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In the mortality analysis in which patients who
underwent transplantation were followed and
the data were not censored, the hazard ratio was
0.51 (95% CI, 0.31 to 0.86), favoring pirfenidone.
These findings are consistent with and corrobo-
rate the results of the prespecified analysis of
all-cause mortality (hazard ratio, 0.52; 95% CI,
0.31 to 0.87).
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The Metabolic Syndrome and DYRK1B

7O THE EpiToR: Keramati et al. (May 15 issue)?
found that the gain-of-function DYRK1B variants
R102C and HO90P were associated with the meta-
bolic syndrome. These findings probably reveal
one end of the phenotypic spectrum associated
with DYRKIB variants. The L28P variant of
DYRKIB is predicted to be “damaging,” and we
have postulated that it may be a loss-of-function
variant with a protective effect against the meta-
bolic syndrome.

We performed a phenomewide association
study to examine phenotypes associated with

Condition

Diabetes mellitus

Heart failure

Essential hypertension
Disorders of lipid metabolism
Overweight and obesity
Hypertensive heart disease
Myocardial infarction

Pulmonary heart disease

Table 1. Association of Clinical Conditions with the L28P Variant of DYRK1B,
as Determined by Means of a Phenomewide Association Study.
Adjusted Odds Ratio  Adjusted
(95% Cl) P Value*
0.30 (0.12-0.71) 0.002
0.52 (0.24-1.10) 0.09
0.68 (0.30-1.53) 0.36
0.91 (0.36-2.29) 0.85
1.32 (0.39-4.41) 0.66
0.36 (0.05-2.66) 0.24
1.71 (0.52-5.64) 0.41
1.59 (0.65-3.87) 0.32
1.34 (0.46-3.95) 0.60

Symptoms involving cardiovascular system

* P values were adjusted for age, sex, and study group. Cl denotes confidence

interval.
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the L28P variant of DYRKIB in a cohort of 7800
Geisinger MyCode Project participants for whom
existing genotype data (obtained with the use of
the Ilumina HumanExome BeadChip) were
available and linked to electronic medical record
data. Phenotypes associated with cardiometa-
bolic disease were identified with the use of
previously validated phenomewide association
study codes.? Our study revealed a significant
protective effect of L28P (in 42 heterozygotes)
against type 2 diabetes and a trend toward a
protective effect against hypertension (Table 1).
Two DYRKI1B variants (G352A and P578S) that
were predicted to be benign had no significant
associations in the phenomewide association
study.

Some DYRKIB variants are associated with
autosomal dominant protective effects. Electronic
medical records linked to existing genomic data
sets can be used to rapidly identify population-
level genotype—phenotype associations.
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To THE Epitor: Keramati et al. detected DYRK1B
mutations in families with the metabolic syn-
drome. The authors state that the clinical fea-
tures of affected family members cannot be ex-
plained by neurohormonal activation (the plasma
levels of the five tested hormones were all within
the normal ranges). However, we note that the
R102C mutation induces increased expression
of peroxisome-proliferator—activated receptor y
(PPAR-y) and PPAR-y coactivator-1 (also known
as PCG-1-a), which are associated with plasma
levels of adipokines (e.g., adiponectin, leptin, re-
sistin, and fibroblast growth factor 21 [FGF-21])
that play crucial roles in the metabolic syn-
drome.** Therefore, these plasma adipokines are
presumably more directly relevant than the five
tested hormones in this special form of the met-
abolic syndrome. To explain the clinical features
associated with neurohormonal activation, we
suggest that in future studies adipokines should
be taken into account as plasma biomarkers for
this form of the metabolic syndrome.
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T tHE epitor: Keramati et al. found that
DYRK1B mutations were associated with coinher-

itance of the metabolic syndrome and coronary
artery disease. Considering that rare variants as
well as common ones in the same gene or locus
could be related to the same disease, with a vari-
ety of effects,2 we fully endorse the authors’
theory that common variants in the DYRK1B lo-
cus could be associated with the metabolic syn-
drome in the general population. In the Discus-
sion section of their article, the authors mention
that linkage of the DYRK1B locus on 19q13 to the
metabolic syndrome and type 2 diabetes has
been detected in previous genomewide associa-
tion studies.3* However, the susceptibility loci
reported in these studies (the apolipoprotein E
[APOE]-C1-C4-C2 gene cluster in the metabolic
syndrome and the PEPD gene in type 2 diabetes)
are considerably distant from the DYRKIB locus
in a different linkage disequilibrium block. To
our knowledge, the DYRKIB locus has not thus
far been shown to be associated with the meta-
bolic syndrome or coronary artery disease in the
general population.
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THE AUTHORS reEpiy: Mirshahi et al. describe a
relatively common nonsynonymous variant in
DYRK1B (L28P) with an observed allele frequency
of 0.53%. In silico analysis indicated that this
variant was probably damaging, and it was as-
sumed to be a loss-of-function mutation. A phe-
nomewide association study performed with the
use of electronic medical records confirmed their
hypothesis and identified this allele as being pro-
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CORRECTIONS

tective against several metabolic traits. We agree
with their statement that the mutations described
in our article represent only one end of the phe-
notypic spectrum, and we believe there may be
many more alleles with loss of function than
with gain of function in this gene and most oth-
er genes. For example, gain-of-function muta-
tions in proprotein convertase subtilisin/kexin
type 9 (PCSK9) have been detected in only a
handful of kindreds,* whereas loss-of-function
protective alleles are much more prevalent in the
general population.?

We also agree with Mirshahi et al. that the
cautious use of electronic medical records is very
valuable for the study of population-based geno-
type—phenotype associations, and we are pleased
to see that their analysis independently validated
our unbiased findings regarding DYRK1B regu-
lation of metabolism.

As stated by He et al., adipokines are impor-
tant = disease markers for metabolic traits.
DYRKI1B is expressed at high levels in the brain,?
and its paralogue DyrklA has been shown to
play a key role in the central regulation of ap-
petite and body weight by transmitting signals
from neuropeptide Y, downstream from ghrelin
and leptin.# Thus, as with most cases of insulin
resistance and obesity, we anticipate consequen-
tial alterations in the plasma concentrations of
adipokines in DYRK1B mutation carriers.> We are
currently examining food intake and plasma
levels of various adipokines in the extended kin-
dreds of DYRKIB mutation carriers. The plasma
metanephrine, normetanephrine, cortisol, renin,
and aldosterone activities were initially mea-
sured because of their role in the pathogenesis
of multiple metabolic traits ranging from obe-
sity and diabetes mellitus to hypertension; our
statement about neurohormones was limited to
those measurements.

