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Fig. 3. Effect of isoproterenol on FP frequency. (A) Representative FP traces taken before and after the application of isoproterenol (ISP). (B) The graph shows a summary of the

changes in the beating frequency caused by ISP.

due to their high costs. Furthermore, using the current system, it is
difficult to predict accurately the occurrence of lethal side-effects.
Thus, an in vitro model for drug screening is required, to avoid the
withdrawal of drugs that have been costly to develop. We estab-
lished a novel in vitro drug screening model to evaluate drug-in-
duced changes in the electrophysiological properties of hiPS-CMs.
In the present study, we measured FP using the MEA system.
Although FP does not allow the derivation of an absolute measure
of the individual ion currents that contribute to the AP, our MEA
system clearly reveals the FP waveform changes induced by several
anti-arrhythmia drugs [13]. This indicates the potential for using a
combination of the hiPS-CM and MEA systems for drug testing.

In the present study, cardiomyocytes were differentiated from
hiPS cells that were reprogrammed by four transcription factors
(Oct3/4, Sox2, KIf4, and c-Myc) derived from adult dermal fibro-
blasts. A recent study demonstrated that functional hiPS-CMs
could be generated from newborn foreskin fibroblasts or fetal lung
fibroblasts by transduction with different sets of transcription fac-
tors, including Oct3/4, Sox2, Nanog, and LIN28 [14]. These cells dis-
played the typical cardiac phenotypes, including the expression of
cardiac-specific transcription factors and sarcomeric proteins, as
well as the appropriate responses to anti-arrhythmia drugs and
adrenergic stimulants. No major differences in structural and func-
tional properties were observed for the hiPS-CMs derived from the
two different hiPS cell lines. The universal functional properties of
hiPS-CMs may facilitate the application of hiPS technology to pre-
clinical drug development.

Although many genetic cardiac disorders, such as familial car-
diomyopathy, arrhythmias, and congenital heart diseases, have
been identified, their underlying genetic mechanisms are largely
unknown. Therefore, it is necessary to clarify the development,
pathogenesis, and physiologic characteristics of these intractable
diseases. In this regard, hiPS cells may provide an adequate supply
of customized patient-specific cells for genetic and functional anal-
yses, thereby enhancing the potential for clinical applications.
However, the concerns about iPS systems, which are related to
low differentiation efficiency and tumor formation that is probably
due to the transduction of oncogenic factors and integration of vec-
tor viruses, need to be resolved before they can be used for cell
replacement therapy. Recently, several groups reported that iPS

cell lines could be established without c-Myc or viral vectors
[15-17], or without the use of genes [18]. These progressive tech-
nologies may allow the utilization of safer hiPS cell lines.
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The major side-effect of treatment with a-glucosidase inhibitors, flatulence, occurs when undi-
gested carbohydrates are fermented by colonic bacteria, resulting in gas formation. We propose that
the cardiovascular benefits of z-glucosidase inhibitors are partly attributable to their ability to neu-
tralise oxidative stress via increased production of H; in the gastrointestinal tract. Acarbose, which
is an a-glucosidase inhibitor, markedly increased H; production, with a weaker effect on methane
production. Our hypothesis is based on our recent discovery that H, acts as a unique antioxidant,

and that when inhaled or taken orally as H,-dissolved water it ameliorates ischaemia-reperfusion
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injury and atherosclerosis development.
© 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

A growing body of evidence supports the notion that postpran-
dial hyperglycaemia plays an important role in the development of
cardiovascular disease. Large epidemiological studies have shown
that the serum glucose concentration 2 h after an oral glucose chal-
lenge is a powerful predictor of cardiovascular risk [1,2].

a-Glucosidase inhibitors are pharmacological agents that spe-
cifically reduce postprandial hyperglycaemia through retardation
of disaccharide digestion, thereby reducing glucose absorption by
the small intestine. The STOP-NIDDM trial demonstrated that the
treatment of patients who had impaired glucose tolerance with
the x-glucosidase inhibitor acarbose was associated with a 25%
reduction in the risk of progression to diabetes, a 34% reduction
in the risk of developing de novo hypertension, and a 49% risk
reduction for cardiovascular events [3]. Furthermore, a meta-anal-
ysis of seven long-term studies suggested that acarbose reduced
the risk of myocardial infarction for patients with type 2 diabetes
(4]. Such risk reduction for coronary heart disease events in pa-
tients with type 2 diabetes was not observed by the improved gly-
caemic control achieved with intensified treatment with insulin
and glibenclamid [5]. Inhibition of postprandial hyperglycaemia

* Corresponding author. Address: Department of Regenerative Medicine and
Advanced Cardiac Therapeutics, Keio University School of Medicine, 35 Shinano-
machi Shinjuku-ku, Tokyo 160-8582, Japan. Fax: +81 3 5363 3875.

E-mail address: msano@sc.itc keio.ac.jp (M. Sano).

by a-glucosidase inhibitors alleviates cardiac ischaemia-reperfu-
sion injury in mice [6]. These findings suggest that «-glucosidase
inhibitors interfere with the development of macrovascular dis-
eases through additional mechanisms distinct from the expected
modulation of postprandial hyperglycaemia.

2. Molecular hydrogen (H;) acts as a novel antioxidant

Clinical evidence and experimental results strongly implicate
reactive oxygen species (ROS) as the leading etiologic agent of car-
diovascular diseases, including hypertension, atherosclerosis, angi-
na pectoris, myocardial infarction, and heart failure [7.8]. The
mechanisms for ROS production are diverse, and include increases
in the activities of NAD(P)H-oxidase, xanthione oxidase, cyclooxy-
genase, and lipoxygenase, as well as uncoupling of nitric oxide syn-
thase, dysfunction of the mitochondrial respiratory chain, and
decreased bioavailability of antioxidants, all of which contribute
to increased oxidative stress. An increase in ROS production re-
duces the bioavailability of nitric oxide (NO), synergistically
advancing the pathogenesis of cardiovascular disease, since NO
plays important roles in the regulation of vascular tone, inhibition
of platelet aggregation, and suppression of smooth muscle cell
(SMC) proliferation. Increases in the renal levels of ROS raise the
blood pressure by influencing afferent arteriolar tone, tubulo-glo-
merular feedback response, and sodium reabsorption [9]. [ncreases
in vascular ROS promote endothelial dysfunction, increased

0014-5793/$36.00 © 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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contractility, monocyte invasion, VSMC proliferation, and in-
creased deposition of extracellular matrix proteins, all of which
contribute to the pathogenesis of hypertension, atherosclerosis,
and plaque rupture. In the brain, increased production of ROS
mediates hypertension by increasing sympathetic outflow. Various
antioxidants have been tested for their abilities to reduce the risk
of cardiovascular disease. However, these trials have not verified
the importance of antioxidants in the prevention of cardiovascular
disease [10]. These outcomes can be partially explained by the dual
roles of ROS. Most of the detrimental effects of ROS are attributed
to ‘OH, which is the most reactive oxygen species. In comparison,
0;" and H,0, have lower oxidative energies and, paradoxically,
are implicated as crucial signalling components in the establish-
ment of favourable tolerance to oxidative stress. Consequently,
the inhibition of both these pathways (e.g., by antioxidants) can
have a deleterious outcome.

Recently, we discovered that molecular hydrogen (H;) acts as an
antioxidant with the following interesting properties: (i) H, per-
meates cell membranes and can target the cellular organelles,
including the mitochondria and nuclei; and (ii) H, specifically
quenches detrimental ROS, such as ‘OH and peroxynitrite (ONOO ™),
while maintaining the metabolic oxidation-reduction reaction and
other less-potent ROS, such as 05", H,0; and nitric oxide (NO*) [11].
We showed that inhalation of H, gas, given at an incombustible le-
vel, limited the extent of myocardial infarction resulting from
myocardial ischaemia-reperfusion injury, thereby preventing del-
eterious left ventricular remodelling in the rat [12]. Importantly,
the inhaled H, gas was transported rapidly in the circulation and
reached the ‘at-risk’ ischaemic myocardium before the coronary
blood flow of the occluded infarct-related artery was re-
established.

