
ORIGINAL ARTICLE

Mitochondrial aldehyde dehydrogenase 2 deficiency aggravates
energy metabolism disturbance and diastolic dysfunction
in diabetic mice
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Abstract
Diabetes causes energy metabolism disturbance and may lead
to cardiac dysfunction. Mitochondrial aldehyde dehydrogenase
2 (ALDH2) protects cardiac function frommyocardial damage.
Therefore, understanding of its roles in diabetic heart is critical
for developing new therapeutics targeting ALDH2 and mito-
chondrial function for diabetic hearts. This study investigated
the impact of ALDH2 deficiency on diastolic function and
energy metabolism in diabetic mice. Diabetes was induced in
ALDH2 knockout and wild-type mice by streptozotocin.
Cardiac function was determined by echocardiography.
Glucose uptake, energy status, and metabolic profiles were
used to evaluate cardiac energy metabolism. The association
between ALDH2 polymorphism and diabetes was also ana-
lyzed in patients. Echocardiography revealed preserved systolic
function and impaired diastolic function in diabetic ALDH2-
deficient mice. Energy reserves (phosphocreatine/adenosine

triphosphate ratio) were reduced in the diabetic mutants and
were associated with diastolic dysfunction. Western blot anal-
ysis showed that diabetes induces accumulated lipid peroxida-
tion products and escalated AMP-activated protein kinase–
LKB1 pathway. Further, ALDH2 deficiency exacerbated the
diabetes-induced deficient myocardial glucose uptake and oth-
er perturbations of metabolic profiles. Finally, ALDH2 muta-
tions were associated with worse diastolic dysfunction in dia-
betic patients. Together, our results demonstrate that ALDH2
deficiency and resulting energy metabolism disturbance is a
part of pathology of diastolic dysfunction of diabetic hearts,
and suggest that patients with ALDH2mutations are vulnerable
to diabetic damage.

Key Message
& ALDH2 deficiency exacerbates diastolic dysfunction in

early diabetic hearts.
& ALDH2 deficiency triggers decompensation of metabolic

reserves and energy metabolism disturbances in early di-
abetic hearts.

& ALDH2 deficiency potentiates oxidative stress and
AMPK phosphorylation induced by diabetes via post-
translational regulation of LKB1.

& Diabetic patients with ALDH2 mutations are predisposed
to worse diastolic dysfunction.

Keywords Diastolic function . Diabetes . Energy
metabolism . ALDH2

Introduction

Diabetes mellitus is associated with an increased risk of heart
failure and diabetic cardiomyopathy [1, 2]. Diastolic
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dysfunction is one of the earliest manifestations, which pro-
gresses to systolic dysfunction and finally to symptomatic heart
failure in patients with diabetic cardiomyopathy [2], although
structural or functional changes of the heart are hardly detect-
able in the early stages of diabetes. Several scenarios are pos-
tulated for the pathogenesis of diastolic dysfunction, including
the formation of advanced glycation end products, titin-isoform
switching, increased collagen accumulation, and abnormal
myocytic calcium kinetics [3–5]; but the actual cause remains
unknown. Metabolic disturbances in the diabetic heart are im-
portant hallmarks of the remodeling process that contributes to
cardiac complications in diabetes. Accumulating evidence in-
dicates interdependence between energy metabolism and dia-
stolic dysfunction in diabetic hearts [6, 7].

Mitochondrial aldehyde dehydrogenase 2 (ALDH2) plays
a critical role in acetaldehydemetabolism. Recent studies have
suggested a beneficial role for ALDH2 in late diabetic cardio-
myopathy in terms of systolic function and autophagy [8, 9].
However, whether diastolic function and energy metabolism
were affected in the early stages of diabetic myocardial injury
and if ALDH2 has a role in the process have not been ad-
dressed. Since the prevalence of diabetes is increasing dramat-
ically, particularly in Asian countries and approximately 40 %
of Asian people carry the ALDH2 mutant genotype and it is
therefore of importance to explore the association between
ALDH2 deficiency and metabolic disturbance/diastolic dys-
function in diabetic hearts. In the present study, we tested the
hypothesis that ALDH2 deficiency might be linked with en-
ergy metabolism disturbance and diastolic dysfunction in di-
abetic hearts.