In our article, we described two novel and
extremely rare disease-causing variants of DYRK1B,
and as stated by Morita and Komuro, we raised
the question of whether rare or common vari-
ants with a small-to-moderate effect in this gene
are linked to the same metabolic traits. How-
ever, we predict that future studies will only be
able to establish the association of independent
rare and subthreshold variants of DYRKIB (such
as L28P) with metabolic traits. We concur that
signals on 19q13 detected in genomewide asso-

ciation studies are most likely linked to the
APQOE—-(C1-C4-C2 gene cluster.
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CORRECTIONS

Spread of Artemisinin Resistance in Plasmodium falciparum Ma-
laria (July 31, 2014;371:411-23). In the Abstract (page 411), in
the first sentence of Results, the median parasite clearance
half-life in the Democratic Republic of Congo should have been
1.9, rather than 1.8. In the second paragraph of the Discussion
(page 419), the third sentence should have read, “With one
exception, only one SNP per propeller domain was ever present
in ‘clonal’ infections,” rather than “With two exceptions . . . .”
The article is correct at NEJM.org.

Thrombus Aspiration during ST-Segment Elevation Myocardial
Infarction (October 24, 2013;369:1587-97). In Figure 3 (page
1595), the categories listed under “Age” should have been >65 yr
and £065 yr, rather than <65 yr and 265 yr. The article is correct
at NEJM.org.
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Engineering of three-dimensional (3D) cardiac tissues using decellularized extracellular matrix could be
a new technique to create an “organ-like” structure of the heart. To engineer artificial hearts functionally
comparable to native hearts, however, much remain to be solved including stable excitation-propagation.
To elucidate the points, we examined conduction properties of engineered tissues. We repopulated the
decellularized hearts with neonatal rat cardiac cells and then, we observed excitation-propagation of
spontaneous beatings using high resolution cameras. We also conducted immunofluorescence staining
to examine morphological aspects. Live tissue imaging revealed that GFP-labeled-isolated cardiac cells
were migrated into interstitial spaces through extravasation from coronary arteries. Engineered hearts
repopulated with Ca®*-indicating protein (GCaMP2)-expressing cardiac cells were subjected to optical
imaging experiments. Although the engineered hearts generally showed well-organized stable
excitation-propagation, the hearts also demonstrated arrhythmogenic propensity such as disorganized
propagation. Immunofluorescence study revealed randomly-mixed alignment of cardiomyocytes,
endothelial cells and smooth muscle cells. The recellularized hearts also showed disarray of car-
diomyocytes and markedly decreased expression of connexind3. In conclusion, we successfully
demonstrated that the recellularized hearts showed dynamic excitation-propagation as a “whole organ”.
Our strategy could provide prerequisite information to construct a 3D-engineered heart, functionally
comparable to the native heart.

Keywords:

Cardiac tissue engineering
Organ culture

ECM (extracellular matrix)
Scaffold

Electrophysiology

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction Large-scale replacement of cardiac cells is a prerequisite for effec-

tive treatment of end-stage heart failure.

Heart diseases are one of the leading causes of mortality
worldwide {11 Despite of recent progress in heart failure treat-
ment, heart transplantation is still considered the final destination
therapy for patients with end-stage heart failure refractory to
conventional therapies. However, the benefits of heart trans-
plantation are limited due to the shortage of donor hearts. In this
context, myocardial regeneration therapy has emerged as a new
therapeutic approach to treat severe heart failure. Although several
clinical trials have been conducted {2}, most therapies involved
repairing specific regions of the heart and not the entire heart.
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For this purpose, a new technique for engineering three-
dimensional (3D) organ-like tissue using decellularized extracel-
lular matrix (ECM) was reported for the heart {3}, lung [4.5], Kidney
{6,7], and liver {8}, This technique has already been applied clini-
cally for the engineering of airway | ¢} or heart valves {101, A recent
paper showed that induced pluripotent stem cell-derived cardio-
vascular progenitor cells repopulated in a decellularized heart and
successfully proliferated, then differentiated into cardiovascular
cells {111, This paper also demonstrated that repopulated induced
pluripotent stem cell-derived cells exhibited contraction and
electrical activity, but reconstructed heart function was evaluated
in the small regions of the heart. To date, only limited information is

available regarding the function of a totally engineered organ.
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Evaluation of arrhythmogenicity as a whole organ will be
indispensable to construct a functionally comparable 3D engi-
neered heart. In the present study, we hypothesized that recellu-
larized hearts show well-organized conduction as native hearts. To
elucidate the point, we investigated excitation—propagation prop-
erties of the recellularized heart by live imaging system using Ca*-
indicating protein (GCaMP2) [311.

2. Materials and methods
2.1. Animals

The study was carried out under the supervision of the Animal Research Com-
mittee of Osaka University and in accordance with the Japanese Act on Welfare and
Management of Animals. The experimental protocol was approved by the Animal
Care and Use Committee of the Osaka University Graduate School of Medicine.

2.2. Perfusion and decellularization of rat hearts

Adult female Wistar rats (10—12-weeks-old) were anesthetized and systemic
heparinization was followed by a median sternotomy. After ligating the caval veins,
the heart was removed from the chest. A 2-mm cannula was inserted into the
ascending aorta to enable Langendorff antegrade coronary perfusion. The right
atrium was opened and an incision was made to create an atrial septal defect fol-
lowed by the ligation of pulmonary artery and veins. Heparinized PBS containing
10 um ATP was perfused for 15—30 min, followed by perfusion with 0.5% sodium

A

dodecy! sulfate (SDS) in deionized water overnight. After washing with deionized
water for 15 min, the heart was perfused with 1% Triton-X100 in deionized water for
30 min, followed by washing with antibiotic-containing PBS (100 U/m! penicillin
(Invitrogen, Carlsbad, CA, USA), 100 ug/mL streptomycin (Invitrogen) and 1.25 pg/mL
ampbhotericin B (Sigma—Aldrich, St. Louis, MO, USA)).

