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Abstract

Cardiac aging is associated with compromised myocardial function and morphology although the

underlying mechanism remains elusive. ALDH2, an essential mitochondrial enzyme governing

cardiac function, displays polymorphism in human. This study was designed to examine the role

of ALDH2 in aging-induced myocardial anomalies. Myocardial mechanical and intracellular Ca2+

properties were examined in young (4–5 mo) and old (26–28 mo) wild-type (WT) and ALDH2

transgenic mice. Cardiac histology, mitochondrial integrity, O2
− generation, apoptosis and

signaling cascades including AMPK activation and Sirt1 level were evaluated. Myocardial

function and intracellular Ca2+ handling were compromised with advanced aging, the effects were

accentuated by ALDH2. H&E and Masson trichrome staining revealed cardiac hypertrophy and

interstitial fibrosis associated with greater left ventricular mass and wall thickness in aged mice.

ALDH2 accentuated aging-induced cardiac hypertrophy but not fibrosis. Aging promoted O2
−

release, apoptosis and mitochondrial injury (mitochondrial membrane potential, levels of UCP2

and PGC-1α), the effects were also exacerbated by ALDH2. Aging dampened AMPK

phosphorylation and Sirt1, the effects of which were exaggerated by ALDH2. Treatment of the

ALDH2 activator Alda-1 accentuated aging-induced O2
− generation and mechanical dysfunction
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in cardiomyocytes, the effects of which were mitigated by co-treatment with activators of AMPK

and Sirt1 AICAR, resveratrol and SRT1720. Examination of human longevity revealed a positive

correlation between lifespan and ALDH2 gene mutation. Taken together, our data revealed that

ALDH2 enzyme may accentuate myocardial remodeling and contractile dysfunction in aging

possibly through AMPK/Sirt1-mediated mitochondrial injury.
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INTRODUCTION

Aging is an irreversible biological process characterized by adaptive changes in the heart

including increased left ventricular wall thickness and chamber size, change in diastolic

filling pattern such as prolonged diastole, cardiac fibrosis and decreased myocardial

contractile capacity, which contribute to increased incidence of morbidity and mortality in

the elderly [1, 2]. Although a number of theories were postulated for cardiac aging such as

short telomere defect, myosin heavy chain isozyme switch, mitochondrial damage, oxidative

stress, impaired intracellular Ca2+ handling and excitation-contraction coupling [3–6], the

precise mechanism behind cardiac aging remains elusive. Furthermore, aging-related

alterations in cardiac geometry and function may be heavily influenced by gender, race and

ethnicity [7]. Genetic factors are believed to contribute to an estimated 18% of heart failure

incidence [8]. Gene and ethnicity may account for unfavorable changes in high density

lipoprotein cholesterol and cardiovascular morbidity in human [9].

The mitochondrial isoform of aldehyde dehydrogenase (ALDH2) is a human gene found on

chromosome 12. All Caucasians are homozygous for ALDH2 while nearly 50% of Asians

are heterozygous and possess one normal copy of the ALDH2 gene and one mutant copy

encoding an inactive mitochondrial isozyme [10]. The ALDH2 inactivating mutation

(termed ALDH2*2) is the most common single point mutation in humans with proven

epidemiological evidence suggesting a correlation between this inactivating mutation and

increased propensity for common human pathologies such as Fanconi anemia, pain,

osteoporosis and aging process [11]. For example, epidemiological data revealed a reduced

risk of alcoholism in Asians compared with Caucasians, possibly due to alcohol intolerance

[10, 12]. A recent meta-analysis of genome-wide association studies has identified a tight

association between the ALDH2 mutation and elevated blood pressure in Asian decedents

[13]. Furthermore, ample clinical and experimental evidence has depicted a pivotal role of

ALDH2 in cardiac homeostasis under both physiological and pathological conditions [11,

14–19]. Findings from our laboratory and others favor a unique role of ALDH2 in the

regulation of cardiac homeostasis in diabetes mellitus, alcoholism, endoplasmic reticulum

stress, arrhythmias and ischemia-reperfusion injury [14, 15, 20–24]. However, the role of

ALDH2 or ALDH2 gene polymorphism in cardiac aging process has not been elucidated.

