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Chain reaction of lipid peroxidation
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Glutathione biosynthesis
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Metabolic response to mitochondrial stress
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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 accumulation 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 2o
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 amino 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 ® aldehyde ® stress response

Idehydes 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. 1o generate In mammalian cells. reactive aldehydes are detoxified by
various adducts.! Tncreased 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.>-* In addition to the pathogenic effect associated with ALDH genes have been identified in the human genome.’
oxidative stress. sublethal levels of aldehydes interact with ALDH2 is localized to the mitochondria. a major source of
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reactive oxygen species and a target of membrane lipid
peroxidation. ALDH?2 has been implicated in cellular antiox-
idant processes because ALDH2 deficiency increases oxida-
tive stress.'e't 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 effects of alcohol.'* Indeed.
administration of a small-molecule activator of ALDH2 to
rats before an ischemic event reduced infarct size by 60%.'%

A single nucleotide polymorphism of ALDH2 (ALDH2%2),
acts as a dominant-negative gene and is found in Asian
populations (Figure 1 in the Online Data Supplement. avail-
able at hutp://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 ALDH272 allele (=~ 8% of the Japanese population) do
not have any ALDH?2 activity. whereas activity in individuals
heterozygous for the ALDH2*2 allele (~40% of the Japanese
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 flushing syn-
drome, increased serum lipid peroxide levels,'® and an in-
creased risk for late-onset Alzheimer’s disease.' Previously.
we demonstrated that in stable transfectants of the PCI2
neuronal cell line expressing mouse Aldh2*2, mitochondrial,
but not cytosolic, Aldh activity was repressed.!>!t 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-function model for
aldehyde-detoxifying enzymes to exploit the overexpression
of Aldh2+#2 in the heart, which simulates heterozygotes for
the ALDH2%2 allele in individuals already expressing Wt
ALDH?2*I 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 ischemia/
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

Metabolic Remodeling by Mitochondrial Stress 1119

Non-standard Abbreviations and Acronyms
ALDH aldehyde dehydrogenase 2

ATF4 activating transcription factor-4

elf2a «-subunit of eukaryotic transiation initiation factor 2
Gel glutamate cysteine ligase

GSH giutathione

GSSG glutathione disulfide

GST glutathione S-transferase

4-HNE 4-hydroxy-2-nonenal

IR ischemia/reperfusion

PHGDH 3-phosphaglycerate dehydrogenase
SLC solute carrier

Tg transgenic

wt wild type

basis underlying this aldehvde-induced. hormesis-like stress
response in Aldh2*2 Tg hearts.

Methods
Aldh2*2? Tg mice were generated by pronuclear injection of a
plasmid carrving Aldh2*2 with a single nucleotide mutation at the
same tocus as the human Aldh2#2 polymorphism. The mice used for
these experiments were more than 10 generations hack-crossed to
CS7BL/6 mice. For fluxome analysis, hearts were perfused with a
modified Krebs-Henscleit buffer (120 mmol/L NaCl, 25 mmol/L
NaHCO,. 5.9 mmol/L KCI, 1.2 mmol/LL. MgSO,. 1.75 mmol/L
CaCl,. 10 mmol/L glucose. 10 pU/mL insulin, 0.4 mmol/L oleate.
and 1% BSA) gassed with 95% 0./5% CO, at 37°C. according to the
Langendorff procedure. After equilibration, the buffer was switched
0 modificd Krebs—Henseleit buffer containing 10 mmol/. C-
glucose instead of 10 namol/L glucose.
An expanded Methods section is available in the Online Data
Supplement at httpe//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 [A). 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 {E). 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 Tg
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 heterotetraim-
ers.>* ™ 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 1).
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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 II. 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 11, C). Ultrastructural analysis by transmission
electron microscopy revealed that the sarcomere structure of
the myofibrils in Aldh2*2 Tg hearts was intact. Of note. some
mitochondria contained electron-dense deposits on a few
cristac (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 Tg
mice revealed normal left ventricular systolic and diastolic
function (Online Figure 1), indicating adaptation of the heart

