that a DPP-IV
inhibitor improved survival rate in mice with pressure-over-
loaded HF. We presented the following experimental evidence:
1) TAC exacerbated the development of impaired glucose
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Fig. 5. A: representative images of the terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)-positive cells in murine hearts. Top left, sham
operated; top right, sham operated with vildagliptin; bottom left, TAC; bottom right, TAC with vildagliptin. Evidence of apoptosis, including chromatin
condensation, is indicated with arrowheads. The proportion of TAC-induced apoptotic cells was decreased by vildagliptin. Bar = 200 !Lm; original magnification,
X200. B: quantitative analysis of murine apoptotic cardiomyocytes. TAC increased the number of apoptotic cells in the myocardium compared with the

sham-operated group, and vildagliptin attenuated the increase in apoptosis. n =

4 for each group. C: representative immunoblotting analysis of cleaved/total

caspase-3 and GAPDH in the hearts of sham-operated and TAC mice with or without vildagliptin. D: intensity of bands was quantified from four independent
experiments by densitometry. Cleaved/total caspase-3 protein levels were increased by pressure overload in the hearts of TAC mice, which were reversed in TAC
mice with vildagliptin. n = 4 for each group. The values shown are means + SE. *P < 0.05 vs. sham operated, P < 0.05 vs. TAC.

tolerance, which was attenuated by vildagliptin with an atten-
dant increase in total GLP-1 levels; 2) TAC induced myocar-
dial apoptosis and fibrosis, which were attenuated by vildaglip-
tin; 3) TAC increased LVDd and LVDs, leading to FS decline,
while vildagliptin attenuated increased LVDd and LVDs and
increased LVFS. These effects may contribute to the improve-
ment in survival rate generated by vildagliptin in mice with
pressure overload-induced HF.

We demonstrated that TAC exacerbated the development of
impaired glucose tolerance, which was attenuated by vildaglip-
tin. This result implies that HF causes impaired glucose toler-
ance and improvement of impaired glucose tolerance may
ameliorate HF severity. Glycemic control independently cor-
relates with reduced LV contractile reserve and positivity for
HF in diabetic patients (12, 28). We previously reported that
HF is associated with impaired glucose tolerance in mice and
dogs, and that correction of impaired glucose tolerance with
voglibose or metformin reduces HF severity (26, 27, 41).
Shimizu et al. (46) reported that systolic dysfunction induced

by pressure overload exacerbates plasma glucose and hepatic
insulin resistance via Akt and insulin signaling in rodents. In
humans, chronic HF is associated with hyperinsulinemia (36,
51). Insulin resistance observed in HF is partly due to the lack
of activity and increase in weight gain/fat redistribution. Stolen
et al. (49) showed that exercise training improved insulin-
stimulated myocardial glucose uptake in patients with dilated
cardiomyopathy. Ashrafian et al. (2) proposed the other mech-
anism of HF-induced insulin resistance. Hyperadrenergic state
of HF initiates the elevation of plasma free fatty acids
(FFAs). The elevation of plasma FFAs induces insulin
resistance due to increased triglycerides, increased cellular
FFAs, and increased cytoplasmic fatty acid metabolites in
hearts and skeletal muscle (43).

To our knowledge, this is the first study to evaluate an
improvement in impaired glucose tolerance in animals with HF
in the presence of DPP-IV inhibitors. Indeed, vildagliptin
increased the plasma GLP-1 levels in animals with TAC-
induced HF, suggesting that HF is attenuated by the correction
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Fig. 6. A4: representative images of the murine myocardium stained by picro-
sirius red. Collagen accumulation induced by TAC was regressed with vilda-
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n = 5 for each group. C: quantitative analysis of transforming growth factor-1
13 (Tg13) in murine hearts: the expression level (normalized to Gapdh) in
TAC group was increased compared with that in sham operated, which was
alleviated in TAC with vildagliptin. » = 3 for each group. Data are presented
as the relative change vs. sham operated. The values shown are means + SE.
*P < 0.05 vs. sham operated, TP < 0.05 vs. TAC.

of glucose intolerance by DPP-1V inhibitors. This hypothesis is
supported by our findings that vildagliptin attenuates LV apo-
ptosis and fibrosis in the TAC mice, which may explain the
amelioration of LV dilatation and dysfunction. This evidence is
consistent with previous studies in which sitagliptin was shown
to attenuate HF severity induced by rapid pacing in pigs (14),
ameliorate myocardial fibrosis in diabetic (db/db~'~) mice