To this end, this study was designed to examine the impact of ALDH2 on cardiac aging and

the underlying mechanism(s) involved with a focus on mitochondrial integrity and oxidative

stress. To better elucidate the role of mitochondrial integrity, oxidative stress and associated
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cell signaling cascades in cardiac aging and/or ALDH2-induced responses, AMPK and the

longevity regulator Sirt1 were examined in wild-type (WT) FVB and ALDH2 transgenic

mice at young and old age. Furthermore, effect of pharmacological activation of ALDH2,

AMPK and Sirt1 was evaluated in young and aged WT mice. Finally, the association

between longevity and ALDH2 gene polymorphism was examined in human subjects.

METHODS AND MATERIALS

ALDH2 mice and in vivo drug treatment

The animal experimental procedures described here were approved by our Institutional

Animal Care and Use Committee at the University of Wyoming (Laramie, WY, USA).

Production of ALDH2 overexpression transgenic mice using the chicken β-actin promoter

was described [21]. Four to five month-old (young) and 26–28 month-old (old) male

ALDH2 mice and wild-type (WT) littermates were maintained with a 12/12-light/dark cycle

with free access to tap water. At the time of sacrifice, blood glucose levels were measured

using a glucose meter. To evaluate the effect of activation of ALDH2, AMPK and Sirt1 on

cardiac aging, a cohort of young (4–5 month-old) and old WT (or ALDH2 transgenic) mice

(26–28 month-old) were treated with the ALDH2 activator Alda-1 (20 mg/kg, i.p., twice per

week) [25] in the presence or absence of the AMPK activator 5-aminoimidazole-4-

carboxamide-1-β-D-ribofuranoside (AICAR, 0.5 mg/g, i.p. twice per week) [26], the mixed

AMPK/Sirt1 activator resveratrol (5 mg/kg, i.p., twice per week) [27] or the small molecule

Sirt1 activator SRT1720 (100 mg/kg, gavage, twice per week) [28, 29] for 4 weeks prior to

assessment of cardiomyocyte O2
− production and contractile function.

Human ALDH2 polymorphism

Three hundred and ninety-seven microbian aged between 90 and 107 with an average age of

92.61 ± 2.49 years were enrolled. Three hundred and forty-four healthy individuals from the

same region without family history of longevity (> 90 years) were recruited as controls. All

subjects were from Zhangqiu, Shandong, China with a nomadic way of life. The

experimental protocol was approved by the Fudan University Ethics Committee. All

subjects were given informed consent to participate in the study. Individuals with secondary

hypertension, diabetes mellitus, or severe liver, and kidney dysfunction were excluded.

Three milliliters peripheral venous blood was drawn into sodium citrate solution, and

genomic DNA was extracted by a Genomic DNA Purification kit. A 25-µl reaction mixture

including 5 µl DNA, 12.5 µl TaqMan PCR master mix, 1.25 µl primers and probes, 6.25 µl

deionized water was placed in a real-time PCR instrument (Applied Biosystems, Foster City,

CA, USA). The reaction conditions were as the following: initial denaturation at 95°C for 10

min, followed by 40 cycles of denaturation at 92°C for 15 sec and annealing and extension

at 60°C for 90 sec [30].

Echocardiographic assessment

Cardiac geometry and function were evaluated in anesthetized (ketamine 80 mg/kg and

xylazine 12 mg/kg, i.p.) mice using the 2-D guided M-mode echocardiography (Phillips

Sonos 5500) equipped with a 15-6 MHz linear transducer. Left ventricular (LV) anterior and

posterior wall dimensions during diastole and systole were recorded from three consecutive
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cycles in M-mode using method adopted by the American Society of Echocardiography.