ALDH2 knockout mice were used to demonstrate the im-
pact of ALDH2 deficiency on diastolic function in diabetic
mice. Given the indispensible role of energy metabolism in
the pathogenesis of diabetic heart, present study examined the
energy metabolism disturbance from various aspects includ-
ing cardiac glucose uptake, energy reserve, metabolomics as
well as LKB1–AMPK energy regulatory axis. To further elu-
cidate the effect of ALDH2 deficiency on cardiac function
with diabetes background, we examined the association be-
tween ALDH2 polymorphism and cardiac dysfunction in 118
diabetic patients from a population-based cohort.

Materials and methods

Animals and diabetes model

All procedures were approved by the Institutional Animal
Care and Use Committee of Fudan University. Adult male
C57BL/6 mice (12 weeks old) and same genetic background
ALDH2 knockout mice (KO) were used for this study.
Experimental diabetes was induced by daily intraperitoneal
administration of 45 mg/kg streptozotocin (STZ) freshly

dissolved in sodium citrate buffer (pH 4.5) for 5 days.
Control mice were injected with sodium citrate buffer. Three
weeks after STZ injection, mice were killed. Blood glucose
levels were monitored weekly until the time of being killed.
Mice with fasting blood glucose levels >13 mM were consid-
ered as having diabetes.

Echocardiography and Doppler analysis

Transthoracic echocardiography (Vevo707B; Visual Sonics
Inc., Toronto, ON, Canada) examination was carried out to
evaluate cardiac geometry and function as described previous-
ly [10]. Briefly, parasternal long-axis and apical four-chamber
views of the left ventricle (LV) were used to analyze systolic
and diastolic function, respectively. The thickness of the inter-
ventricular septal and posterior walls, LV dimensions, LV
ejection fraction, and fractional shortening were recorded in
M-mode images to assess cardiac geometry and systolic func-
tion. Diastolic function was measured by transmitral Doppler
flow E and A velocities, tissue Doppler imaging E′ velocities,
and E-wave deceleration time. Measurements were made by
two experienced technicians blinded to the groups and aver-
aged from at least three cardiac cycles.

Histological examination

Hearts were arrested after anesthesia by ketamine and rapidly
immersed in 4 % neutral formaldehyde or OCT compound
(Tissue-Tek; Sakura Finetek Europe B.V., Alphen aan den
Rijn, the Netherlands). Specimens embedded in paraffin were
sectioned at a thickness of 4 μm and stained with hematoxylin
and eosin and Masson’s trichrome to assess myocardial mor-
phology and cardiac collagen content, respectively. Frozen
specimen was stained with Oil Red O and Periodic Acid
Schiff (PAS) to assess cardiac neutral triglycerides and glyco-
gen, respectively. Images were analyzed using Image-Pro Plus
software (Media Cybernetics, Rockville, MD, USA).

Transmission electron microscopy (TEM) examination

Briefly, freshly dissected LV tissue was fixed with 2.5 % glu-
taraldehyde (pH 7.4) for at least 2 h. After three washes in
0.1M phosphate buffer followed by fixationwith 1% osmium
tetroxide, specimens were dehydrated in ethanol and ultrathin
sections (50–60 nm) were cut on an ultramicrotome (Leica,
Wetzlar, Germany) and stained with 3 % uranyl acetate and
lead citrate. Images were acquired with a CM-120 microscope
(Philips, Amsterdam, the Netherlands).

Measurement of cardiac energy status

Heart tissue stored at −80 °C was homogenized in lysis buffer
consisting of methanol–water (60 % v/v) at −20 °C and
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centrifuged, and the supernatantwas analyzedby liquid chroma-
tography(LC)/massspectrometry(MS).Standardsforadenosine
triphosphate (ATP), adenosine diphosphate(ADP), (adenosine
monophosphate) AMP, and phosphocreatine (PCr) were pur-
chased fromSigma(St.Louis,MO,USA).An1100seriesbinary
high-performance LC system (Agilent Technologies,
Waldbronn, Germany) combined with a 4000 QTRAP linear
ion trap mass spectrometer (AB/MDS Sciex, Concord, ON,
Canada) were used for differentiation and quantification of
ATP, ADP, AMP, and PCr. MS data was analyzed using
Analyst v.1.4 software (AB/MDSSciex).Chromatographic sep-
aration was performed at 200 μl/min on a Hydro-RP(C18),
150 mm × 2.1 mm I.D., 4-μm particle column (Agilent
Technologies, Santa Clara, CA, USA) with two eluents
(10mM tributylamine adjustedwith 15mMacetic acid ormeth-
anol) at room temperature. Absolute concentrations in tissue ex-
tractsweredeterminedbythestandardadditionmethodtocorrect
for matrix effects.