Wit
fat

mice. A, Design of the targeting construct.
Recombinant murine Aldh2 (Glu487Lys) is
expressed under the control of the CAG
promoter. B, Tissue-specific expression of
the Aldh2°2 transgene. C, Senescence-like
phenotypes of Aldh2*2 Tg mice. Bars =1
cm. D, Growth curves of mice fed normai
chow. E, Computed tomographic quantifica-
tion of the composition of muscle and fat.
Data are the means =SEM (n=6 to 8).
‘P<0.05 (unpaired Student’s t test).

subcutaneous

visceral

Tg

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, followed by 60 minutes acrobic reperfusion. 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 perfusate during
repertusion 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 VR injury in in vivo
hearts. Reperfusion injury was reduced in hearts from
Aldh2%2 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?
Te hearts. with the exception of the expression of the
clutathione (GSH) S-transferase-al and -a2 (Gsta! and
Gsia2) genes (Online Figure [V). Furthermore, there was no
change in the expression of genes involved in the production
of lipid mediators and reactive oxygen species, including Xeh
and components of NADPH oxidase. in Aldh2%2 Tg hearts
(data not shown).

We found significant upregulation of genes encoding
enzymes involved in 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 SA). including genes encoding
3-phosphoglycerate dehydrogenase (Phgdh), phosphoserine
aminotransferase 1 (Psatl), and phosphoserine phosphatase
(Psph). all of which are involved in the 3-step conversion of
3-phosphoglycerate (a glycolytic intermetabolite) to serine.
Serine hydroxymethyltransferase 1/2 (Shmtl/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 (Crlt) is
involved in cysteine biosynthesis in the trans-sulfuration
pathway. These metabolic pathways eventually converge on
GSH biosynthesis (for a metabolic map. see Figure 5B).
Accordingly, despite the significant oxidative stress in the
mitochondrial matrix. the intracellular concentration of GSH

Metabolic Remodeling by Mitochondrial Stress
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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 i-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) (A4, Arf5) families of transcription factors.
master regulators of amino acid metabolism,>*-** 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
5-phosphate (1.57-fold increase: n=6: P<C0.05 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).
13C.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 (Langendorff-perfused) and in vivo hearts
(Online Figure VII).

To examine whether glucose uptake is actually augmented
in Aldh2*2 Tg hearts. Langéndorff-perfused hearts were
incubated with 2-deoxy-p-glucose (2-DG) for S minutes.
When 2-DG is taken up into cells by glucose transporters. it
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Aldh2*2-Tg

is phosphorylated to 2-deoxy-d-glucose-6-phosphate (2-
DGP). Because it cannot undergo further glycolysis, 2-DGP
can be used us a measure of glucose upiuke. 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 ATF+4 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-
tian cells.25-2% Consistent with this. Western blot analysis
demonstrated increased SerS| phosphorylation on ¢IlF2a and
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Figure 3. Characterization of Aidh2+2-
axpressing mitochondria. A, Comparison
of oxygen consumption through complex
| (top) and complex H (bottom) in mito-
chondria isolated from Aldh2*2 Tg and Wt
mice. Data are the means=SEM (n=5).
‘P <0.05 vs Wt control (unpaired Stu-
dent's t test). B, Comparison of redox
status at the mitochondrial matrix
between control (V10) and Aldh2*2 trans-
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.
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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*’ ) 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 Arf4 (Figure 8C).
Western blot analysis demonstrated that the increased levels
of Phgdh protein in Aldh2 Tg mice were reduced by half in
Aldh2 Tg mice carrying heterozygous alleles of Ag+. In
addition, the increased intracellular GSH levels in Aldh2 Tg

Figure 4. Function of the Aidh2'2 Tg
heart. Langendorff-perfused hearts were
subjected to 30 minutes of total global
ischemia, followed by aerobic reperfusion.
A and B, Recovery of left ventricular sys-
tolic (LVSP} (A) and diastolic pressure
(EDP) and =dP/dt (B). C, Lactate dehy-
drogenase (LDHj) 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 ventricutar area; MI,
area of myocardial infarction. *P<.0.05 vs
Wt control {unpaired Student’s f test),
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