H, can also be administered orally in the form of H,-dissolved
water. Kajiyama et al. reported that supplementation with
900 ml/day (300 ml given three times a day) of H,-dissolved water
for 8 weeks reduced the levels of several biomarkers of oxidative
stress, such as plasma oxidized low-density lipoprotein (LDL) cho-
lesterol and urinary 8-isoprostanes, and improved glucose metab-
olism in patients with type 2 diabetes or impaired glucose
tolerance [13]. Furthermore, supplementation with H,-dissolved
water normalized the oral glucose tolerance test in four out of
six patients with impaired glucose tolerance. The reduction in
the expression of biomarkers associated with systemic oxidative
stress can be ascribed to the reductive property of H; gas. The for-
mation of 4-hydroxynonenal (HNE) through lipoprotein oxidation
plays an etiologic role in atherosclerotic lesion progression
[14,15]. Oxidized LDL is taken up by macrophages through scaven-

Table 1
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ger receptors, to form foam cells. Foam cells secrete growth factors
that induce SMC migration from the media into the neointima. We
demonstrate that the ingestion of H,-dissolved water ad libitum for
6 months prevents the development of atherosclerosis in apolipo-
protein E-knockout mice, which represent a model of spontane-
ously developing atherosclerosis [16]. This anti-atherogenic effect
of H,-dissolved water is associated with a reduction of HNE immu-
noreactivity in the aorta. These results suggest that persistent in-
take of H, has the potential to reduce oxidative stress and may
prevent cardiovascular disease.

3. Unexpected benefit of flatulence caused by «-glucosidase
inhibitors

[s there any other way to supply H, to the body? H, is not pro-
duced endogenously in mammalian cells, since the hydrogenase
activity responsible for the formation of H, gas may not be present
[17]. Instead, spontaneous production of H; gas in the human body
occurs via the fermentation of undigested carbohydrates by the
resident enterobacterial flora. H, is transferred to the portal circu-
lation and excreted through the breath in significant amounts [18].
Flatulence is regarded as the major side-effect of treatment with a-
glucosidase inhibitors [19]. Therefore, we examined whether the
administration of «-glucosidase inhibitors increases the levels of
H, production in the gastrointestinal tract. Eleven healthy volun-
teers (10 males and 1 female) were administered acarbose at a dos-
age of 300 mg/day (100 mg three times a day) for 4 days under
free-feeding conditions (Table 1). On Day 4 of the experiment,
the levels of exhaled H, and methane (CH4) were measured using
the Breath Gas Analyzer Model TGA-2000 (TERAMECS, Kyoto, Ja-
pan). Acarbose treatment significantly increased the amount of ex-
haled H, at every time-point examined (n =11, P < 0.05, paired t-
test, as compared to before treatment with acarbose), whereas it
had modest effects on CH4 production (Fig. 1). Acarbose treatment
had no effect on H, or CH4 production in 2/11 volunteers.

Kajiyama treated patients with type 2 diabetes or impaired glu-
cose tolerance with 900 ml/day (300 ml three times a day) H,-dis-
solved water. After drinking 300 ml of H,-dissolved water, the
exhaled H, gas concentration reached a maximum of
56 +£27.8 ppm at 15 min, and returned to the baseline level at
150 min. This peak level of H, gas reduced the levels of oxidative
stress biomarkers and improved glucose metabolism in patients
with type 2 diabetes or impaired glucose tolerance [13]. In the
present study, we show that oral administration of acarbose at a
dosage of 300 mg/day (100 mg given three times a day) can reach

Eleven healthy volunteers (10 males and 1 female) were administered acarbose at a dosage of 300 mg/day (100 mg three times a day) for 4 days under free-feeding conditions.
Exhaled gas was collected in an aluminium bag at the point of mid-expiration at the indicated time-points (i.e., morning, before lunch, 2 h after lunch, before retiring), both
before and after acarbose treatment. The exhaled gas samples were injected into the Breath Gas Analyzer to measure the H, and CH4 concentrations.

Sex Hydrogen Methane
Before After Before After
Morning Before  After Before Morning Before  After Before Morning Before  After Before Morning before  After Before
lunch lunch  retiring lunch lunch  retiring lunch lunch  retiring lunch lunch  retiring
M 1 2 11 10 34 21 74 90 0 3 2 2 8 3 9 9
M 8 6 3 1 17 25 48 19 4 4 2 2 4 4 6 3
M 46 14 20 20 76 32 52 56 5 2 2 3 7 4 o 6
M 3 6 3 8 85 44 58 91 23 34 20 19 11 9 8 12
M 43 31 25 10 64 62 62 45 4 32 2 2 8 6 6 5
M 8 3 9 13 20 24 40 41 1 1 3 5 4 4 5 7
M 37 15 17 11 30 53 46 38 5 2 1 1 5 5 3 5
F 10 30 32 29 54 15 14 30 2 8 7 8 11 7 6 7
M 15 2 5 6 26 20 33 11 5 1 1 2 7 6 8 4
M 52 44 56 42 38 54 31 49 18 15 18 17 10 16 12 16
M 5 5 1 21 3 5 21 70 11 22 14 44 29 27 38 50
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Fig. 1. Effects of acarbose on the levels of exhaled H, and CHa. The values shown in the bar graphs are means £S5.D.

the same maximum levels of exhaled H;, gas as compared to the
consumption of 300 ml of H,-dissolved water. Moreover, acaro-
bose maintained this peak level continuously. It is noteworthy that
the breath concentration of H, on a fasting morning remains high
in people who take acarbose. These observations clearly indicate
that the amounts of H, gas generated by acarbose in our current
experiments are sufficient to reduce systemic oxidative stress. Oral
administration of acarbose may be superior to drinking H,-rich
water in terms of maintenance of the appropriate H, gas levels in
the body.

4. Conclusion

Based on these observations and experimental results, we pro-
pose that a-glucosidase inhibitors reduce the risk of cardiovascular
disease in patients with impaired glucose tolerance or type 2 dia-
betes, and that these benefits can be attributed at least in part to
the abilities of these drugs to neutralise oxidative stress by increas-
ing the production of H, in the gastrointestinal tract. To investigate
the relationship between the cardiovascular benefits of x-glucosi-
dase inhibitors and H gas production by the gut microbiota, we
should examine whether the cardiovascular benefits afforded by
these drugs are diminished by scavenging H, gas in the gastroin-
testinal tract before absorption into the blood stream.
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Myocardial cell sheets (MCS) are a potentially valuable tool for tissue engineering aimed at heart regen-
eration. Several methods have recently been established for the fabrication of MCS. However, the lack of a
sufficient blood supply has inhibited functional recovery of the MCS. To address this challenge, we com-
bined MCS transplantation with omentopexy (OP), which utilizes omental tissue as a surgical flap. Rats

Keywords: were divided into five groups: sham, myocardial infarction (MI), MCS transplantation, OP, and MCS + OP.
:'y"c";d"" cell sheet Histologic analysis revealed that MCS + OP drastically reversed Mi-induced cardiac remodeling. Echocar-
mrra;sc;[) ant diography revealed that MCS increased cardiac function, while OP had a synergistic beneficial effect with
Regenerative medicine MCS transplantation. Immunofluorescence imaging showed that OP increased the survival of trans-
Omentopexy planted cardiomyocytes, and increased the blood supply through enhancement of angiogenesis and

migration of small arteries into the MCS. Taken together, we concluded that OP is a promising strategy

for the enhancement of graft function in MCS transplantation.

© 2009 Elsevier Inc. All rights reserved.

Recent studies in regenerative medicine have achieved major
successes in generating human cardiomyocytes from tissue-spe-
cific stem cells, embryonic stem (ES) cells, and induced pluripotent
stem (iPS) cells [1,2]. However, it remains unclear as to how these
regenerative cells can be transplanted into the heart in vivo. A clin-
ical trial involving myocardial injection of autologous myoblasts
produced a limited but important recovery of cardiac function
[3]. However, the direct delivery of isolated cells or delivery via
the coronary vessels can induce both aggregation and coagulative
necrosis of the grafted cells. We and others have reported that nee-
dle injection of regenerative cardiomyocytes into beating intra-
myocardial tissues results in poor cell survival rates, with fewer
than 5% of the regenerated cardiomyocytes surviving transplanta-
tion [1.4]. The establishment of cell transplantation techniques
that ensure cell survival is therefore a priority.

Shimizu and colleagues have developed a new technique for the
fabrication of myocardial cell sheets (MCS) using temperature-
responsive culture dishes [5]. This technique enables the genera-
tion of three-dimensional, thin myocardial tissues. We have also
developed a novel technique for the easy production of MCS using
fibrin polymer-coated dishes [6]. These techniques facilitate cell
sheet fabrication. In addition, we have demonstrated that trans-
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Advanced Cardiac Therapeutics, Keio University School of Medicine, 35 Shinano-
machi, Shinjuku-ku, Tokyo 160-8582, Japan. Fax: +81 3 5363 3875.
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plantation of three-layered MCS into the dorsal subcutaneous tis-
sues of rats lead to the formation of spontaneously beating heart
tissues with appropriate structure and sarcomere striation [6]. In
this study. newly developed small vessels entered the transplanted
MCS from the surrounding soft connective tissue.