Positron emission tomography (PET)/computed
tomography (CT) imaging

For micro-PET/CT analysis, mice that had fasted overnight
were anesthetized with 5 % isoflurane and intravenously
injected with fludeoxyglucose (18F-FDG; 11.76 ± 1.55
Mbq in 100 μl) prior to imaging; mice were scanned
45 min later (Inveon mPET/CT; Siemens, Knoxville, TN,
USA). Image quality was improved by micro-CT anatom-
ical alignment. Data were reconstructed with the three-
dimensional ordered subset expectation maximization al-
gorithm. Maximum standard uptake value (SUVmax) was
determined as a measure of cardiac glucose uptake capac-
ity, which was normalized to the body weight of mice and
total injection dosage [11].

Metabolomics study

A 1-ml volume of methanol was added to 50 mg LV tissue,
which was homogenized on ice followed by centrifugation at
14,000 rpm and 4 °C for 10 min. A C18 column
(100 mm × 2.1 mm, 1.8 μm; Agilent Technologies, USA)
and chromatography system (Agilent Technologies, USA)
were used for MS. To determine global metabolic patterns
and identify potential biomarkers, primary LC/MS data were
subjected to multivariate statistical analyses, including princi-
pal component analysis, projections to latent structures dis-
criminant analysis, and orthogonal partial least squares dis-
criminant analysis (OPLS-DA) using SIMCA-P + 11 software
(Umetric, Umea, Sweden). Variables were significant when
their importance in the projection was >1 and the P value
calculated from the Student’s t test was <0.05.

Western blot analysis

Myocardial protein extraction and western blotting were per-
formed as previously described [12] using antibodies against
the following proteins: AMP-activated protein kinase
(AMPK), phospho-AMPKα (Thr172), LKB1, phospho
LKB1 (Ser428) (Cell Signaling Technology, Danvers, MA,
USA), ALDH2 (Epitomics, Burlingame, CA, USA), and 4-
hydroxynonenal (4HNE) (ab46545; Abcam, Cambridge,MA,
USA). Horseradish peroxidase-conjugated secondary anti-
body was used (Kangchen Biotechnology, Nanjing, China).
Band intensity of proteins of interest was normalized to that of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

Human ALDH2 polymorphism

Based on a population-based cohort from the Jinshan dis-
trict of Shanghai, 118 individuals out of 1,503 residents
were clinically diagnosed as having diabetes and
underwent further extensive medical examinations, includ-
ing Doppler echocardiography assessment, and blood
specimen collection at the research center. The study pro-
tocol was approved by Fudan University Ethics Committee
and all participants provided informed consent for partici-
pation in accordance with the Declaration of Helsinki
(World Medical Association and R281). Eligibility criteria
for subjects with diabetes were based on World Health
Organization criteria. ALDH2 genetic polymorphisms
were detected as previously described [13].

Statistical analysis

Data are expressed as mean ± SEM and were analyzed using
SPSS v.16.0 for Windows (SPSS Inc., Chicago, IL, USA).
Multi-group comparisons were carried out by one-way analy-
sis of variance followed by post-hoc analysis. Correlation was
evaluated with Pearson’s correlation coefficient. The
Student’s t test was used to analyze associations between
ALDH2 genotypes and cardiac function. P value <0.05 was
considered statistically significant.

Results

General features of early diabetic heart

Blood glucose level was elevated in STZ-treated wild-
type (WT-STZ) and knockout (KO-STZ) mice compared
to non-diabetic mice 1 week after STZ injection. Notably,
the increase was greater in KO than in WT mice (Fig. 1a).
We next examined myocardial histology and ultrastructure
in the diabetes model to access early structure alterna-
tions. Cardiomyocyte cross-sectional area was similar
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among the four groups (Fig. 1b, g); there was no differ-
ence in interstitial fibrosis detected by Masson’s trichrome
staining (Fig. 1 c, h). Accumulation of energy substrates
was then evaluated by Oil Red O (Fig. 1d) and PAS stain-
ing (Fig. 1e) to visualize triglycerides and glycogen, re-
spectively. The results showed that neither was affected
by the ALDH2 deficiency nor by experimentally induced
diabetes (Fig.1i). No obvious ultrastructure alteration
among four groups was observed by TEM analysis
(Fig.1f). Taken together, these results indicate no signifi-
cant changes in myocardial histology and ultrastructure
among four experimental groups.