DPP-IV INHIBITOR IMPROVES SURVIVAL IN MURINE HEART FAILURE

(23), and improve diastolic dysfunction without altering ejec-
tion fraction in a rat model of uremic cardiomyopathy (9).
Intriguingly, GLP-1 reportedly has cardioprotective proper-
ties besides its ability to correct glucose intolerance in HF.
GLP-1 receptors are expressed in the heart and activate PI3
kinase and Akt in addition to cyclic AMP (6, 19). Protein
kinase A activation via accumulation of cyclic AMP may
activate p38 MAP kinase, which may in turn mediate cardio-
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Fig. 7. A: representative immunoblotting analysis of phosphorylated Smad2
(p-Smad?2), p-Smad3, and Smad2/3 in the hearts of sham-operated and TAC
mice with or without vildagliptin. B: band intensity quantified by densitometry.
p-Smad2/Smad2/3 protein levels increased as a result of pressure overload in
the hearts of TAC mice, but recovered in TAC mice with vildagliptin. C: band
intensity quantified by densitometry. p-Smad3/Smad2/3 protein levels in-
creased as a result of pressure overload in the hearts of the TAC mice, but
recovered in the TAC mice with vildagliptin. n = 4 for each group. The values
shown are means + SE. *P < 0.05 vs. sham operated, P < 0.05 vs. TAC.
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Fig. 8. The Kaplan-Meier curve analysis shows that the TAC group with
vildagliptin exhibited improved survival compared with the TAC group with-
out vildagliptin. We enrolled 41 mice in the TAC and 40 mice in the TAC with
vildagliptin groups, respectively. The survival rates at 28 days after the TAC
operation were 41.5% (17/41) in the TAC and 67.5% (27/40) in the TAC with
vildagliptin groups, respectively. *P < 0.05 vs. TAC; n, number of mice.

protection (40, 59), and activation of PI3 kinase and Akt may
further enhance these cardioprotective effects. A recent report
(55) demonstrated amelioration of nonalcoholic steatohepatitis
in mice by an analog of exenatide, a GLP-1 receptor agonist,
supporting the antifibrotic effect of GLP-1 in murine hearts.
Indeed, GLP-1 administration in patients with HF decreased
the HF severity with or without DM, suggesting that GLP-1
may have cardioprotective properties independent of its effects
on blood glucose levels (48). However, GLP-1 levels were
elevated €10-fold (17), significantly higher than the GLP-1
levels observed with DPP-IV inhibitors (4), suggesting that
even a 1-pM increase in GLP-1 may be sufficient for cardio-
protection. Moreover, in a large meta-analysis, vildagliptin was
not associated with an increased risk of adjudicated cardio- and
cerebrovascular events relative to all comparators in the pa-
tients with type 2 diabetes, including increased cerebrovascular
risks (44). Chaykovska et al. (9) showed that increased 7Tgf-131,
collagen type I dl, and collagen type III dI expression in
uremic rat hearts, compared with the sham-operated rat hearts,
was significantly reduced by linagliptin, a DPP-IV inhibitor,
supporting our observations. Importantly, DPP-IV inhibitors
impact cardioprotection independently of GLP-1; DPP-IV also
reportedly degrades peptides tyrosine-tyrosine, stromal cell-
derived factor-1, and B-type natriuretic peptide (BNP) (7, 32,
45, 47). Taken together, these data suggest that DPP-IV inhib-
itors are cardioprotective, suggesting that they may also be
beneficial for patients with HF. However, this hypothesis is
limited because we used 8-wk-old mice with TAC as a model
of HF in this study. Although this model is one of established
animal models for HF, this model is not the universal model for
the patients with HF, or does not mimic the background of the
HF patients (e.g., age, dyslipidemia, ischemia, etc.). Further
basic and preclinical studies are needed to apply DPP-IV
inhibitors to HF patients.

The most important issue in this study was to determine
whether DPP-IV inhibitors increase the survival rate because
improvements in HF do not necessarily increase the survival
rate. Indeed, inotropic agents such as phosphodiesterase III
inhibitors (e.g., vesnarinone) improved pathophysiological pa-
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rameters of HF in basic studies, even improving symptoms and
cardiac function in patients with HF in clinical studies, but
these drugs actually decreased the patient survival rate in
large-scale clinical trials (10). This unexpected finding is
attributable to the fact that the effect of these drugs on survival
rate was never tested in experimental models of chronic HF.
Yin et al. (60) reported the rat models with the administration
of vildagliptin 2 days before or 3 wk after acute myocardial
infarction surgery. They did not show the cardiac contractility
and survival or any change in glucose metabolism with vilda-
gliptin treatment. Compared with their protocol, we adminis-
tered vildagliptin from 1 day postsurgery of murine TAC,
which finally reversed the survival rate. These discrepancies
between the study of Yin et al. and our present study may be
attributable to the manner of HF induction (e.g., models and
species), their glucose levels, and the dosage of vildagliptin.
Their echocardiographic data seem to show worse HF than
ours, which was too severe to treat with their dose set. In
addition, although they did not mention any condition of the
feeding (e.g., fasting or ad libitum feeding) during sampling,
no difference in their blood glucose levels may suggest that the
dosage was not enough to be cardioprotective. We observed
that vildagliptin increased survival rate in the context of pres-
sure overload-induced HF in mice, indicating that an adequate
dose of DPP-IV inhibitors is ultimately cardioprotective
against HF.

This study includes the limitations. Since TAC animals are
fragile, especially when using the narrower size of needle (30
gauge) to create severe HF, the procedures of the examination
such as glucose tolerance test may worsen the HF of the TAC
mice. Indeed, in the preliminary study, we tried to perform oral
glucose tolerance test at first, but 2 of 6 died because of the
onset of acute severe HF (pulmonary edema shown by dissec-
tion). This is the reason that we shifted to the intraperitoneal
glucose tolerance test, which did not cause severe HF leading
to death. Importantly, the timing and number of procedures
were identical in the groups with or without vildagliptin,
suggesting that these additional stresses of examination to TAC
do not largely affect the present results and conclusions.

In conclusion, vildagliptin, a DPP-IV inhibitor, improved
the pathophysiology of HF in pressure-overloaded mice. This
effect was mediated partly by improved glucose tolerance and
partly by the cardioprotective effects of GLP-1, both of which
ultimately improved survival following HF.
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