2.3. Isolation and preparation of rat neonatal cardiac cells

One-day-old neonatal pups were sacrificed. Their hearts were removed and
placed immediately into a Petri dish containing Hank's Balanced Salt Solution
(HBSS) on ice. After removing the connective tissue, the hearts were minced with
scissors or blades. Trypsin (Neonatal Cardiomyocyte Isolation System, Worthington
Biochemical Corporation, Lakewood, NJ, USA) was added to the dish to a final
concentration of 50 pg/mL, and incubated overnight at 4 °C. Then, trypsin inhibitor
reconstituted with HBSS and collagenase reconstituted with L-15 medium were
added to the dish. The tissue was placed in a 37 °C shaker bath for about 35 min.
The tissue was then strained through a 100-pm cell strainer and washed with L-15
medium 3 times. After centrifuging the tissue, the pellet was collected and
resuspended in 30 mL of M199 (Invitrogen) with 10% FBS (BioWest, Kansas City,
MO, USA), 100 U/mL penicillin (Invitrogen), 100 pg/mL streptomycin (Invitrogen),
and EGM-2 Single Quots (CC-4176, Lonza, Allendale, NJ, USA) except FBS and
GA-1000.

24. Recellularization of decellularized hearts

Approximately 1.0 x 10% cells were suspended in M199 (Invitrogen) with 10%
FBS (BioWest), 100 U/mL penicillin (Invitrogen), 100 pg/mL streptomycin

[ 0.5% SDS

Bar=50 uym

Fig. 1. Decellularization of rat hearts. (A) Macroscopic images of rat hearts during decellularization procedure: before decellularization (1); during 0.5% SDS solution perfusion
(2—3); after overnight 0.5% SDS solution perfusion (4); after 1% TritonX-100 solution perfusion (5). Bars indicate 2 mm. (B) Visualization of the architecture of perfused coronary
artery of decellularized extracellular matrix. (Evans blue solution was infused through aorta). (C) Microscopic structures of cadaveric (left) and decellularized (right) rat hearts (H-E
staining). No nuclear staining was observed in decellularized extracellular matrix. Bars indicate 50 pm.
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(Invitrogen), and EGM-2 Single Quots (CC-4176, Lonza) except FBS and GA-1000.
Seeded cells consisting of cardiomyocytes, fibroblasts, and endothelial cells were
infused through a T-shaped stopcock placed in the line. Recellularized rat hearts
were perfused continuously and maintained in 5% CO, atmosphere. The culture
medium was first changed at day 2 or day 3 with M199 (Invitrogen) containing 10%
FBS (BioWest), 100 U/mL penicillin (Invitrogen), 100 pg/mL streptomycin (Invi-
trogen), and 10 pm cytosine arabinoside (Sigma--Aldrich), but without growth fac-
tors and then every 48—72 h.

Cadaveric heart

DAP! Collagen type |

2.5. Histology and immunofluorescence

We fixed rat cadaveric hearts, decellularized hearts, and recellularized hearts
with 4% paraformaldehyde and cryosectioned them. This was followed by hema-
toxylin—eosin staining and immunostaining. We permeabilized the slides with
0.25% TritonX-100 for 20 min and blocked slides with PBS containing 10% BSA and
0.1% TritonX-100 for 60 min at RT. The samples were incubated overnight at 4 °C
with the following primary antibodies: anti-sarcomeric alpha actinin antibody
(mouse monoclonal 1:500; Abcam, Cambridge, UK), anti-sarcomeric alpha actinin

Decellularized heart

Bar=50 um

Fig. 2. Immunofluorescent staining of ECM in cadaveric and decellularized rat hearts. Collagen type I, collagen type IV, laminin, and fibronectin were maintained in decellularized
(right) rat hearts as in cadaveric (left) hearts, but no nuclei was stained in decellularized (right) rat hearts. Bars indicate 50 um.

124



7842 H. Yasui et al. / Biomaterials 35 (2014) 78397850

antibody (rabbit polyclonal 1:100; Abcam), anti-laminin antibody (rabbit polyclonal
1:200; Abcam), anti-fibronectin antitibody (rabbit polyclonal 1:200; Abcam), anti-
collagen IV antibody (rabbit polyclonal 1:200; Abcam), anti-collagen 1 antibody
(rabbit polyclonal 1:200; Abcam), anti-connexin43 (Cx43) antibody (rabbit poly-
clonal 1:200; Invitrogen), anti-CD31 antibody (mouse monoclonal 1:100; Abcam),
and anti-actin, alpha-smooth muscle-Cy3™ antibody (mouse monoclonal 1:500;
Sigma—Aldrich). The samples were then incubated for 1 h with a 1:200 dilution of
appropriate secondary antibodies. We embedded the samples in mounting medium
containing DAPI (ProLong® Gold Antifade Reagent with DAPI; Invitrogen). Immu-
nofluorescence images were acquired using a microscope (FSX: Olympus, Tokyo,
Japan; Biorevo: Keyence, Osaka, Japan).

2.6. Western blot analysis

The frozen samples of an adult rat heart and engineered hearts were homoge-
nized, and proteins were extracted on ice in a buffer solution containing 0.15 m NaCl,
1% NP-40, 50 mm Tris—~HCl (pH 8.0), 0.5% sodium deoxycholate, 0.1% SDS and a
cocktail of protease inhibitor (Complete, Mini, EDTA-free, Roche, Basel, Switzerland)
and phosphatase inhibitor (PhosStop, 20 Tablets, Roche, Basel, Switzerland). Total
protein (10 pg/lane) was electrophoresed and separated on an Extra PAGE One

Precast Gel (nacalai tesque, Kyoto, Japan). After separation, proteins were transferred
onto nitrocellulose membrane sheets (GE Healthcare Japan, Tokyo, Japan). Following
transfer, the membrane was blocked in 5% low-fat dry milk in TBS-T at RT for 1 h.
Then, the membrane was incubated at 4 °C overnight with following primary an-
tibodies: sarcomeric alpha actinin (mouse monoclonal 1:500; Abcam), myosin
heavy chain (MYH) (rabbit polyclonal 1:500; Santa Cruz, Dallas, TX, USA), cardiac
troponin I (rabbit polyclonal 1:1000; Abcam), Cx43 (mouse monoclonal 1:1000;
Invitrogen), VE-cadherin (goat polyclonal 1:500; Santa Cruz) or GAPDH (rabbit
monoclonal 1:5000; Cell Signaling Technology, Danvers, MA, USA). Immunoreactive
bands were visualized using an enhanced chemiluminescence (ECL) detection sys-
tem (Pierce Western Blotting Substrate Plus, Thermo Fisher Scientific, Waltham, MA,
USA) and an image analyzer (ImageQuant LAS 4000mini, GE Healthcare Japan).