ALDH2 deficiency impairs diastolic function

Echocardiography was performed to evaluate LV systolic and
diastolic function. LV systolic function (fractional shortening
and ejection fraction), and LV chamber size (LVend-diastolic
and end-systolic dimensions) and ventricular thickness were
similar among groups [Electronic supplementary material
(ESM) Table S1]. Diastolic dysfunction (Fig. 2a) was

evidenced in KO-STZ mice, as indicated by decreased E/A
ratio and increased E/E′ratio, and prolonged deceleration time.
(Fig. 2b–e). These results suggest that diastolic function was
already impaired at the early stage of diabetes in KO-STZ
mice, despite preserved systolic function in these mice.

Cardiac energy status at the early stage of diabetic mice

To assess the impact of ALDH2 on cardiac energy status in
diabetes, the levels of ATP, ADP, AMP, and PCr were mea-
sured. Consistent with previous studies [14], ATP levels were
similar among four experimental groups at the early stages of
diabetes (Fig. 3a). In contrast, the ratios of ADP/ATP and
AMP/ATP were significantly higher in KO-STZ mice than
in KO mice (p = 0.032 and 0.017, respectively), whereas no
difference was observed between WT and WT-STZ mice
(Fig. 3b, e). On the other hand, PCr level and PCr/ATP ratio
were decreased in KO-STZ mice, but not in WT-STZ mice
(Fig. 3c, d). Of note, PCr/ATP ratio was positively correlated
with E/A ratio (r = 0.525; p = 0.037) (Fig. 3f). Thus, energy

Fig. 1 General features of early
diabetic heart. a Blood glucose
levels in four groups of mice
before and after STZ treatment.
Values are expressed as
mean ± SEM (n = 6–13 per
group).*P < 0.05 vs. respective
controls; #P < 0.05 vs. WT-STZ.
b Representative images of
hematoxylin and eosin (HE)
staining of transverse LV myo-
cardial sections (×400). c
Representative images of
Masson’s trichrome staining of
myocardial sections (×200). d Oil
Red O staining of myocardial
sections (×400). e PAS staining
showing glycogen in the myocar-
dium (×400). f Representative
TEM images of the LV in four
groups of mice. Scale bar,
0.5 μm. Quantitative analysis of
cardiomyocyte cross-sectional ar-
ea (g), fibrosis (h), glycogen con-
tent (i) (mean ± SEM; n = 3–5 per
group)
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metabolism of KO-STZ mice is impaired in the early diabetic
stage.

ALDH2 deficiency reduces myocardial glucose uptake

To further scrutinize myocardial metabolism, glucose up-
take was quantified by micro-PET. Under basal condi-
tions, myocardial 18F-FDG uptake was similar between
WT and KO mice. However, glucose uptake was de-
creased in both WT-STZ and KO-STZ hearts compared
to the respective non-diabetic controls (Fig. 4a).
Maximum standard uptake value (SUVmax) was 1.3-fold
lower in WT-STZ mice than in WT mice, but the differ-
ence was not statistically significant (Fig.4b) and
SUVmax was significantly lower in KO-STZ mice com-
pared to WT-STZ mice (P = 0.011) (Fig. 4b). These re-
sults indicate that myocardial glucose uptake is reduced in
the diabetic WT mice and which is further exacerbated in
diabetic ALDH2 KO mice. However, considering the in-
sulin changes, the decreased glucose uptake may not be
caused directly by local myocardial ALDH2 deficiency.

ALDH2 deficiency activates AMPK signaling
and increases lipid peroxidation

AMPK signaling and oxidative stress play important
roles in cardiac energy metabolism [15–17]. Therefore,
the expression of AMPK signaling components and their
phosphorylation status were evaluated. Western blot anal-
ysis of LV tissues revealed accumulation of the lipid
peroxidation product-4HNE in KO-STZ mice, suggesting
diabetes induced oxidative stress; while ALDH2 expres-
sion was significantly downregulated in WT-STZ mice
under diabetic stress. (Fig. 5a–d.) Although myocardial
AMPK expression level remained unchanged in cases of
diabetes and ALDH2 deficiency (Fig. 5e, g.), AMPK
phosphorylation was increased in WT-STZ mice, which
was further enhanced in KO-STZ mice (Fig. 5h, i). To
determine the related mechanism, the expression and
phosphorylation of LKB1 (Fig. 5f), an upstream regula-
tor of AMPK signaling, was evaluated. LKB1 phosphor-
ylation was significantly increased in WT-STZ mice, and
which was further augmented in KO-STZ mice (Fig. 5k,
l), while the total level of LKB1 was similar among