We also transplanted three-layered MCS onto an infarcted heart
in vivo, and found that the transplanted tissues were beating in
synchrony with the surrounding heart tissue 1 week after trans-
plantation [7]. However, the transplantation of MCS onto the sur-
face of the ventricular wall was distinct from that into the
subcutaneous tissue. The development of newly formed vessels
from the coronary arteries or myocardial tissue in situ was limited,
and the blood supply for the MCS was insufficient, which hindered
the long-term maintenance of the thick MCS.

The omentum (OM) is an attractive tissue for use in cardiac sur-
gery, as it is highly vascularized, providing oxygen and nutrients,
and it acts as a source of angiogenesis factors [8]. Prior to the
development of coronary artery bypass graft procedures, cardio-
omentopexy (OP) was applied to ischemic areas of the human
heart [9]. Vineberg and colleagues have introduced a modified
OP, in which the OM is used as a pedicle flap to attach to the left
ventricle, which is then connected with an internal mammary ar-
tery [10]. Although these classic techniques for treating angina
pectoris require long periods of time for the maturation of graft-
coronary communication, favorable results have been reported in
several studies [11].
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We investigated the use of OM as the source of a blood supply
for MCS transplantation. We also investigated whether the combi-
nation of OP and MCS transplantation is effective in preserving the
transplanted cardiomyocytes and augmenting heart functions.

Methods

Experimental animals. Eight-week-old, T-cell-deficient F344/
NJcl-rnu/rnu (Nude) rats were purchased from Japan CLEA (Tokyo,
Japan). Neonatal GFP-transgenic rats were purchased from japan
SLC (Shizuoka, Japan). All experimental procedures and protocols
were approved by the Animal Care and Use Committee of Keio Uni-
versity, Japan.

Manipulation of the MCS. Polymerized fibrin-coated dishes were
prepared as described previously [6]. Briefly, Tissiel™ (Baxter, Vien-
na. Austria) was mixed with 90 mg human fibrinogen, 20 mg human
serum, 0.4 U thrombin, 0.59 mg CaCl, (2H,0), and 3000 U aprotinin.
The solution was diluted with 16 mL of saline, and 0.3-mL aliquots
were rapidly spread onto 35-mm culture dishes. Two hours later,
the polymerized fibrin-coated dishes were ready for use.

Primary cultures of cardiomyocytes were prepared from the ven-
tricles of 1-day-old GFP-transgenic rats, as described previously
[12]. and plated onto the fibrin-coated dishes (5.6 x 10%/cm?). The
MCS were easily dissociated in intact form from the polymerized fi-
brinlayer [6]. After 4 days, the MCS were detached from the surfaces
of the dishes using a cell scraper, laid flat on culture medium (199/
DMEM supplemented with 10% FBS), trimmed to a square shape.
gently aspirated into the tip of a 10-ml pipette, and then transferred
onto a culture surface with the same square shape as the MCS. Once
in place, medium was dropped onto the center of the sheet, to spread
the folded parts of the transferred MCS. After sheet spreading, the
medium was aspirated, so as to promote adherence of the cell sheets
to one another. Thus, it was possible to overlay the sheets in a triple
layer. As the cell sheets were relatively fragile, they were mounted
onto a collagen film (CM-6; Koken, Tokyo, Japan) before transplanta-
tion [7]. The MCS mounted on the collagen film were easily delivered |
to the heart, and once the sheets were placed in the area of induced 5
ischemia, the collagen film was removed and the MCS were retained |
on the heart surface (Fig. 1A and C). After a few minutes, the MCS ad- |
hered tightly to the heart surface. ]

1

e
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r Mi only

10
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Fig. 1. Representative schemas and operator’s views of myocardial cell sheet (MCS) transplantation and omentopexy (OP). (A, B) MCS transplantation and OP operation
schemas. (C) Seven days after MCS transplantation. The MCS is attached to the surface of the infarcted area. (D) Seven days after MCS + OP. The omental flap is tightly bound
to the MCS-transplanted area. (E) Representative short-axis sections of hearts 8 weeks post-surgery in (1) the myocardial infarction (MI) only group, (2) the MCS groups, (3)

the OP group, and (4) the MCS + OP groups.
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Generating myocardial infarction rat models. Male, 8-week-old,
nude rats were anesthetized by inhalation of 1% sevoflurane (Marui-
shi Pharmaceutical, Osaka, Japan) and maintained on a ventilator
(Natsume, Tokyo, Japan). After the induction of anesthesia, the rats
were given a subcutaneous injection of 1% procaine-HCl (5-10 ml)
(AstraZeneca, London, UK). The initial step of the surgical procedure
was the opening and exposure of the heart by a left 3rd intercostal
space incision. Ml was induced by ligation of the left descending cor-
onary artery with 6-0 Prolene (Ethicon) at the left appendage area.

Omental tissue preparation. We performed an upper midline lap-
arotomy, and then manipulated the omental tissue in a way of ped-
icle flap, and that flap was reached to pleural cavity through
transdiaphragmatic approach (making a small hole in the dia-
phragm), and wrapped directly around the anterior wall in which
the MI had been produced and the MCS had been transplanted in
advance (Fig. 1B and D).

Experimental design. Rats were randomized to five groups: sham
operation (n =5, data not shown), isolated MI group (n = 10), MCS
group (n = 10), OP group (n = 10), and MCS + OP group (n = 10). For
the post-operative evaluations, we performed echocardiography at
1, 4, and 8 weeks. Rats were anesthetized with pentobarbital, and
sacrificed after 1 week or 8 weeks.

Echocardiography and hemodynamic measurements. Rats were
anesthetized with ketamine (30 mg/kg) and xylazine (6 mg/kg).
so as to maintain spontaneous breathing. Echocardiography
(ECG) was performed as described previously [13], using the Image
Point 1500 (Philips) with a 15-MHz transducer.

Histologic analysis and immunofluorescence imaging. After anes-
thesia, the rat hearts were perfused from the apex with PBS, perfu-
sion-fixed with 4% paraformaldehyde (PFA)/PBS, and used for
immunostaining, as described previously [1]. The sections were
incubated overnight at 4 °C with affinity-purified rabbit polyclonal
anti-GFP (1:100 dilution, MBL598; Medical & Biological Laborato-
ries, Japan), rabbit polyclonal anti-VEGF-A (1:200 dilution, sc-
507; Santa Cruz Biotechnology), anti-von Willebrand factor
(1:200 dilution, vWF, RB-281-A0; Lab Vision), and mouse monoclo-
nal anti-sarcomeric actinin (1:400 dilution; Sigma-Aldrich). Then,
the sections were incubated with secondary antibodies conjugated
with Alexa 594 (Invitrogen). Nuclei were stained with TOTO-3
(Invitrogen). The slides were observed under a confocal laser-scan-
ning microscope (LSM 510 META; Carl Zeiss, Jena, Germany). Opti-
cal sections were obtained at resolutions of 512 x 512 to
1024 x 1024 pixels, and analyzed using the LSM software (Carl
Zeiss).
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Fig. 2. Effects of MCS and MCS + OP on the functions of infarcted hearts, as examined by echocardiography. (A) M-mode echocardiography of the left ventricle (at the
papillary muscle level). (B) Time course of the ejection fraction of (1) the myocardial infarction (Ml) only group. (2) the MCS groups, (3) the OP group. and (4) the MCS + OP
groups. (C) Time course of the left ventricular end-diastolic diameters of each group. Data shown are means t SD. P <0.05 for comparison of two groups; *P < 0.05 vs. pre-
operative samples; ns, not significant.
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Statistical analysis. Values are presented as means + SD. Statisti-
cal significance was evaluated using the unpaired Student’s t-test
for comparisons between two mean values. Multiple comparisons
between more than three groups were performed using the non-
parametric Dunnett's multiple comparison tests. A P-value of
<0.05 was considered statistically significant.

Results
MCS transplantation with or without omentopexy

To investigate whether MCS transplantation or MCS transplan-
tation combined with OP is effective at improving cardiac function,
we first transplanted three overlaid MCS onto the ischemic area of
the left ventricle, in some group, OP was also transplanted onto the
MCS. When we opened the chest 1 week after the operation we
found that the MCS graft was beating synchronously with the host
heart. However, the OM tissue largely adhered to the thoracic wall
in the MCS + OP group. We carefully detached the OM tissue from
the thoracic wall, and observed that the MCS was entirely covered
by the OP (Fig. 1D). Fig. 1E shows a representative cross-section of
the left ventricle at the papillary muscle level 8 weeks after the
operation. The infarcted area in the MI group showed marked thin-
ning and elongation, while that in the MCS group showed the less
degree of thinning and elongation. Interestingly, the OP group also
inhibited remodeling effect, similarly to the MCS group. Moreover,
the infarcted area of the MCS+OP group showed synergistic
improvements in thinning and elongation. These findings suggest
that the MCS alone improves the function of the infarcted heart,
and that OP enhances the reverse remodeling effect of the MCS.