2.7. Transmission electron microcopy

Decellularized and recellularized hearts were fixed using 2.5% glutaraldehyde
(Wako, Osaka, Japan) in 0.1 M phosphate buffer (pH 7.4) through coronary perfusion;
they were sectioned into 1-mm pieces and placed in 2.5% glutaraldehyde solution
for 2 h. The samples were post-fixed with 1% osmium tetroxide and dehydrated with
ethanol. They were embedded in epoxy resin and sectioned into 80 nm slices by

Fig. 3. Extravasation of GFP-labeled neonatal rat cardiac cells. (A) Dispersion of GFP-labeled isolated cardiac cells. GFP-labeled cells were antegradely infused into the coronary
artery through aorta (upper panel). Time course of the migration of the cells is shown in magnified images (lower panels): After injection: 4 min (left), 11 min (middle), 16 min
(right). The GFP-labeled cells (arrows) migrated into the interstitial spaces through extravasation. (B) At day 2, substantial portion of the seeded cells was observed in the interstitial
spaces. Arrows show decellularized vessel structure. The seeded cells existed in the interstitial matrix as well as in the lumens of coronary arteries. (C) GFP-positive cells were
retained in the heart for 7 days. Day 3 (left) and day 7 (right). GFP-positive cells were observed throughout the heart but inhomogeneously.
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ultramicrotome. Ultra-thin sections were prepared and examined under an electron
microscope (H-7650, Hitachi, Tokyo, Japan).

2.8. Transfection of adenovirus encoding GFP and GCaMP2

Isolated neonatal rat cardiac cells were infected with adenovirus encoding GFP
and GCaMP2 {31} at a multiplicity of infection (m.o.i.) of 10 and 20, respectively. GFP
and GCaMP2 expressing cardiac cells were suspended with the culture medium and
injected into the decellularized hearts as described above.

2.9. Electrical and mechanical experiments

Electrocardiograms (ECGs) were recorded in epicardial surface of ventricle.
Signals were then digitized through an AD converter (Digidata 1320, Molecular
Devices, Sunnyvale, CA, USA) and analyzed with softwares (Axoscope, Molecular
Devices; OriginPro, OriginLab Corporation, Northampton, MA, USA). Intraventricular
pressures were recorded through a catheter (1.4Fr-Mikro-Tip™ Catheter Transducer,
Millar, Bella Vista, NSW, Australia) with an amplifier (PowerLab, AD Instruments Inc.,
Dunedin, New Zealand).

35 (2014) 78397850 7843

2.10. Live tissue imaging

We observed recellularized hearts temporarily under a fluorescent stereomi-
croscope (Leica Microsystems Ltd., Wetzlar, Germany). Recellularized hearts were
placed in culture flasks and their fluorescent images were recorded with a GFP-band
path filter. Data analysis was performed using custom MALTAB software (Math-
Works, Natick, MA, USA). Before fixation, calcium transient (CaT) of the recellular-
ized hearts were optically recorded using a high-resolution CMOS camera
(MiCAMO2, Brainvision, Tokyo, Japan). Data analysis was performed using custom-
made software (BV_Ana, Brainvision). Fast Fourier Transform (FFT) analyses were
conducted using software (OriginPro, OriginLab Corporation).

3. Results
3.1. Decellularization of adult rat hearts
Perfusion of 0.5% SDS and subsequent application of 1% Triton-

X100 removed all the cellular components from the hearts, leav-
ing behind the extracellular matrices (Fig. 1A). Histological
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Fig. 4. Properties of recellularized hearts. (A) An image of a recellularized rat heart showing spontaneous beating. (Supplemental movie is available as Movie S2). (B) Real-time
tracings of ECG and ventricular pressure are shown. The tracings of ECG and manometry were synchronized and intraventricular pressure was approximately 0.75 mmHg. (C) A
microscopic image of a recellularized rat heart in transverse section (H—E staining). Inhomogeneous distribution of seeded cells was observed throughout the heart. Bar indicates
1 mm. (D) Western blot analysis of heart extracts. An adult rat heart and 4 engineered hearts were subjected to western blot analysis. Note the faint expression of VE-cadherin and
connexin43 (Cx43) in engineered hearts compared to adult rat heart, in contrast to the abundant expression of sarcomeric alpha actinin, myosin heavy chain (MYH) and cardiac
troponin I (Tnl), both in engineered and native adult rat hearts.
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evaluation revealed an absence of nuclei in the decellularized
hearts (Figs. 1C and 2). Immunofluorescent staining demonstrated
that collagen I, collagen IV, laminin, and fibronetin remained within
the decellularized heart matrix (Fig. 2). Antegrade coronary
perfusion with Evans blue dye delineated the extracellular struc-
tures of the main coronary arteries (¥ig. 1B). The arterial remnants
were abruptly terminated. Detailed observation revealed that
decellularization procedure destroyed the entire vessel walls in the
peripheral arterioles but not in the proximal arteries. This finding
may be attributed to sparse extracellular matrices in the peripheral
arterioles.

3.2. Whole-heart engraftment of GFP-labeled cells

Live tissue fluorescence imaging of the GFP-labeled seeded cells
after antegrade infusion through coronary arteries revealed that
the GFP-labeled cardiac cells had extended through the lumens of
decellularized coronary arteries into the interstitial spaces at the tip
of the remnant coronary arteries (¥ig. 3A and Supplementary Movie

1). At day 3, inhomogeneous distribution of the GFP-positive cells

a~actinin

a~actinin

(o4 -actinin

3] «-actinin

Bar=50 ym

was observed throughout the heart tissues. The seeded cells were
found in the lumens of coronary arteries as well as in the interstitial
matrix (Fig. 3B, C). We also observed that the GFP-positive cells
were retained in the heart during the entire observation period
:,C)

Supplementary video related to this article can be found at
i (10.1016/Lblomaterials. 2014.05.080.