Fig. 2 Effect of STZ treatment
on diastolic function in ALDH2
KO and WT mice.a
Representative images of
transmitral Doppler flow and
tissue Doppler imaging. b Ratio
of early and late transmitral
inflow velocity, as measured by
transmitral mitral Doppler (E/A).
c Early diastolic mitral valve
annulus velocity (E′ wave). d
Ratio of early transmitral flow
velocity to early diastolic mitral
valve annulus velocity (E/E′). e
Deceleration time (DT). Values
are expressed as mean ± SEM
(n = 4–7 per group). *P < 0.05 vs.
respective controls; #P < 0.05 vs.
WT-STZ; ^P < 0.05 vs. WT
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Fig. 4 Effect of ALDH2
deficiency and diabetes on
myocardial glucose uptake. a
Representative images of
myocardial glucose uptake, as
determined by micro-PET using
18F-FDG. b Myocardial glucose
uptake SUVmax for four groups of
mice. SUVmax was normalized to
the total amount of radioisotope
injected and the body weight of
mice. Values are expressed as
mean ± SEM (n = 4–6 per group).
*P < 0.05 vs. respective controls;
#P < 0.05 vs. WT-STZ; ^P < 0.05
vs. WT

Fig. 3 Cardiac energy status in
control and diabetic heart tissue as
determined byMS. aQuantitative
analysis of ATP levels. b–cRatios
of ADP/ATP (b) and PCr/ATP
(c). dQuantitative analysis of PCr
levels. e Ratio of AMP/ATP. f
Correlations between PCr/ATP
and indices of diastolic function
(E/A). Values are expressed as
mean ± SEM (n = 5–9 per group).
*P < 0.05 vs. respective controls;
#P < 0.05 vs. WT-STZ
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groups (Fig. 5j). These results indicate that ALDH2 de-
ficiency increases diabetes-induced oxidative stress and
AMPK phosphorylation via post-translational regulation
of LKB1 protein.

Metabolic profiling in response to diabetes and ALDH2

A global metabolomic analysis of LV tissue was performed in
order to gain more comprehensive insight on the impact of

Fig. 5 Western blot analysis of
ALDH2, 4HNE expression
levels, and AMPK–LKB1
signaling components in diabetic
and non-diabeticWTandALDH2
KO mice. Representative blots of
ALDH2 (a), 4HNE(c), and glyc-
eraldehyde 3-phosphate dehydro-
genase (GAPDH) (loading con-
trol). b ALDH2 expression. d
4HNE expression. (n = 4–6 per
group). e, f Representative blots
of AMPK and p-AMPK (e) and
LKB1 and p-LKB1 (f) expres-
sion; glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) served
as a loading control. g AMPK
expression. h p-AMPK expres-
sion. i p-AMPK/AMPK ratio. j
LKB1expression. k p-LKB1 ex-
pression. l p-LKB1/LKB1 ratio.
Values are expressed as
mean ± SEM (n = 3–8 per group).
*P < 0.05 vs. respective controls.
#P < 0.05 vs. WT-STZ; ^P < 0.05
vs. WT
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diabetes and ALDH2 on metabolic profiles (Fig. 6a, b).
Diabetes resulted in profound metabolic profile changes relat-
ed to the metabolism of fatty acids, amino acids, purine and
pyrimidine nucleotides, and phospholipids (Fig. 6c and ESM
Table S2). Specially, fatty acids metabolism was significantly
perturbed. Levels of several carnitines, including 4,8
dimethylnonanoyl, trans-hexadec-2-enoyl, palmitoyl-L, and
linoleyl carnitine, were increased in the diabetic mice com-
pared to the control mice. Moreover, several diabetes-
associated markers were also observed in the diabetic mice,
including arachidonic acid, L-glutamine and stearic acid.

Significantly, KO-STZ mice had more dysregulated glucose
homeostasis and purine nucleotide metabolism, as evidenced
by increased levels of glycocholic acid and decreased levels of
inosine and hypoxanthine. Additionally, riboflavin and PGD2
were more increased in KO-STZ mice, indicating that endog-
enous protective mechanism was activated. Differences of
various phospholipid metabolites, including phosphatidic acid
(PA), phosphatidylserine (PS), phosphatidylcholine (PC),
phosphatidylglycerol (PG), phosphatidylinositol (PI), phos-
phatidylethanolamine (PE), were detected between diabetic
and non-diabetic mice, suggesting that phospholipids