Echocardiographic findings

We performed two-dimensional and M-mode echocardiogra-
phy for the evaluation (Fig. 2A). In the MI group, the short-axis
view revealed akinesis of the anterior wall and dilatation of the
LV. In contrast, the MCS group showed hypokinesis of the anterior
wall and slightly decreased LV dilatation. The MCS + OP group
showed further improvement of wall motion and prevention of
dilatation.

The ejection fraction (EF) and LV end-diastolic diameter were
quantitated (Fig. 2B and C). In the MI group, the EF decreased to
40% and the LV was dilatated at 1 week, and these features deteri-
orated in a time-dependent manner, suggesting remodeling of the
infarcted heart. In the MCS group, the EF was significantly im-
proved by 15% and LV dilatation was slightly improved at 1 week.
These reverse remodeling effects were more prominent at the late
stage. In the OP group, the EF was not rescued but LV dilatation
was slightly rescued at the late stage, indicating that the OP
mechanically supported the infarcted wall and enhanced reverse
remodeling at the late stage. In the MCS + OP group, the EF was
markedly improved and LV dilatation was markedly prevented.
Thus, the combination of MCS transplantation and OP acts syner-
gistically, rather than additively, on cardiac reverse remodeling.

Although MCS was effective at improving cardiac function, it
was not sufficient to prevent the deterioration of cardiac function
in the long-term. Moreover, although OP alone was not sufficient
in this respect, the combination of MCS transplantation and OP
not only improved cardiac function, but also induced reverse
remodeling of the infarcted heart.

Histologic analyses of MCS and MCS+OP transplantation

To examine further why the combination of MCS and OP had a
synergistic effect on the reversal of cardiac remodeling, we per-
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Fig. 3. (A. B) Immunofluorescence imaging of the MCS-transplanted heart for GFP

(green) and x-actin (red). Note that the transplanted MCS is thicker in the MCS + OP

group than in the MCS group. (C) Quantitative analysis of actinin-positive cells in
the GFP-positive cell populations. The number of surviving cardiomyocytes is
higher in the MCS + OP group than in the MCS group. (D) Quantitative analysis of
the cardiomyocyte-positive areas in the two groups. Data shown are means + SD.
P < 0.05, for comparison of the two groups.

formed histologic analyses. Initially, we investigated the quality
of the grafted cardiomyocytes. For that, we evaluated the sarco-
meric actinin-positive cardiomyocytes fraction in GFP-positive
cells populations between the MCS and MCS + OP groups by immu-
nofluorescence imaging. We found that a significantly higher num-
ber of cardiomyocytes survived in the MCS + OP group than in the
MCS group, and that the individual cardiomyocytes were larger in
the MCS + OP group than in the MCS group (Fig. 3). Thus, OP had
beneficial effects in terms of the survival and maintenance of the
transplanted MCS.

To investigate the mechanisms underlying the beneficial effects
of OP on MCS, we examined how OP contributed to cardiac func-
tion. We compared the numbers of vessels in the MCS and
MCS + OP groups at 1 week post-operatively (Fig. 4A). Initially,
we observed the MCS and infarcted area using HE staining. In
accordance with the results shown in Fig. 3, the thickness of the
MCS was increased in the MCS + OP group, as compared with that
in the MCS group (Fig. 4A and B). Interestingly, we found that many
more small vessels had migrated into the MCS in the MCS + OP
group than in the MCS group. Quantitative analysis of the small
vessels (Fig. 4C) showed that the number of small vessels in the
MCS + OP group was about 3.4-fold higher than that in the MCS
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Fig. 4. Histologic and immunohistologic analyses of the MCS and MCS + OP transplants into infarcted hearts. In all cases, the left and right figures represent MCS and
MCS + OP, respectively. (A, B) Representative histologies of the MCS and MCS + OP groups at 1 week post-transplantation; HE staining. MI, myocardial infarcted area; MCS,
myocardial cell sheet; OM, omental tissue. Note that the MCS is thicker in the MCS + OP group than in the MCS group, and that there are more small vessels (t) in the
MCS + OP group. (C) Quantitative analysis of vessel numbers. (D) Investigation of MCS thickness by immunofluorescence imaging. Immunohistologic detection of vWF (F) and
VEGF (H) within the transplanted MCS. comparing the MCS and MCS + OP groups. (C, E, G, and I) These results were shown in bar graphs. P <0.05.

group. In the MCS group, several capillary-level vessels were lo-
cated either at the border between the MCS and the infarcted area
or within the MCS. In contrast, in the MCS + OP group, large num-
bers of capillary-level and small arteriole-level vessels were lo-
cated in proximity to the border between the MCS and OM or
within the MCS (Fig. 4B), which suggests that the MCS receives
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its blood supply directly from not only the infarcted area, but also
the omentum, which seems to be a more robust source of blood.
To examine the long-term effect of OP on MCS transplantation,
we performed immunofluorescence imaging at 8 weeks. The thick-
ness of the MCS was greater in the MCS + OP group than in the MCS
group (Fig. 4D). Quantitative analysis showed that the thickness of
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the MCS was about 1.7-fold greater in the MCS + OP group than in
the MCS group (Fig. 4E). We found that the omental tissue infil-
trated the MCS. and numerous vessel lumens were detected in
the MCS + OP group.

Immunofluorescence staining for vWF and VEGF revealed that
only the MCS group contained capillary-level vessels, while the
MCS + OP group contained arteriole-level vessels within the MCS.
The number of vWF-positive cells within the MCS was 9-fold high-
er in the MCS + OP group than in the MCS group (Fig. 4G).

The immunofluorescence staining showed that many VEGF-po-
sitive cells had infiltrated the MCS with OP. Interestingly, most of
the VEGF-positive cells were GFP-negative, indicating that they
originated from the omentum. Quantitative analysis revealed that
the number of VEGF-positive cells was 9-fold higher in the
MCS + OP group than in the MCS group (Fig. 41).

Taken together, our results indicate that OP stimulates not only
the migration of VEGF-positive cells, but also the development or
invasion of arteriole-level small vessels into the MCS, thereby con-
tributing to the survival and maintenance of transplanted MCS.

Discussion

In the present study, we investigated the potential benefits of
MCS transplantation into the infarcted heart, as well as the effect
of OP on the maintenance of transplanted MCS. MCS transplanta-
tion prevented cardiac remodeling and improved cardiac function,
as compared with the isolated MI group. However, we also found
that MCS transplantation alone did not maintain the MCS in good
condition, owing to an insufficient blood supply. Only a few small
vessels migrated into the MCS from the epicardial side, which lim-
ited cardiomyocyte survival.

In contrast, OP strongly reversed cardiac remodeling and syner-
gistically improved the functionality of the infarcted myocardium.
We investigated the mechanisms by which the combination of OP
and MCS synergistically improved cardiac function, and found that
OP promoted the migration of not only capillaries, but also suffi-
cient numbers of arteriole-level small vessels, thereby increasing
the number of cardiomyocytes surviving in the MCS and inducing
physiologic hypertrophy of the transplanted cardiomyocytes. In-
deed. the thickness of the cell sheet for MCS combined with OP
was greater than that seen for MCS transplantation alone.

Previously, OP was reported as a source of capillary vessels and
large arterioles and was implicated in the maturation of new blood
vessels, in similarity to arteriogenesis, which is defined as the rapid
proliferation of pre-existing collateral arteries {14]. As demon-
strated in our current immunofluorescence imaging, the OM con-
tains and secretes the largest amount of VEGF, as compared with
other adipose tissues, and hypoxia induces VEGF expression in
omental adipocytes at the transcriptional level {8]. Recently, Uey-
ama and colleagues [15] demonstrated that bypass from the gas-
troepiploic artery in the OM to the native coronary artery could
be achieved by the administration of slow-release basic fibroblast
growth factor without surgical anastomosis. Moreover, a recent
study has shown vascular communication between vessels in the
omental flap and native coronary artery using angiography while
flushing the contrast dye from the left gastroepiploic artery [14].
Thus, the OM was used previously as a flap to provide a blood sup-
ply to the heart in patients with multiple diffuse coronary artery
sclerosis. Unfortunately, this proved unsuccessful, probably due
to the existence of epicardium and incomplete revascularization.
Sekiya and coworkers recently demonstrated that graft-derived
endothelial cells created fused vessels with host endothelial cells
at the border between the host and graft cells [ 16]. However, these
vascular communications were established between the grafted
MCS and dorsal subcutaneous tissues rather than the surface of
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the ventricular wall. We assumed that the epicardium would pre-
vent the migration of arteriole-level blood vessels. However, we
found that OP supplied a sufficient number of blood vessels di-
rectly to the MCS. Presumably, the MCS did not contain the epicar-
dium, which made it easy to distribute numerous vessels into the
MCS. Since the border between the MCS and omental tissue was
not clearly observed by HE staining, eventually we need to use
neonatal GFP rat cardiomyocytes as the donor cells.