3.3. Recellularization of the decellularized hearts with cardiac cells
of neonatal rats

We seeded decellularized rat hearts with freshly isolated
neonatal cardiac cells through antegrade coronary perfusion. As the
cell isolation procedure did not include techniques such as “pre-
plating” method to remove specific cardiac cell types, both car-
diomyocytes and other types of cells such as fibroblasts were
seeded into the decellularized heart. The 3D organ-like culture was
maintained for 8—30 days. Recellularized hearts started sponta-
neous contraction 2-3 days after recellularization, which
continued for 8—30 days (Fig. 4A and Supplementary Movie 2). We

Bar=50 ym

Fig. 5. Immunofluorescence study of recellularized hearts. (A) Sarcomeric alpha actinin-positive cells were surrounded by laminin-positive ECM. (B) Cx43 was sparsely observed
among sarcomeric alpha actinin-positive cells. (C), (D) Random alignment of cardiomyocytes, endothelial cells, and smooth muscle cells. The mixture of different cells was observed.
Alpha-actinin, CD31, and smooth-muscle-actin were used as cardiac, endothelial, and smooth muscle cell markers, respectively.
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recorded electrocardiogram (ECG) and intraventricular pressure.
The synchronized tracings of ECG and pressure were shown in
Fig. 4B. Microscopic observation revealed that seeded cells adhered
inhomogeneously to the decellularized ECM (¥ig. 4C). We further
examined whether cardiac proteins existed in recellularized hearts
by western blot analysis (Fig 4D). As a result, cardiac contractile
proteins, including sarcomeric alpha actinin, MYH and cardiac
troponin I (Tnl), were abundantly observed, while VE-cadherin and
Cx43 were only faintly detected in engineered hearts compared to
an adult rat heart. Among the seeded cells, sarcomeric alpha actinin
positive cells were detected in the ventricles; these cells were
surrounded by laminin-positive ECM (Fig. 5A). Although regions of
the alpha actinin-positive cells were accompanied by Cx43, the
expression was faint, which indicated that intercellular conduction
might be immature as compared to adult hearts (Fig. 5B). An
immunofluorescence study revealed a randomly-mixed alignment
of cardiomyocytes, endothelial cells, and smooth muscle cells
stained with alpha actinin, CD31, and smooth muscle (sm)-actin,
respectively (¥ig. 5C, D). CD31-positive cells and sm-actin-positive
cells were not necessarily localized to decellularized vessel-like
structures. Transmission Electron Microscope observations
showed that the decellularized hearts preserved collagen fibers
well in the ECM (Fig. 6A) and the recellularized hearts demon-
strated the presence of sarcomeric structures surrounded by ECM
(Fig. 6B).

Supplementary video related to this article can be found at
x.dolorg/10.1016/{biomaterials. 2014.05.080.

Bar=2 pm
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3.4. Excitation-propagation of recellularized hearts

Engineered hearts seeded with GCaMP2-expressing cardiac
cells showed spontaneous beating within 2—3 days after recellu-
larization, at which point they were subjected to optical imaging
experiments. We observed that spontaneous excitations were
generally well aligned and stably propagated in the engineered
heart tissues (Fig. 7A and Supplementary Movie 3). Fig. 7A shows
the representative images of propagation sequences in an engi-
neered heart. Excitation seemed to emerge in the lateral wall of left
ventricle (LV) and propagated through the free LV wall. Isochrone
map of the propagating CaT suggested inhomogeneous conduction
in substantial areas (Fig. 7C). Conduction velocity (CV) was an order
of magnitude or slower (approximately 0.5—5 cm/s) compared to
normal adult rat hearts.

Supplementary video related to this article can be found at
hitpr/jdr.dolorg/ 101016/ biomaterials. 2014.05.080,

3.5. Arrhythmogenicity of recellularized heart tissues

To examine the underlying mechanisms of arrhythmogenesis in
the engineered heart tissues and the time-course of maturation in
electrical properties, live tissue fluorescence video imaging was
employed. We used FFT analysis to examine the synchronicity.
Spontaneous excitation of CaT recorded at the three discrete points
in the engineered heart tissues were subjected to FFT analysis. In
the sample of the first group, during spontaneous beating, the

Bar=500 nm

Bar=1 um

Fig. 6. Ultrastructure of decellularized and recellularized rat hearts by transmission electron microscopy. (A) Ultrastructure of a decellularized heart. Collagen fibers (arrows) in the
ECM were well preserved after decellularization procedure. (B) Ultrastructure of a recellularized heart. Arrows show cells with well-organized stria. Cardiac cells seemed to be
surrounded by ECM.
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entire heart tissues were well-synchronized (¥ig. 8A—E and Sup-
plementary Movie 4). Isochrone map showed that excitation
propagated rapidly through the left ventricle (¥ig. 8D). Frequency
analysis showed similar frequency profile pattern at each point
(¥g. SE). On the other hand, in the sample of the second group,
although substantial parts of the tissues showed well-organized
propagation of excitation, unsynchronized beatings were also
observed around ROI-2 (¥ig. SA—E and Supplementary Movie 5).
Isochrone map of the propagating CaT showed that initial

H. Yasui et al. / Biomaterials 35 (2014) 7839—7850

activation generated from two distinct sites at basal and apical
parts of the heart (Fig. D). The frequency profiles were accord-
ingly similar at ROI-1 and ROI-3, but not at ROI-2 (Fig. SE). These
observations suggested that there were multiple re-entry like
circuits. The sample of the third group exhibited markedly
arrhythmogenic characteristics. The heart tissues showed sponta-
neous contraction, but each region did not show synchronization
(Fig. 1T0A—E and Supplementary Movie 6). Conduction between left
and right sides of the heart was hardly observed (Fig. 10D).
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Fig. 7. Propagation of the intracellular calcium transient (CaT) in a recellularized heart. (A) Sequential images in spontaneous beating (every 40 ms). Optical images showed
excitation-propagation throughout epicardial surface of the recellularized heart. (B) Detection of the intracellular CaT. (C) Isochrone map (in 10 ms color-coded intervals) of the
propagating CaT. Isochrone map suggested inhomogeneous propagation in substantial areas. (D) Anatomical features of the recellularized heart from a frame of video file.
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Frequency analysis showed that ROI-1, -2, and -3 beat indepen-
dently (Fig. 10E). These observations suggested each region had
automaticity although cardiac cells were continuously present
among ROI-1, -2, and -3.

Supplementary video related to this article can be found at
hitp/fdxdolorg/ 101016/ blomaterials 2014.05.080.