Fig. 6 a, b Effect of ALDH2 deficiency and diabetes on myocardial
metabolomic profiles. OPLS-DA scores for WT and ALDH2 KO mice
with or without diabetes in positive (a) and negative modes (b). Yellow
triangles, WT; blue squares, WT-STZ; green squares, KO; red circles,
KO-STZ. c Cardiac metabolome of WT and ALDH2 KO mice with or
without diabetes. Heat map represents significant 45 metabolites among
four groups and hierarchical clustering was applied. Red color denotes
increase; green color, decrease. Black color indicates no change. d A

schematic diagram of the effect of ALDH2 deficiency on diastolic func-
tion and energymetabolism in the early diabeticmice. ALDH2 deficiency
triggers metabolic stress and exacerbates STZ-induced diabetic develop-
ment, consequently resulted in significantly compromised energy status,
4HNE accumulation and phospholipids disturbance. The resulting energy
metabolism disturbance per se or other mechanisms (like Ca+ binding,
phospholipid homeostasis) finally may lead to diastolic dysfunction
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metabolism was altered by diabetes (ESM Table S3). Of note,
although the main affected metabolic pathways were similar
between the two diabetic groups, the accumulation of phos-
pholipids was more significant in KO-STZ mice compared to
WT-STZ mice (ESM Table S3).

Above observations demonstrate that although there were
no phenotypic differences between WT and KO mice, some
metabolic pathways were significantly perturbed in KO-STZ
mice. ALDH2 KO and diabetic mice share some similar met-
abolic changes, such as increased levels of diabetes risk
markers: riboflavin, carnitine, L-tyrosine, arachidonic acid,
and phospholipids.

Diabetic patients with ALDH2 mutations are predisposed
to worse diastolic dysfunction

A total of 118 subjects, who were clinically diagnosed as
diabetes from a population-based cohort, were included in this
study. Since mutant genotypes (GA and AA) of ALDH2 in-
dicate loss of ALDH2 function, and the number of AA geno-
type was too small to evaluate the effects of this genotype on
the cardiac function changes in diabetic patients. Subjects with
the GA and AA genotypes were grouped as GA + AA in the
subsequent analysis.

The frequency of the normal GG genotype was 59.32 %
(n = 70), and that of GA +AA genotype was 40.68% (n = 48).
The clinical characteristics of the two groups are shown in
Table 1. Age, gender, BMI, hypertension, TG (triglycerides),
CHOL (total cholesterol), LDL, and HDL were similar be-
tween the two groups (Table 1). Echocardiography examina-
tions showed that LV dimension, LV wall thickness, and LV
systolic function were similar between the two groups.
However, the velocity of E wave was significantly lower in
subjects with GA and AA genotypes than subjects with GG
genotype (58.25 ± 2.15 vs 66.20 ± 1.51, p < 0.05). While, the
velocity of A wave was significantly higher in subjects with
GA and AA genotypes than in subjects with GG genotype

(95.75 ± 2.39 vs 89.59 ± 1.39, p < 0.05). The E/A ratio was
significantly lower in subjects with GA and AA genotypes
than subjects with GG genotype (0.61 ± 0.02 vs 0.75 ± 0.02,
p < 0.05). Similarly, E/E′ ratio was significantly higher in
subjects with GA and AA genotypes than subjects with GG
genotype (8.86 ± 0.36 vs. 7.72 ± 0.19, p < 0.05). Thus, dia-
betic patients with ALDH2 mutations predisposed to worse
diastolic dysfunction, despite similar systolic function and
cardiac dimension between the two groups (Table 2).

Discussion

The present findings indicate that ALDH2 deficiency exacer-
bates diastolic dysfunction and energy metabolism distur-
bances in the early disease stage of diabetic mice (Fig. 6d).
ALDH2 deficiency also triggers metabolic stress and diabetic
patients with ALDH2 mutations are predisposed to diastolic
dysfunction. These findings suggest that ALDH2 deficiency
aggravates cardiac abnormalities and energy metabolism dis-
turbances in diabetic hearts.

Our data revealed that ALDH2 deficiency impairs diastolic
function while systolic function and myocardial morphology
remains normal in early disease stage of diabetes. This finding
is in agreement with previous report in that LV diastolic dys-
function was found to be the first hallmark of diabetic cardio-
myopathy, preceding the onset of systolic dysfunction [2, 7].
Our results also showed that metabolic reserves are decom-
pensated in KO-STZ mice, in that PCr/ATP ratio was de-
creased in KO but not in WT diabetic mice. Indeed, myocar-
dial PCr/ATP ratio is not only a sensitive index of the energetic
state of the heart, but also correlates with cardiac function and
outcome [18–20]. When workload or stress is increased,