Overall, OP appears to be an ideal source of a blood supply for the
transplanted MCS. Furthermore, we strongly believe that these
omental effects are significant contributing factors to reverse
remodeling of the Ml region. In addition, previous lines of evidence
indicate that OP limits infarct size, which contributes to differences
in ventricle size that are related to alteration of the remodeling pro-
cess [15].

Given the ongoing development of regenerative medicine, MCS-
based heart regeneration therapy is sure to play a pivotal role in
the treatment of severe heart failure, as an alternative to heart
transplantation, in the near future. For this to succeed, it is neces-
sary to pursue the methodologic progress that facilitate cell trans-
plantation with a sufficient blood supply.

Currently, we are able to regenerate human cardiomyocytes
from ES and iPS cells [17]. The next step is the development of
methodologic options for delivering these cardiomyocytes in the
form of a natural living tissue.
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MicroRNA is a New Diagnostic and Therapeutic Target
for Cardiovascular Disease and Regenerative Medicine

Ruri Kaneda; Keiichi Fukuda

icroRNAs (miRNAs) are recently discovered
M regulatory RNA molecules consisting of 21 to
24 non-coding nucleotides that regulate gene
expression by hybridizing to messenger RNAs (mRNAs)
and causing mRNA degradation or translational inhibition!
The importance of miRNAs has been demonstrated in model
organisms, such as Caenorhabditis elegans and Drosophila,
where they control key steps in development?3 However,
recent evidence suggests that miRNAs participate in the
control of heart development? the pathogenesis of cardio-
vascular diseased67 and the differentiation of embryonic
stem cells into cardiomyocytes$?

Article p 1492

MiRNAs are processed from precursor molecules (pri-
miRNAs), which are either transcribed from independent
miRNA genes or are portions of introns of protein-coding
RNA polymerase II transcripts. A single pri-miRNA often
contains sequences for several different miRNAs. Pri-
miRNAs fold into hairpin structures containing imperfectly
base-paired stems and are processed in 2 steps, catalyzed
by the RNase IIl type endonucleases, Drosha and Dicer.
Both Drosha and Dicer function in complexes with proteins
containing dsRNA-binding domains (dsRBDs). The Drosha
partner is DiGeorge syndrome critical region gene 8§
(DGCRS) in mammals. The Drosha-DGCR8 complex pro-
cesses pri-miRNAs into ~70-nucleotide hairpin structures
known as pre-miRNAs. Some spliced-out introns corre-
spond precisely to pre-miRNAs (mirtrons), thus circum-
venting the requirement for Drosha-DGCRS. In animals,
pre-miRNAs are transported to the cytoplasm by exportin3,
where they are cleaved by Dicer [complexed with TAR
RNA binding protein (TRBP) in mammals] to yield ~20-bp
miRNA duplexes. One strand is then selected to function as
a mature miRNA, whereas the other strand is degraded.
Occasionally, both arms of the pre-miRNA hairpin give rise
to mature miRNAs. Following their processing, miRNAs
are assembled into ribonucleoprotein (RNP) complexes
called micro-RNPs (miRNPs) or miRNA-induced silencing
complexes (miRISCs). The key components of miRNPs
are proteins of the Argonaute (AGO) family!0
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The miRISCs help mediate miRNA:mRNA interactions
according to a set of rules. One rule for miRNA-target base
pairing is perfect and contiguous base pairing of miRNA
nucleotides 2 to 8, representing the ‘seed region’, which
nucleates the miRNA-mRNA association. GU pairs or mis-
matches and bulges in the seed region greatly affect repres-
sion, However, an A residue across position 1 of the miRNA,
and an A or U across position 9, improve the site efficiency,
although they do not need to base pair with miRNA nucleo-
tides. Another rule is that there must be reasonable comple-
mentarity to the miRNA 3’ half to stabilize the interaction.
Mismatches and bulges are generally tolerated in this region,
although good base pairing, particularly to residues 13-16
of the miRNA, becomes important when matching in the
seed region is suboptimal!® When miRISCs bind to mRNAs,
they can repress their expression by several mechanisms:
inhibition of translation elongation, co-translational protein
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Figure. Schematic representation of micro RNAs (miRNA) pro-
cessing and regulation. Transcription of miRNA genes (pri-miRNA)
is mediated by RNA polymerase II. Pri-miRNAs are catalyzed by the
RNase Il type endonucleases, Drosha and Dicer. Mature miRNAs are
assembled into miRNA-induced silencing complexes (miRISC). The
miRISC helps mediate miRNA-mRNA interactions. MiRNA-target
base pairing in ‘seed regions’ as well as 3’ complementarity can affect
their repression. When miRISC bind to mRNAs, they can repress their
expression by several mechanisms: inhibition of translation elongation,
proteolysis, competition for the cap structure, inhibition of ribosomal
subunit joining, inhibition of mRNA circularization, deadenylation,
and decapping. Anti-miRs (antagomir, LNA and 2’-MOE) enhance
translation of the target gene, Conversely, miRNA mimics enhance
the repression of the target gene.
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degradation, competition for the cap structure, inhibition of
ribosomal subunit joining, and inhibition of mRNA circu-
larization through deadenylation and decapping!!

In the field of cardiovascular disease or cardiomyogenesis
during development, the function of the miRNA-1 (miR-1)
and miRNA-133 (miR-133) families, which are specifically
expressed in both skeletal muscle and the heart, have been
investigated intensively. The vertebrate genome contains
2 distinct loci for the miR-1 and miR-133 bicistronic clus-
ters that give rise to identical mature miRNA sequences.
Although miR-133a is expressed in the same bicistronic
unit as miR-1-1 or miR-1-2, miR-133b is expressed as a
separate gene transcript. During skeletal myogenesis and
in the developing heart, their tissue-specific expression is
largely controlled by myogenic transcriptional networks
involving transcriptional regulators, such as myocyte
enhancer factor 2 (MEF2), serum response factor (SRF),
MyoD, and myocardin!?-14 [n cardiac myocytes, SRF
induces the expression of miR-133, which in turn inhibits
SREF itself in a feedback regulatory loop that affects differ-
entiation and promotes progenitor proliferation. In skeletal
muscle progenitors, miR-133 enhances myoblast prolifera-
tion by targeting SRF, whereas miR-1 promotes myogenesis
by targeting the HDAC4. HDAC4 acts as a transcriptional
repressor of MEF2. Thus, miR-1 and miR-133 participate in
key negative feedback regulatory loops controlling the pro-
liferation and differentiation status of skeletal and cardiac
muscle progenitors!3

Targeted deletion of the muscle-specific miRNA, miR-1-
2, revealed numerous functions in the heart, including
regulation of cardiac morphogenesis, electrical conduction,
and cell-cycle control, which are processes controlled by
this miRNA targeting the genes encoding Hand2 and Irx5,
as well as those regulating the cell-cycle, and tumor sup-
pressors’ MiR-1 and miR-133 also regulate hypertrophic
responses in the heart6

Takaya et al investigated the role of miR-1 and miR-133
during spontaneous myocardial differentiation of ES cells
by 2-dimensional culture? The levels of miR-1 and miR-
133 were increased during spontaneous differentiation but
reduced during forced myocardial differentiation by the
HDAC inhibitor, trichostatin A. The overexpression of
miR-1 in ES cells by lentiviral infection reduces cardio-
myogenesis via post-transcriptional inhibition of cyclin-
dependent kinase-9 (Cdk9). In contrast, Ivey et al® reported
that miR-1 promotes myocardial differentiation during the
embryoid body-based culture of mouse and human ES cells
by targeting the Notch ligand Delta-likel. Thus, muscle-
specific miRNAs precisely regulate the spatiotemporal
expression of target genes tn different situations including
myocardial differentiation, cardiovascular development,
and adult cardiac disease.