4. Discussion

In the present study, we successfully constructed 3D engineered
hearts by recellularizing adult rat decellularized hearts with
neonatal rat cardiac cells, and demonstrated the excitation and
propagation properties of 3D engineered heart tissues as an “organ”.
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For myocardial regeneration therapy of severe heart failure,
sufficient wall thickness is required for engrafted cardiac tissues to
assist pumping function of the failing hearts. To elucidate the point,
several attempts have been made such as “3D cardiac patch” with
promoted maturation from ES cell-derived cardiomyocytes {12} or
“multi-layered cardiac cell sheets” based on temperature-
responsive cell culture dishes {13]. Despite of these efforts, there
still remains a limitation in oxygen delivery to thick myocardial
tissues, and thus the thickness of the engineered cardiac tissues is
confined to approximately 200 um or less |14,15]. Recent tech-
niques to engineer cardiac tissues with perfusable blood vessels
have made thicker vascularized cardiac tissues feasible, which
showed spontaneous beating and were transplanted with blood
vessel anastomoses 8l. Eschenhagen and Zimmermann
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Fig. 8. Propagation of recellularized heart tissues (‘well-synchronized® group). (A) Detection of the intracellular CaT driven by local propagation of electrical activity (ROI-1, -2, and
-3) in the sample 1. (B) Anatomical features of the recellularized heart from a frame of video file. (C) Intracellular CaT at each site. We observed well-organized conduction of stable
excitation in substantial areas of the engineered heart tissues. (D) Isochrone map of the propagating CaT. Note that excitation rapidly propagated throughout the left ventricle. (E)
Fast Fourier Transform (FFT) analysis. Note that each site showed similar frequency pattern.
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engineered cardiac tissues using a mixture of collagen I, ECM pro-
teins (Matrigel®) and neonatal rat cardiomyocytes into molds; their
constructs were intensively interconnected [17}. Their 1—4-mm-
thick engineered heart tissue grafts improved the systolic and
diastolic functions on implantation in infarcted rat hearts {181
However, they could not preserve the large-scaled 3D archi-
tectures and natural matrix components of the heart. In this
context, decellularized whole hearts may act as niches for repo-
pulated cells and vessels for supplying the nutrients to the engi-
neered myocardial constructs. It was indicated that ECM
components and preserved mechanical properties of the decellu-
larized heart had directed differentiation of the stem/progenitor
cells into the cardiac lineage {1¢1. This observation also suggests
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that decellularized heart matrix may therefore be a promising
alternative to synthetic scaffolds and a foundation for regenerative
efforts for 3D tissue engineering {201

Previous attempts have revealed that engineered myocardial
tissues are not fully synchronized in the small regions of the whole
hearts {11,21]. We achieved partial synchronization of significant
regions of the heart, but also observed regions which beat inde-
pendently. Synchronicity is an important factor for the construction
of a transplantable artificial organ, since asynchronous regions
impair the contractility, as well as potentially increase the risk of
lethal cardiac arrhythmias. The calculated CV in our engineered
heart tissues was markedly decreased (approximately 5 cm/s) as
compared to that reported previously in an adult rat heart {22,23]
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Fig. 9. Propagation of recellularized heart tissues (‘unsynchronized’ group). (A) Detection of the intracellular CaT driven by local propagation of electrical activity (ROI-1, -2, and -3)
in the sample 2. (B) Anatomical features of the recellularized heart from a frame of video file. (C) Intracellular CaT at each site. Propagation of most parts showed the unsynchronized
pattern. After 2 beats (arrows), there was a pause, and another wave emerged from the bottom of the heart and collided with the preceding wave. (D) Isochrone map of the
propagating CaT. Note that initial activation generated from two distinct sites at basal and apical parts of the heart. (E) FFT analysis. The frequency profiles were similar at ROI-1 and

ROI-3, but not at ROI-2. This suggested that at least two excitation-propagation existed.
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or in an in vitro cultured neonatal rat cardiomyocyte (NRCM),
whereas it was similar to that of NRCM with Cx43 mutation {241
Slow conduction and electrical instability were more apparent in
the whole heart. The mixture of automaticity from multiple sites
and multiple re-entry leads to arrhythmogenic propensity and
obstructs adequate contraction. To create a whole heart with suf-
ficient contraction, electrophysiological evaluation of the whole
heart is essential.

Our engineered heart showed a marked decrease in expression
of Cx43, which is one of the reasons why our engineered constructs

A

showed slow conduction and electrical instability as well as sparse
adhesion of the repopulated cardiomyocytes. This might be
improved by overexpressing Cx43 in the engineered cells. Immu-
nofluorescence study revealed randomly mixed alignment of car-
diomyocytes, endothelial cells, and smooth muscle cells stained
with alpha-actinin, CD31, and sm-actin, respectively; these cells
were located close to one another. The mixture of different cells
may inhibit smooth electrical conduction. Although these cells
were present simultaneously, it is possible that previously resident
cadiomyocytes attracted other endothelial cells and attempted to
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Fig. 10. Propagation of recellularized heart tissues (‘disorganized’ group). (A) Detection of the intracellular CaT driven by local propagation of electrical activity (ROI-1, -2, and -3) in
the sample 3. (B) Anatomical features of the recellularized heart from a frame of video file. The heart sample is shown in the same direction with panels A and D. (C) Intracellular CaT
at each site. We recorded disorganized propagation of asynchronous excitation with multiple origins, indicating automaticity. (D) Isochrone map of the propagating CaT. Note that
left and right sides of the heart showed distinct automaticity and that conduction between these distinct sites was hardly observed. (E) FFT analysis. Note that each site showed

different frequency pattern.
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form capillary blood vessels. Cross-talk between endothelial cells
and cardiomyocytes regulates not only early cardiac development
but also adult cardiomyocyte contraction {25}, Also, it has been
reported that the inductive signaling from endothelial cells plays an
important role in cardiac conduction system development { 261. The
co-existence of endothelial cells and cardiomyocytes may be
compatible with this endothelial—cardiomyocyte interaction in the
native heart. The density of laminin was high around the resident
cardiomyocytes. The finding suggests that cardiomyocytes may
produce laminin autonomously in addition to the natural matrix
and adapt themselves at the resided space in the matrix. Supple-
mentation with additional extracellular matrices could be possible
experiments to attempt.

Extraction of the cadaveric heart per se could be potential con-
troversies due to the notion on the death. For example, fabrication
of scaffolds analogous to biological tissues using advanced tech-
nology such as 3D bioprinting technique may provide clues to solve
the issue {27]. The technique has already been applied in various
biological tissues including heart valves {28,29] and cartilage {38},
In this regard, 3D bioprinting could be a possible arsenal for heart
regeneration in the future, however, arrhythmogenic evaluation as
a whole organ will be still essential to create a sufficiently func-
tional heart.