Table 2 The effect of ALDH2 genotype on cardiac function in diabetic
patients

Variable ALDH2 (GG)
N = 70

ALDH2 (GA + AA)
N = 48

P value

LVEDD (mm) 46.42 ± 0.66 45.94 ± 0.79 NS

LVESD (mm) 29.06 ± 0.43 29.00 ± 0.51 NS

IVST (mm) 9.34 ± 0.15 9.79 ± 0.22 NS

PWT (mm) 9.22 ± 0.13 9.25 ± 0.16 NS

LVEF 67.56 ± 0.40 66.68 ± 0.67 NS

E (cm/s) 66.20 ± 1.51 58.25 ± 2.15 <0.05

A (cm/s) 89.59 ± 1.39 95.75 ± 2.39 <0.05

E/A 0.75 ± 0.02 0.61 ± 0.02 <0.05

DT (ms) 191.96 ± 5.02 191.09 ± 8.09 NS

E/E′ 7.72 ± 0.19 8.86 ± 0.36 <0.05

LVEDD left ventricular end-diastolic dimension, LVESD left ventricular
end-systolic dimension, IVST interventricular septal thickness, PWT pos-
terior wall thickness, LVEF left ventricular ejection fraction, DT deceler-
ation time

Table 1 Clinical characteristics of the subjects stratified by ALDH2
genotype

Variable ALDH2 (GG)
N = 70

ALDH2 (GA + AA)
N = 48

P value

Age(years) 72.17 ± 0.66 73.54 ± 0.80 NS

Gender(male/female) 26/44 16/32 NS

BMI(kg m−2) 24.86 ± 0.39 25.82 ± 0.75 NS

Hypertension (%) 62.69 63.83 NS

TG (mmol l−1) 1.64 ± 0.13 2.07 ± 0.20 NS

CHOL (mmol l−1) 5.00 ± 0.10 5.15 ± 0.12 NS

LDL (mmol l−1) 2.90 ± 0.07 3.01 ± 0.10 NS

HDL (mmol l−1) 1.39 ± 0.04 1.33 ± 0.04 NS

TG triglycerides, CHOL total cholesterol, NS not significant
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metabolic reserves in the heart are activated to meet increased
energy demand [21]. This is reflected by a constant PCr/ATP
ratio in physiological status. However, when the heart moves
closer to decompensation, the ratio decreases and eventually
with a decrement of ATP concentration [21–23]. In our study,
although the ATP level is unaltered, energy status is compro-
mised in KO-STZ mice, indicated by the increase in AMP/
ATP and ADP/ATP ratios. Since ATP content is not consid-
ered as a sensitive or early index of energy depletion, it may
underscore the importance of ATP turnover and other energy
markers such as PCr/ATP. Our data suggest that mitochondrial
ALDH2 has a permissive role in releasing metabolic reserves
in response to hyperglycemic stress. Although our data do not
confirm a causal relationship between diastolic dysfunction
and energy depletion, it confirms a significant relationship
between PCr/ATP ratio and E/A peak, as previously reported
[24]. Because diastolic process is slower and consumes more
energy than the systolic process, diastolic dysfunction may
therefore precede systolic dysfunction upon energy depletion
[18, 25]. It is thus reasonable to speculate that ALDH2 defi-
ciency induces decompensation of metabolic reserves and
concomitant deterioration of diastolic function.

The distinct metabolic phenotype of the diabetic heart in-
cludes a reduction in glucose uptake and increased fatty acid
utilization [26]. Our 18F-FDG myocardial SUVmax data
demonstrate that diabetes reduce glucose uptake in vivo, also
consistent with previous findings [26, 27]. In early diabetic
hearts which have high glucose levels induced AMPK and
LKB1 phosphorylation, the condition worsened by ALDH2
deficiency. This finding strongly suggests that ALDH2 defi-
ciency disturbs the energy metabolism (increased AMP/ATP,
ADP/ATP, and decreased PCr/ATP ratios), which in turn, in-
duces the activation of energy regulatory LKB1/AMPK path-
way. In contrast, previous studies have indicated decreased
AMPK phosphorylation in the diabetic heart [8]. The discrep-
ancy might be explained by the differences in the dose and
time of STZ administration, followed by different severities
and molecular presentations of diabetes. It is known that
AMPK is a sensor of cellular and whole-body energy status.
AMPK activation is a complex process, including increased
levels of ADP and AMP and decreases in ATP and upstream
kinase phosphorylation [15, 16]. In the current study, diabetes
induced the phosphorylation of the upstream kinase LKB1 in
both WT-STZ and KO-STZ mice, with higher levels in the
latter. In addition, ADP/ATP and AMP/ATP ratios are in-
creased in KO-STZ mice. Based on these findings, we pro-
pose that AMPK activation is mediated by LKB1 in response
to increases in the cellular ADP/ATP and AMP/ATP ratios in
KO-STZ mice.