Although the understanding of miRNA function is rapidly
increasing, many challenges remain to utilize modulation
of miRNA levels as a novel therapeutic strategy. First, the
establishment of methods to accurately and efficiently
determine the miRNA targets is essential. Current bicinfor-
matics approaches have provided useful information, but
precise targets must be identified among the many predicted
targets. The identification of specific target genes would
further our understanding of the mechanisms underlying
cardiovascular disease pathogenesis. Second, the function
of low expressed miRNAs including novel ones or other
types of non-coding RNAs, which could be identified by
high-throughput sequencing, should be analyzed as well as
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those expressed at hugher levels in the heart. Third, proteins
such as HuR, an AU-rich-element binding protein, that
interact with the 3’ untranslated region (3’UTR) of mRNA
molecules, should be explored as they might act as modi-
fiers to alter the potential of miRNAs to repress gene
expression under stress conditions!6

Furthermore, RNA-interference-based technologies have
potential as a therapeutic strategy. Modified antisense oligo-
nucleotides targeting the mature miRNA sequence, miRNA
inhibitors (anti-miRs), including cholesterol-conjugated
2'-O-methyl oligonucleotide (antagomir), locked-nucleic-
acid-modified oligonucleotide (LNA), and 2’-O-methoxy-
ethyl phosphorothioate (2’-MOE), can reduce the levels of
pathogenic or aberrantly expressed miRNAs!” Conversely,
miRNA mimics can serve to elevate the levels of miRNAs!8.19
Aberrant miRNA expression might become a novel strategy
for the treatment of cardiovascular disease.
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Metabolic Remodeling Induced by Mitochondrial Aldehyde
Stress Stimulates Tolerance to Oxidative Stress in the Heart

Jin Endo,* Motoaki Sano,* Takaharu Katayama,* Takako Hishiki, Ken Shinmura, Shintaro Morizane,
Tomohiro Matsuhashi, Yoshinori Katsumata, Yan Zhang, Hideyuki Ito. Yoshiko Nagahata,
Satori Marchitti, Kiyomi Nishimaki, Alexander Martin Wolf, Hiroki Nakanishi, Fumiyuki Hattori,
Vasilis Vasiliou, Takeshi Adachi, Ikuroh Ohsawa, Ryo Taguchi, Yoshio Hirabayashi, Shigeo Ohta,
Makoto Suematsu, Satoshi Ogawa, Keiichi Fukuda

Rationale: Aldehyde accumutation is regarded as a pathognomonic feature of oxidative stress—associated cardio-
vascular disease.

Objective: We investigated how the heart compensates for the accelerated accumulation of aldehydes.

Methods and Results: Aldehyde dehydrogenase 2 (ALDH2) has a major role in aldehyde detoxification in the
mitochondria, a major source of aldehydes. Transgenic (Tg) mice carrying an Aldh2 gene with a single nucleotide
polymorphism (Aldh2*2) were developed. This polymorphism has a dominant-negative effect and the Tg mice
exhibited impaired ALDH activity against a broad range of aldehydes. Despite a shift toward the oxidative state
in mitochondrial matrices, Aldh2%2 Tg hearts displayed normal left ventricular function by echocardiography
and, because of metabolic remodeling, an unexpected tolerance to oxidative stress induced by ischemia/
reperfusion injury. Mitochondrial aldehyde stress stimulated eukaryotic translation initiation factor 2«
phosphorylation. Subsequent translational and transcriptional activation of activating transcription factor-4
promoted the expression of enzymes involved in amino acid biosynthesis and transport, ultimately providing
precursor amine acids for glutathione biosynthesis. Intracellular glutathione levels were increased 1.37-fold in
Aldh2*2 Tg hearts compared with wild-type controls. Heterozygous knockout of Atf4 blunted the increase in
intracellular glutathione levels in Aldh2%2 Tg hearts, thereby attenuating the oxidative stress-resistant
phenotype. Furthermore, glycolysis and NADPH generation via the pentose phosphate pathway were activated
in Aldh2%2 Tg hearts. (NADPH is required for the recycling of oxidized glutathione.)

Conclusions: The findings of the present study indicate that mitochondrial aldehyde stress in the heart induces
metabolic remodeling, leading to activation of the glutathione-redox cycle, which confers resistance against acute
oxidative stress induced by ischemia/reperfusion. (Circ Res. 2009;105:1118-1127.)

Key Words: cardiac metabolism ® oxidative stress m aldehyde m stress response

Aldehydcs are the major end products of lipid peroxida- signaling systems to upregulate gene expression to counteract

tion. They are highly electrophilic and react with bi- stressor challenges and to reestablish homeostasis. >~

" omolecules, such as proteins and nucleic acids, to generate In mammalian cells, reactive aldehydes are detoxified by
various adducts.! Increased levels of aldehyde adducts have oxidation to carboxylates, a reaction catalyzed by aldehyde
been detected in oxidized lipoproteins, atherosclerotic le- dehydrogenases (ALDHs).' The ALDHs are a superfamily of
sions, hearts with coronary artery disease, and Alzheimer NAD(P})'-dependent enzymes,* and, to date, 19 distinct
brains.2~* [n addition to the pathogenic effect associated with ALDH genes have been identified in the human genome”
oxidative stress, sublethal levels of aldehydes interact with ALDH? is localized to the mitochondria, a major source of
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reactive oxygen species and a target of membrane lipid
peroxidation. ALDH2 has been implicated in cellular antiox-
idant processes because ALDH2 deficiency increases oxida-
tive stress.'0'" Furthermore, the cardioprotective effects of
moderate alcohol consumption are well documented in ani-
mal models and humans,'? and ethanol exposure, followed by
sufficient time to metabolize the alcohol before ischemia.
induces a delayed form of preconditioning-like cardioprotec-
tion.'* The mitochondrial translocation of protein kinase Ce
and the subsequent activation of ALDH2 have been shown to
contribute to the cardioprotective eftects of alcohol.™ Indeed,
administration of a small-molecule activator of ALDH2 to
rats before an ischemic event reduced infarct size by 60%.'S

A single nucleotide polymorphism of ALDH2 (ALDH2%2),
acts as a dominant-negative gene and is found in Asian
populations (Figure I in the Online Data Supplement, avail-
able at http://circres.ahajournals.org). ALDH2 acts as a
homo- or heterotetramer. and all tetramers that contain at
least | ALDH2*2 subunit are inactive.'® People homozygous
for the ALDH2*2 allele (=8% of the Japanese population) do
not have any ALDH?2 activity, whereas activity in individuals
heterozygous tor the ALDH2%*2 allele (=40% of the Jupanese
population) is as low as | in 16 of that in ALDH2*I
(wild-type [Wt]) homozygous individuals.'” Notably. the
Aldh2%2 allele has been reported to affect the metabolism of
acetaldehyde, as well as other aldehydes, such as benzalde-
hyde (a metabolite of toluene) and chloroacetaldehyde (gen-
erated during the metabolism of vinyl chloride). The
ALDH2#2 allele is associated with alcohol tlushing syn-
drome, increased serum lipid peroxide levels.' and an in-
creased risk for late-onset Alzheimer’s disease.' Previously.
we demonstrated that in stable transtectants of the PCI12
neuronal cell line expressing mouse Aldh2%#2, mitochondrial,
but not cytosolic, Aldh activity was repressed.'!" The
resultant Aldh-deficient transfectants were highly vulnerable
to oxidative insult by exogenous 4-hydroxy-2-nonenal (4-
HNE) or antimycin A. Furthermore, transgenic (Tg) mice
expressing Aldh2#2 in their brains exhibited decreased ability
to detoxify 4-HNE in cortical neurons and an accelerated
accumulation of 4-HNE in the brain. Consequently. age-
associated neurodegeneration accompanied by memory loss
appeared in these mice after | year of age.> This phenotype
mimics late-onset Alzheimer’s disease in human.

In this study, we developed a Tg loss-of-tfunction model for
aldehyde-detoxitying enzymes to exploit the overexpression
of Aldh2#2 in the heart, which simulates heterozygotes for
the ALDH2%2 allele in individuals already expressing Wt
ALDH2*[ in the heart. Despite a significant accumulation of
4-HNE adduct proteins in the mitochondrial matrices. left
ventricular systolic and diastolic function were equivalent to
that in Wt littermates until at least 2 years of age. Further-
more. the hearts exhibited enhanced tolerance to ischemiw/
reperfusion (I/R) injury. This is markedly different to the
Aldh2#2 Tg brain, where accumulation of 4-HNE in the brain
was accompanied by neuronal cell death. indicating that the
heart has a superior ability to resist mitochondrial aldehyde
stress than the brain and exploits the hormesis-like effect of
aldehydes. Thus, we subsequently investigated the molecular
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Non-standard Abbreviations and Acronyms
ALDH aldehyde dehydrogenase 2

ATF4 activating transcription factor-4

elF2a «-subunit of eukaryotic translation initiation factor 2
Gel glutamate cysteine ligase

GSH glutathione

GSSG glutathione disulfide

GST glutathione S-transferase

4-HNE 4-hydroxy-2-nonenal

/R ischemia/reperfusion

PHGDH 3-phosphoglycerate dehydrogenase
SLC solute carrier

Tg transgenic

Wt wild type

basis underlying this aldehyde-induced. hormesis-like stress
response in Aldh2%2 Tg hearts.