5. Conclusion

We engineered 3D hearts by recellularizing adult rat decellu-
larized hearts with neonatal rat cardiac cells and observed
excitation-propagation of spontaneous beatings of the recellular-
ized heart tissues as an “organ”. We observed disorganized asyn-
chronous excitation arising from multiple origins while the
engineered 3D heart tissues generally showed well-organized sta-
ble conduction. Although previous studies have shown the elec-
trophysiological characteristics of 3D engineered heart tissues,
those were only limited to the small area of the heart. In the present
study, we clearly presented excitation and propagation properties
of the entire heart tissues as an “organ”. To construct functionally
comparable and transplantable artificial heart, our strategy may be
beneficial in the evaluation of the arrhythmogenic propensity, and
it is necessary to establish the technique to engineer 3D heart tis-
sues with stable excitation-propagation propensity as an organ.
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Mitochondrial Aldehyde Dehydrogenase 2 Plays Protective Roles in
Heart Failure After Myocardial Infarction via Suppression of the
Cytosolic JNK/p53 Pathway in Mice

Aijun Sun, PhD;* Yunzeng Zou, MD, PhD;* Ping Wang, PhD;* Danling Xu, PhD;* Hui Gong, PhD;* Shijun Wang, PhD; Yingjie Qin, PhD;
Peng Zhang, MD; Yungin Chen, MD; Mutsuo Harada, PhD; Toyoshi Isse, PhD; Toshihiro Kawamoto, PhD; Huizhi Fan, PhD; Pengyuan Yang,
PhD; Hiroshi Akazawa, PhD; Toshio Nagai, MD; Hiroyuki Takano, MD; Peipei Ping, PhD; Issei Komuro, MD, PhD; Junbo Ge, MD

Background—Increasing evidence suggests a critical role for mitochondrial aldehyde dehydrogenase 2 (ALDH2) in protection
against cardiac injuries; however, the downstream cytosolic actions of this enzyme are largely undefined.

Methods and Results—Proteomic analysis identified a significant downregulation of mitochondrial ALDH2 in the heart of a rat
heart failure model after myocardial infarction. The mechanistic insights underlying ALDH2 action were elucidated using
murine models overexpressing ALDH2 or its mutant or with the ablation of the ALDHZ gene (ALDHZ knockout) and neonatal
cardiomyocytes undergoing altered expression and activity of ALDH2. Left ventricle dilation and dysfunction and
cardiomyocyte death after myocardial infarction were exacerbated in ALDH2-knockout or ALDH2 mutant-overexpressing mice
but were significantly attenuated in ALDH2-overexpressing mice. Using an anoxia model of cardiomyocytes with deficiency in
ALDH2 activities, we observed prominent cardiomyocyte apoptosis and increased accumulation of the reactive aldehyde 4-
hydroxy-2-nonenal (4-HNE). We subsequently examined the impacts of mitochondrial ALDH2 and 4-HNE on the relevant
cytosolic protective pathways. Our data documented 4-HNE-stimulated p53 upregulation via the phosphorylation of JNK,
accompanying increased cardiomyocyte apoptosis that was attenuated by inhibition of p53. Importantly, elevation of 4-HNE
also triggered a reduction of the cytosolic HSP70, further corroborating cytosolic action of the 4-HNE instigated by
downregulation of mitochondrial ALDH2.

Conclusions—Downregulation of ALDH2 in the mitochondria induced an elevation of 4-HNE, leading to cardiomyocyte apoptosis
by subsequent inhibition of HSP70, phosphorylation of JNK, and activation of p53. This chain of molecular events took place in both
the mitochondria and the cytosol, contributing to the mechanism underlying heart failure. (J Am Heart Assoc. 2014;3:e000779
doi: 10.1161/JAHA.113.000779)

Key Words: ALDH2 « apoptosis ¢ heart failure « myocardial infarction * p53

eart failure (HF), the end-stage of various heart syndrome characterized by mechanical dysfunction of the

diseases, is a leading cause of mortality in many
countries.' The underlying mechanisms responsible for the
development of HF have not been fully understood, and thus
the treatment for HF has yet to improve. HF is a complex

myocardium, defects in bioenergetics, increased cardiac pre-
and/or after-load, maladjusted myocardial angiogenesis,
altered signal transduction pathways, and abnormal calcium
homeostasis; in addition, neurohormonal and inflammatory
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disorders might contribute to all of the pathogenic mech-
anisms of HF.2 Moreover, the “mismatch” between the
increasing energy demand of cardiomyocytes and the
proliferation of mitochondria in cases of cardiac hyper-
trophy might promote HF development.>* A majority of
intracellular reactive oxygen species (ROS) are byproducts
of mitochondrial metabolism, and bioenergetic activity and
mitochondrial dysfunctions were shown to result in the gen-
eration of excess amounts of oxidant stress®® and could
further enhance cardiomyocytes apoptosis, which serves as
another mechanism for the aggravation of HF.”"

In a separate experiment, we found that the expression
levels of 9 protein spots on gels were decreased and other
6 protein spots on gels were increased in rat heart
mitochondrial proteins 4 weeks after myocardial infarction
(MI) compared with a sham group using 2-dimensional (2D)
electrophoresis. In addition, 1 of the decreased spots was
identified as aldehyde dehydrogenase 2 (ALDH2) by a mass
spectrometry and database comparison (Figure 1A through
1C; Table 1). The phenomena were confirmed in rat
(Figure 1D and 1E) and mouse (Figure 2A and 2B) HF
models as well as in the failing human heart (Figure 2C and
2D), stimulating our interest in exploring the role of ALDH2

Tabie 1. List of Proteins Identified by Proteomics

1. Proteins with more than 5 fold-decrease of expression in failing heart

Mitochondrial proteins
Similar to RIKEN ¢cDNA 1700025B16 (Ratfus norvegicus)
Aconitase 2 (Aaftus norvegicus)

Aldehyde dehydrogenase 2, mitochondrial (Raffus norvegicus)
LRRGT00108 (Rattus norvegicus)

Electron-transfer-flavoprotein, beta polypeptide (Raftus norvegicus)
Hypothetical LOC361596 (Aattus norvegicus)

RIKEN cDNA 2900053E13 (Mouse)

Other proteins

Myosin, light polypeptide 3 (Raftus norvegicus)

Predicted: similar to ribosomal protein L21 (Rattus norvegicus)

2. Proteins with more than 5-fold increase in expression in failing heart

Mitochondrial proteins

Dihydrolipoamide S-acetyltransferase (Ratfus norvegicus)
RIKEN cDNA 2900053E13 (Mouse)
Other proteins

Vimentin (Raftus norvegicus

Tubulin, beta 5 (Rattus norvegicus)

Ribosomal protein L8 (Homo sapiens)