Our study also demonstrates that phospholipids accumula-
tion is significantly increased in the diabetic ALDH2 knock-
out mice. These results are in agreement with previous studies
demonstrating accumulation of phopholipids in the diabetic

myocardium may contribute to diastolic dysfunction [28,
29]. Higher PC and PI levels are present in heart tissue with
diastolic dysfunction [29], which is also a critical finding in
this study. Concurrently, the product of lipid peroxidation-
4HNE increase is more significant in KO-STZ mice, indicat-
ing more severe oxidative stress in these mice. Heart is a
highly oxidative organ and myocardial plasmalemma and mi-
tochondria contain large amounts of unsaturated phospho-
lipids, which are susceptible to peroxidation in the heart
[30]. Lipid peroxidation can greatly alter the physicochemical
properties of membrane lipid bilayers, resulting in cellular
dysfunction. Indeed, 4HNE is not only a kind of product of
lipid peroxidation but also highly reactive with phospholipids.
It can induce further damage to the plasma membrane, mito-
chondria, endoplasmic reticulum and finally result in cardiac
dysfunction [31]. Although the underlying mechanisms re-
sponsible for diastolic dysfunction remain illustrated, several
hypotheses, involving lipotoxicity, Ca2+ binding, altered ste-
rol regulatory element-binding protein activity have been pro-
posed [30, 32]. It is noteworthy that the heart has an antioxi-
dant and detoxification system to block this vicious metabolic
cycle, and ALDH2 exerts its vitally beneficial effects by re-
ducing the load of toxic aldehydes such as 4-HNE. Our ob-
servation that ALDH2 deficiency increases oxidative stress
and induces diastolic dysfunction, supports this notion, and
we speculate that ALDH2 modulates diastolic function by
maintaining phospholipid homeostasis.

Results from our metabolic profiling suggest that myocar-
dial metabolites are significantly influenced by diabetes and
ALDH2 deficiency. Our study also confirms several metabol-
ic markers for diabetes, such as arachidonic acid [33], L-
glutamine [34], and stearic acid [35], The altered levels of
inosine, hypoxanthine and glycocholic acid in KO-STZ mice
reflect inhibited purine nucleotide metabolism and worse
glycaemia under the diabetic stress [36, 37]. Consistently,
our data showed compensatory increase of riboflavin and
PGD2 in KO-STZ mice, which have been considered as a
protective mechanism to alleviate heart injury [38, 39].
Unexpectedly, our metabolomic analyses reveal a strikingly
similarity between KO and diabetic mice, and suggest that
ALDH2 deficiency leads to a metabolic stress phenotype.
Our finding that ALDH2 exacerbates the effect of STZ-
induced diabetics supports the hypothesis in that the perturba-
tion in energy metabolism precedes structural and functional
changes and predisposes the heart to cardiac abnormalities
under stress. Importantly, our clinical data demonstrated
worse diastolic dysfunction in diabetic patients with ALDH2
loss-of-function mutation genotype (GA and AA), despite
similar systolic function and cardiac morphology compared
to diabetic patients with GG genotype. This was in good con-
sistency with our animal experimental results. Moreover, ev-
idence from both experimental and clinical studies has re-
vealed aberrations in metabolic profiles prior to the onset of
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type 1 and 2 diabetes [40, 41]. Therefore, the manifestation of
diastolic dysfunction and comprised energy state in KO-STZ
mice may be explained by metabolic alterations induced by
the ALDH2 deficiency.

Cardiac energy state and metabolic profiles are proposed to
be more critical for sustaining cardiac function than substrate
selection. However, fatty acids uptake was not measured in
our study due to technical reasons. Therefore, we could not
address this difference.

In conclusion, ALDH2 deficiency leads to the develop-
ment of cardiac abnormalities in early diabetes. Our findings
indicate that metabolic reserve decompensation and distur-
bance induced by the ALDH2 deficiency contribute to diastol-
ic dysfunction and progression. Given that the diastolic dys-
function is a potentially reversible process [42, 43] and there
are particularly high frequency of the ALDH2 loss-of-
function allele mutation in Asian population [44, 45], our
finding is of clinical implication in that screening ALDH2
mutation in diabetic patients and comprehensive therapy strat-
egy may be a meaningful approach to alleviate and slow down
the diabetic progression in this population.
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