Fractional shortening was calculated from LV end-diastolic (ESD) and end-systolic (ESD)

diameters using the equation (EDD-ESD)/EDD. Heart rates were averaged over 10 cycles

[21].

Isolation of mouse cardiomyocytes

Hearts were mounted onto a temperature-controlled (37°C) Langendorff system. After

perfusion with a modified Tyrode's solution, the heart was digested with a Ca2+-free KHB

buffer containing liberase blendzyme 4 (Hoffmann-La Roche Inc., Indianapolis, IN) for 20

min. The modified Tyrode solution (pH 7.4) contained the following (in mM): NaCl 135,

KCl 4.0, MgCl2 1.0, HEPES 10, NaH2PO4 0.33, glucose 10, butanedione monoxime 10, and

the solution was gassed with 5% CO2–95% O2. The digested heart was then removed from

the cannula and left ventricle was cut into small pieces in the modified Tyrode's solution.

Tissue pieces were gently agitated and pellet of cells was resuspended. A yield of 60–70%

viable rod-shaped cardiomyocytes with clear sacromere striations was achieved. Only rod-

shaped myocytes with clear edges were selected for contractile and intracellular Ca2+ studies

[21].

Cell shortening/relengthening

Mechanical properties of cardiomyocytes were assessed using a SoftEdge MyoCam®

system (IonOptix Corporation, Milton, MA, USA) [21]. Cells were placed in a Warner

chamber mounted on the stage of an inverted microscope (Olympus, IX-70) and superfused

(~1 ml/min at 25 °C) with a buffer containing (in mM): 131 NaCl, 4 KCl, 1 CaCl2, 1 MgCl2,

10 glucose, 10 HEPES, at pH 7.4. The cells were field stimulated with supra-threshold

voltage at a frequency of 0.5 Hz (unless otherwise stated), 3 msec duration. The myocyte

being studied was displayed on the computer monitor using an IonOptix MyoCam camera.

An IonOptix SoftEdge software was used to capture changes in cell length during shortening

and relengthening. Cell shortening and relengthening were assessed using the following

indices: peak shortening (PS), time-to-PS (TPS), time-to-90% relengthening (TR90),

maximal velocities of shortening (+ dL/dt) and relengthening (− dL/dt). In the case of

altering stimulus frequency from 0.1 to 5.0 Hz, the steady state contraction of myocyte was

achieved (usually after the first 5–6 beats) before PS was recorded.

Intracellular Ca2+ transient

Myocytes were loaded with fura-2/AM (0.5 µM) for 10 min and fluorescence measurements

were recorded with a dual-excitation fluorescence photomultiplier system (IonOptix).

Cardiomyocytes were placed on an Olympus IX-70 inverted microscope and imaged

through a Fluor × 40 oil objective. Cells were exposed to light emitted by a 75W lamp and

passed through either a 360 or a 380 nm filter, while being stimulated to contract at 0.5 Hz.

Fluorescence emissions were detected between 480 and 520 nm after first illuminating the

cells at 360 nm for 0.5 sec then at 380 nm for the duration of the recording protocol (333 Hz

sampling rate). The 360 nm excitation scan was repeated at the end of the protocol and

qualitative changes in intracellular Ca2+ concentration were inferred from the ratio of fura-2

fluorescence intensity (FFI) at two wavelengths (360/380). Fluorescence decay time was

Zhang et al. Page 4

Free Radic Biol Med. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



measured as an indication of the intracellular Ca2+ clearing rate. Both single and bi-

exponential curve fits were applied to calculate the intracellular Ca2+ decay constant [21].

Intracellular fluorescence measurement of O2
−

Intracellular O2
− was measured by changes in fluorescence intensity resulting from

intracellular probe oxidation. In brief, cardiomyocytes were loaded with dihydroethidium

(DHE, 5 µM) (Molecular Probes, Eugene, OR) for 30 min at 37°C for detection of O2
−.