Protein disulfide-isomerase A6 precursor (Ratius norvegicus)

in the development of HF. ALDH2 was reported to serve as
a nitrate reductase that specifically catalyzes nitroglycerin
and produces nitric oxide.'®*' Chronic nitrate treatment-
induced inhibition of ALDH2 is one of the reasons for
nitrate tolerance.'®'® Several lines of evidence suggest that
ALDH2 could act on detoxification of acetaldehyde such as
4-hydroxy 2-nonenol (4-HNE)}' and may be a key enzyme
involved in protection against various cardiac injuries such
as ischemia and ethanol toxicities.'”'®

Although the precise mechanisms of downregulation of
ALDH?2 during the development of HF remain unclear, it has
been shown that treatment with a PKC activator upregulated
ALDH2 activity and reduced infarct size, and PKC inhibition
abolished ethanol-induced increases in ALDH2 activity and
cardiac protection against ischemia, suggesting that PKC
might be a regulator for ALDH2."7 In addition, our recent
results showed that miR-34a was highly increased, whereas
ALDH2 expression was decreased after Ml in mice. Overex-
pression of miR-34a in neonatal rat cardiomyocyte could
significantly enhance apoptosis and downregulate ALDH2
expression. Luciferase reporter assay results demonstrated
that ALDH2 was a direct target of miR-34a.'® Taken together,
PKC and miR-34a might be responsible for the downregulation
of ALDH2.

Although ALDH2/4-HNE have been reportedly involved in
protection against various cardiac injuries, the downstream
molecular actions of ALDH2/4-NHE are largely undefined. It
remains unknown whether the mobilization of mitochondrial
ALDH?2 affects events in the cytosol and whether cardiac
protection results from integrated actions from both mito-
chondrial and cytosolic locations. Accordingly, using a murine
HF model induced by MI, we explored the potential role of
ALDH2 in the development of HF and tried to clarify the
related molecular chain from mitochondria to cytosol.

Methods

Animals and Cene Manipuiation

Adult male Sprague-Dawley rats (200 to 250 g) and wild
type (WT) C57BL/6 mice (20 to 25 g) were purchased from
Shanghai Animal Administration Center. ALDHZ-knockout
(ALDH2-KO) mice were generated, as described previ-
ously.?® Adenoviral vectors encoding ALDHZ2 or empty
vector were injected into the left ventricular (LV) cavity
through the apex of the heart.?"?? In brief, adenoviral
vectors encoding ALDHZ2, dominant negative forms of
ALDH2 (dnALDHZ), or empty vector (10° pfu in 100 plL
medium) were injected into the LV cavity through the apex
of the heart under temporary clamping of the ascending
aorta and pulmonary artery for 40 seconds 2 days prior
to the Ml procedure.?’ Efficacy of adenoviral vector
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Figure 1. Cardiac mitochondrial proteome and identification of ALDH2 downregulation after M.
Mitochondrial fractions were isolated from the left ventricless of rat hearts at 4 weeks after Ml or sham
operation. A, Purity of isolated cardiac mitochondria evaluated by electronic microscopy. Mitochondrial
fractions were isolated by a method of grade centrifugation, and the purity was 90% to 95%, evaluated by
observation under an electronic microscope. B, A subfractional proteomic analysis for cardiac mitochondria.
Mitochondria proteins were subjected to a 2D electrophoresis. Representative photographs are shown. Left,
MI heart; Right, sham heart. C, Selection of significantly changed spots and identification by the LTO-ESI-MS/
MS. Two-dimensional electrophoresis displayed 15 protein spots that differed significantly in intensity
between M| and sham hearts among ~100 spots. The expression levels of 9 spots decreased and another 6
spots increased in Ml rats compared with sham-operated rats. One of the decreased spots was identified as
ALDH2. D, Confirmation of expression of ALDHZ by RT-PCR. Rats were subjected to Ml or sham operation for
the indicated times. Representative photographs of RT-PCR are shown. B-Actin was used as a loading control.
E, Confirmation by Western blot analyses for the expression of cardiac mitochondrial ALDH2. Rats were
subjected to Ml or sham operation for the indicated time. Representative photographs are shown. GAPDH
was used as a loading control. ALDH2 expression was quantified as folds of B-actin or GAPDH. Data are
shown as mean+SE from 9 samples. ¥*P<0.05 vs sham; #P<0.05 vs 7 days. ALDH2 indicates aldehyde
dehydrogenase 2; D, days; LTQ-ESI-MS/MS, liquid chromatography electrospray ionisation tandem mass
spectrometry; MI, myocardial infarction; RT-PCR, reverse transcription—polymerase chain reaction.
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transfection into myocardium evaluated by X-gal staining of
the LacZ vector was >50% (data not shown).?? Small
interfering RNA (siRNA) or nontargeting control (Sigma-

Aldrich)

injection.?*?* Briefly, the SiRNA of p53 or nontargeting
control (Sigma-Aldrich) was administered to mice 2 days
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Figure 2. Downregulation of cardiac mitochondrial ALDH2 in mice after MI. Mice were subjected to Ml or
sham operation for 4 weeks. mRNA or mitochondria protein was prepared from hearts and subjected
respectively to RT-PCR (A) and Western blot (B) analyses for ALDH2 expression. Representative photograph
of Western blotting is shown. B-Actin or GAPDH was used as a loading control. ALDH2 expression was
quantified as folds of f-actin or GAPDH. Data are shown as mean=SE from 9 samples. *P<0.05 vs sham.
Expression of ALDHZ (C) and ALDH2 activities (D) in human hearts. mRNA or mitochondria protein was
prepared from 3 controls (aged 30 to 45 years) and 3 failing human hearts (aged 35 to 43 years).
A representative photograph of RT-PCR analysis is shown. B-Actin was used as a loading control. ALDHZ2
expression was quantified as folds of B-Actin, and ALDHZ2 activities were expressed as the initial rate of
NADH production at 340 nm. Data are shown as mean=SE from 3 hearts. *P<0.05 vs control. ALDH2
indicates aldehyde dehydrogenase 2; MI, myocardial infarction; RT-PCR, reverse transcription—polymerase
chain reaction.

before Ml via an intraperitoneal injection. Mice received
1.5 pug of siRNA per gram of body weight. Before admin-
istration, siRNA was bound to siPORT amine transfection
was administered to mice via intraperitoneal reagent (Ambion) according to the manufacturer’s instruc-
tions: siPORT amine was incubated for 30 minutes at 22°C
in saline. The siPORT amine/saline mixture was then
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