Methods

Aldh2*2 Tg mice were generated by pronuclear injection of a
plasmid carrying Aldh2*2 with a single nucleotide mutation at the
same locus as the human Aldh2*#2 polymorphism. The mice used for
these experiments were more than 10 generations back-crossed to
C57BL/6 mice. For fluxome analysis. hearts were perfused with a
moditied Krebs—Henseleit buffer (120 mmol/L NaCl, 25 mmol/L
NaHCO,, 5.9 mmolV/L KCI. 1.2 mmol/L MgSO,, 1.75 mmol/L
CaCl,. 10 mmol/L glucose, 10 pnU/mL insulin, 0.4 mmol/L oleate,
and 1% BSA) gassed with 95% O,/5% CO, at 37°C. according to the
Langendorff procedure. After equilibration, the buffer was switched
to modified Krebs-Henseleit buffer containing 10 mmol/L '*C-
glucose instead of 10 mmol/L glucose.

An expanded Methods section is available in the Online Data
Supplement at http://circres.ahajournals.org.

Results

Aldh2%2 Tg Mice Represent a Loss-of-Function
Model of Aldh Activity

We created a loss-of-function model for aldehyde-
detoxifying enzymes by Tg expression of Aldh2*2 under
control of the CAG promoter (Figure 1A). Strong expression
of the Aldh2#2 protein was observed in the heart and skeletal
muscles (Figure 1B). During development to reproductive
maturity. Aldh2%2 Tg mice exhibited small body size (Figure
IC and ID). reduced muscle mass, diminished fat content
(Figure 1E), osteopenia. and kyphosis. These phenotypes are
not observed in Aldh2-null mice (ie, mice in which normal
Aldh2 activity is blocked by knockout of the Aldh2 gene).?!
These data indicate that the phenotypes observed in Aldh2*2 Te
mice are not attributable simply to a lack of Aldh2 activity.
We suspect that Aldh2*2 inactivates not only Aldh2, but also
other Aldh subfamilies. presumably by forming heterotetram-
ers.?22* Consistent with this. the forced expression of
Aldh2*2 impaired Aldh activity against aliphatic aldehydes.
including 4-HNE. whereas genomic disruption of Aldh2 did
not (Online Table ).
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Mitochondrial Oxidative Stress in Aldh2%2

Tg Hearts

A cell fractionation study revealed that the Aldh2#2 protein is
localized in the mitochondria (levels 8-fold higher than those
of endogenous Aldh2; Figure 2A). Consistent with this, we
found that levels of some 4-HNE adduct proteins were
increased in the mitochondrial fraction of Aldh2*2 Tg hearts.
However, there was little increase in 4-HNE adduct protein
levels in the cytosolic fraction of Aldh2*2 Tg hearts.

The hearts of Aldh2*2 Tg mice were smaller (in proportion
to body size) than those of their Wt littermates (Figure 2B:
Online Figure [I, A). Light microscopic examination of
Aldh2%2 Tg hearts revealed normal alignment of thinner
cardiomyocytes. Furthermore, there was no evidence of
interstitial fibrosis or cellular degeneration/death (Figure 2C:
Online Figure [I, C). Ultrastructural analysis by transmission
electron microscopy revealed that the sarcomere structure of
the myofibrils in Aldh2%2 Tg hearts was intact. Ot note, some
mitochondria contained electron-dense deposits on a few
cristae (Figure 2D). Finally, a decline of mitochondrial
function (Figure 3A) and a shift toward the oxidative state
were found in mitochondrial matrices of Aldh2#2-expressing
cells (Figure 3B).

Aldh2%2 Tg Hearts Exhibit Greater Tolerance to
Oxidative Stress

Echocardiographic examination of 3-month-old Aldh2+2 Te
mice revealed normal left ventricular systolic and diastolic
function (Online Figure [D). indicating adaptation of the heart

Wit
fat
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to persistent mitochondrial oxidative stress, at least under
unstressed conditions.

To determine whether Aldh2%2 Tg hearts are susceptible or
resistant to exogenous oxidative stress elicited by I/R injury.
isolated hearts were subjected to 30 minutes total global
ischemia, tollowed by 60 minutes aerobic repertusion. Nota-
bly, Aldh2*2 Tg hearts exhibited significantly improved
recovery of left ventricular developed pressure and *dP/dt
during reperfusion compared with the control group (n=6;
P<0.05; Figure 4A and 4B). Consistent with these findings,
total lactate dehydrogenase release into the pertusate during
reperfusion was significantly lower in Aldh2*2 Tg compared
with control hearts (n=6; P<<0.05; Figure 4C). In addition,
we confirmed improved handling of /R injury in in vivo
hearts. Reperfusion injury was reduced in hearts from
Aldh272 Tg mice, as reflected by a reduction in the size of the
necrotic zone per area at risk (n=6: P<0.05: Figure 4D).

Induction of Genes in Aldh2%*2 Tg Hearts
Gene chip analysis revealed that the expression of genes for
the major antioxidant enzymes was not induced in Aldh2%2
Tg hearts, with the exception of the expression of the
glutathione (GSH) S-transterase-al and -2 (Gstal and
Gsta2) genes (Online Figure 1V). Furthermore, there was no
change in the expression of genes involved in the production
of lipid mediators and reactive oxygen species, including Xdh
and components of NADPH oxidase. in Aldh2%2 Ty hearts
(data not shown).

We found significant upregulation of genes encoding
enzymes involved i amino acid biosynthesis and transport in
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Figure 2. Characterization of hearts from Aldh2*2 Tg mice. A,
4-HNE adduct proteins were determined in both mitochondrial
and cytosolic fractions using Western blot analysis. Membranes
were stripped and reprobed with ALDH2, VDAC (mitochondrial
protein), and GAPDH (cytosolic protein). “Note that the intensity
of 2 bands around 50 kDa, a band around 70, 30, and 23 kDa
was stronger in the mitochondrial fraction for Aldh2*2 Tg hearts
vs Wt controls. B, Gross morphology of hearts. C, Microscopic
analyses of hearts: hematoxylin/eosin staining (top images),
Azan (middle images), and TUNEL (bottom images).

Bars=100 um. D, Ultrastructural analysis by transmission elec-
tron microscopy. Bars=2 um.

Aldh2#2 Tg hearts (Figure 5A). including genes encoding
3-phosphoglycerate dehvdrogenase (Phgdh). phosphoserine
aminotransferase 1 (Psatl). and phosphoserine phosphatase
(Pspl, all of which are involved in the 3-step conversion of
3-phosphoglycerate (a glycolytic intermetabolite) to serine.
Serine hydroxymethyltransterase 1/2 (Shint1/2) catalyzes the
conversion of serine and tetrahydrofolate (THF) to glycine
and 5.10-methylene THF. and methylenetetrahydrofolate de-
hydrogenase 2 catalyzes the interconversion of 5.10-
methylene THF and 10-formyl THF. Cystathionase (Crh) is
involved in cysteine biosynthesis in the rrans-sulfuration
pathway. These metabolic pathways eventually converge on
GSH biosynthesis (for a metabolic map. see Figure 3B).
Accordingly. despite the significant oxidative stress in the
mitochondrial matrix, the intracellular concentration of GSH
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was increased 1.37-fold in Aldh2%2 Tg compared with Wt
hearts (n=8: P<0.05; Figure 6A). The synthesis of GSH
from its constituent amino acids. namely L-glutamate.
L-cysteine, and t-glycine, involves 2 enzymatic steps cata-
lyzed by y-glutamyl-cysteine ligase (Gelm, Gele) and GSH
synthetase (Gss).>* However, induction of GSH biosynthetic
enzymes was not particularly evident in Aldh2%2 Tg hearts
(Figure 5 and Online Figure V). The solute carrier (SLC)
family of amino acid transporters, including members in-
volved in cysteine biosynthesis or transport (Slc/A4, Slc3A2),
was also upregulated in Aldh2*2 Tg hearts. Notably, tran-
scripts for the ATF/CREB (cyclic AMP response element—
binding protein) (Atf#, Atf5) families of transcription factors,
master regulators of amino acid metabolism,25-2% were in-
creased in Aldh2%2 Tg hearts.

Glucose Biotransformation Is Shifted Toward the
Pentose Phosphate Pathway

To further delineate changes in cardiac metabolism, intracel-
lular concentrations of metabolites were measured by high-
throughput metabolomics using capillary electrophoresis—
mass spectrometry (CE-MS). The Aldh2%2 Tg hearts
exhibited characteristic changes in levels of metabolic inter-
mediates of the glycolysis pathway (Online Figure VI).
Specifically. levels of upstream glycolytic metabolites tended
to increase, whereas those of downstream glycolytic metab-
olites tended to decrease in Aldh2*2 Tg hearts. Notably,
Aldh2%2 Tg hearts contained higher levels of intermediate
metabolites of the pentose phosphate pathway, including
6-phosphogluconate (1.42-fold increase) and ribose
S-phosphate (1.57-fold increase; n=6; P<<0.05 vs Wt litter-
mates). The myocardial NADPH/NADP ' ratio was elevated
in Aldh2%2 Tg mice (n=6: P<0.05 versus Wt littermates;
Figure 6B through 6D). There were no differences in glyco-
gen content between Wt and Aldh2%2 Tg hearts
(0.016=0.002 and 0.018=0.003 pg/mg tissue, respectively).

Consistent with the upregulation of genes involved in
amino acid metabolism and GSH biosynthesis. intracellular
levels of glycine. homocysteine, and cystathionine were
significantly higher in Aldh2#2 Tg than Wt hearts (n=6;
P<0.05; Figure 6E through 6G).

To verify the changes in glucose metabolism, we per-
formed in vivo pulse-chase analysis of "*C-labeled glucose
(fluxome analysis) in Langendorff-perfused hearts (Figure 7).
"*C-Labeled metabolites were quantified by CE-MS 5 and 20
minutes after administration of '*C-labeled glucose. '*C-
Labeled intermediate metabolites of the glycolytic and pen-
tose phosphate pathways were higher in Aldh2+¥2 Tg versus
Wt hearts at both time points (n=6: P<0.05).

Phgdh, a rate-limiting enzyme for serine biosynthesis from
intermediate metabolites of the glycolytic pathway (3-
phosphoglycerate). was highly induced in Aldh2%2 Tg hearts
(Figure 8A). Accordingly. "*C-labeled serine was markedly
induced in ex vivo (Langendorft-perfused) and in vivo hearts
(Online Figure VII).

To examine whether glucose uptake is actually augmented
in Aldh2%2 Tg hewts, Langendorft-perfused hearts were
incubated with 2-deoxy-p-glucose (2-DG) for 3 minutes.
When 2-DG is taken up into cells by ¢lucose transporters. it
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is phosphorylated to 2-deoxy-d-glucose-6-phosphate (2-
DGP). Because it cannot undergo further glycolysis, 2-DGP
can be used as a measure of glucose uptake. As expected,
intramyocardial accumulation of 2-DGP was 1.69-fold higher
in Aldh2*2 Tg compared with Wt hearts (n=6: P<0.05).

ATF4 Is a Key Transcriptional Regulator in
Response to Aldehydes in the Heart

It is known that phosphorylation of the « subunit of eukary-
otic translation initiation factor 2 (elF2«) and subsequent
translational activation of ATF4 result in the induction of
additional members of the ATF/CREB family of transcription
factors, which, together, upregulate a coordinately expressed
set of genes involved in amino acid biosynthesis in mamma-
lian cells.2-28 Consistent with this, Western blot analysis
demonstrated increased Ser51 phosphorylation on elF2« and

fectants (K11). The mitochondrial redox
state vs frequency is shown by histo-
grams. The dashed line indicates 50% of
roGFP1 oxidized/reduced. The percent-
age shows the relative number of cells
with a >50% reduction in matrix.

Reduced &« Oxidized .
Mitochondrial redox state

increased protein expression of Atf4 and Phgdh (Figure 8A)
in Aldh2+2 Tg versus Wt hearts.

To clarify the role of Atf4 in aldehyde-induced activation
of amino acid metabolism and resistance to oxidative stress,
Aldh2 Tg mice were mated with Atf4-knockout mice.>
Homozygous Atf4 knockout was lethal, whereas Atf4 het-
erozygous knockout (Atf4™7) mice, having half the Wt
levels of Atf4 expression (Figure 8B), were viable with no
cardiac anomalies under unstressed conditions. The increased
expression of cardiac genes involved in amino acid metabo-
lism in Aldh2 Tg mice was significantly attenuated in Aldh2
Tg mice carrying heterozygous alleles of Atff (Figure 8C).
Western blot analysis demonstrated that the increased levels
of Phgdh protein in Aldh2 Tg mice were reduced by half in
Aldh2 Teg mice carrying heterozygous alleles of A¢f4. In
addition, the increased intracellular GSH levels in Aldh2 Tg
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drogenase (LDH) release in the perfusate.
D, Representative images of hearts from
Aldh2°2 Tg and Wt control mice after I/R
injury (left). Quantification of infarct size
(right). AAR indicates area at risk; BSL.
baseline; LV, total left ventricular area; MI,
area of myocardial infarction. *P<.0.05 vs
Wt control (unpaired Student’s t test).
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[symbol [Description
Atf4 activating transcription factor 4
AtfS activating transcription factor 5

Phgdh  13-phosphoglycerate dehydrogenase
Psatt  |phosphoserine aminotransferase 1
Psph hosp ine phosph
Shmt1 |serine hydroxymethyl transferase 1 (soluble)
Shmt2 |[serine hydroxymethyl transferase 2 (mitochondrial)
Mthfd2 |methylenetetrahydrofolate dehydrogenase (NAD+ depend|
Gnmt _ |glycine N-methyltransf

Cth cystathionine g'amma-lyase
Gelm  |glutamate-cysteine ligase , modifier subunit
Gele glutamate-cysteine ligase, catalytic subunit

Gss glutathione synthetase

Sicta4  |glutamate/neutral amino acid transporter

Sic7a11 |Xc  cysteine/glutamate transporter

Sic3a2 |4F2 antigen heavy chain, amino acid transport

Sic7a3  |cationic amino acid transporter, y+ system), member 3
Sic7a5 |cationic amino acid lransporter, y+ system), member 5

Gstal __|glutathione S f alpha 1 (Ya)
Gsta2  |glutathione S-transferase, alpha 2 (Yc2)
Gsta3  |glutathione S-transferase, alpha 3

Color codes: Global normalization intensity:

Figure 5. Transcriptome analysis of
Aldh2*2 Tg hearts. A, List of genes
involved in amino acid metabolism that
are upregulated in Aldh2*2 Tg hearts
(DNA Gene Chip analysis). B, Schematic
representation of the serine biosynthetic
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mice were significantly attenuated in mice carrying the heterozy-
gous alleles of Atf4 (Figure 8D). Accordingly. heterozygous
knockout of Atf4 attenuated the oxidative stress—resistant phe-
notype observed in Aldh2%2 Tg hearts (Figure 8E).

Activation of ATF4 Is Crucial for the Oxidative
Stress—Resistant Phenotype

Adenovirus-mediated expression of Aldh2%2 in cultured car-
diomyocytes increased immunoreactivity tor 4-HNE adducts
(Online Figure VIII. A), induced expression of Agf4 and
Phgdh (Online Figure VIII, B), and increased intracellular
levels of reduced GSH (Online Figure VIII. C). The short
interference (si)RNA-mediated knockdown of Atf4 abolished
the induction of Phedh and the increase in intracellular GSH
in Aldh27%2-expressing cardiomyocytes.

Consistent with the oxidative stress—tolerant phenotype
observed for Aldh2*2 Tg hearts, Aldh2*#2-expressing cardio-
myocytes exhibited enhanced tolerance to oxidative stress
induced by glucose-free anoxia—reoxygenation or high-dose
4-HNE or antimycin A (Online Figure VI, D: data not

shown). The siRNA-mediated knockdown of Atf4 rendered
the LacZ-expressing control cardiomyocytes vulnerable to
oxidative stress and abrogated the oxidative stress—resistant
phenotype of the Aldh2*2-expressing cardiomyocytes.

Discussion
The present study has demonstrated, for the first time, that the
heart has an intrinsic capacity to change the metabolic
pathways to counteract life-long mitochondrial oxidative
damage. Mitochondrial aldehyde stress triggers phosphoryla-
tion of e[F2« and the combined transcriptional and transla-
tional activation of Atf4 upregulates the gene expression of
enzymes involved in amino acid biosynthesis and transport
that ultimately provide precursor amino acids for GSH
biosynthesis. thereby increasing intracellular GSH levels.
Surprisingly. hearts with chronic mitochondrial aldehyde
stress exhibited improved tolerance to I/R injury despite the
presence of substantial mitochondrial oxidative damages.
Heterozygous knockout of Atf4 blunted the increase in
intracellular GSH levels in mitochondrial Aldh-deficient
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