Cells were sampled randomly using an Olympus BX-51 microscope equipped with Olympus

MagnaFire™ SP digital camera and ImagePro image analysis software (Media Cybernetics,

Silver Spring, MD, USA). Fluorescence was calibrated with InSpeck microspheres

(Molecular Probes). An average of 100 cells was evaluated using the grid crossing method

in 15 visual fields per isolation [31].

Histological examination

Following anesthesia, hearts were excised and immediately placed in 10% neutral-buffered

formalin at room temperature for 24 hrs after a brief rinse with PBS. The specimen were

embedded in paraffin, cut in 5 µm sections and stained with hematoxylin and eosin (H&E).

Cardiomyocyte cross-sectional areas were calculated on a digital microscope (×400) using

the Image J (version1.34S) software. The Masson’s trichrome staining was used to detect

fibrosis in heart sections. The percentage of fibrosis was calculated using the histogram

function of the photoshop software. Briefly, random fields from each section were assessed

for fibrosis. The fraction of light blue stained area normalized to the total area was used as

an indicator of myocardial fibrosis [21].

TUNEL assay

TUNEL staining of myonuclei positive for DNA strand breaks were determined using a

fluorescence detection kit (Roche, Indianapolis, IN, USA) and fluorescence microscopy.

Paraffin-embedded sections (5 µm) were incubated with Proteinase K solution for 30 min.

TUNEL reaction mixture containing terminal deoxynucleotidyl transferase (TdT) and

fluorescein-dUTP was added to the sections in 50-µl drops and incubated for 60 min at 37°C

in a humidified chamber in the dark. The sections were rinsed three times in PBS for 5 min

each. Following embedding, sections were visualized with an Olympus BX-51 microscope

equipped with an Olympus MaguaFire SP digital camera. DNase I and label solution were

used as positive and negative controls. To determine the percentage of apoptotic cells,

micrographs of TUNEL-positive and DAPI-stained nuclei were captured using an Olympus

fluorescence microscope and counted using the ImageJ software (ImageJ version 1.43r;

NIH) from 10 random fields at 400× magnification At least 100 cells were counted in each

field [31].

Caspase-3 assay

Tissue homogenates were centrifuged (10,000 g at 4°C, 10 min) and pellets were lysed in an

ice-cold cell lysis buffer. The assay was carried out in a 96-well plate with each well

containing 30 µl cell lysate, 70 µl of assay buffer (50 mM HEPES, 0.1% CHAPS, 100 mM

NaCl, 10 mM DTT and 1 mM EDTA) and 20 µl of caspase-3 colorimetric substrate Ac-
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DEVD-pNA. The 96-well plate was incubated at 37°C for 1 hr, during which time the

caspase in the sample was allowed to cleave the chromophore p-NA from the substrate

molecule. Caspase-3 activity was expressed as picomoles of pNA released per µg of protein

per min [21].

Mitochondrial membrane potential

Cardiomyocytes were suspended in HEPES-saline buffer and mitochondrial membrane

potential (ΔΨm) was detected as described [31]. Briefly, after incubation with JC-1 (5 µM)

for 10 min at 37°C, cells were rinsed twice by sedimentation using the HEPES saline buffer

free of JC-1 before being examined under a confocal laser scanning microscope (Leica TCS

SP2) at excitation wavelength of 490 nm. The emission of fluorescence was recorded at 530

nm (monomer form of JC-1, green) and at 590 nm (aggregate form of JC-1, red). Results in

fluorescence intensity were expressed as 590-to-530-nm emission ratio. The mitochondrial

uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP, 10 µM) was used as a

positive control for mitochondrial membrane potential measurement.

Western blot analysis

Murine heart tissues were homogenized and sonicated in a lysis buffer containing 20 mM

Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 0.1% sodium dodecyl

sulfate (SDS), and a protease inhibitor cocktail. Samples were incubated with anti-AMPK,

anti-phosphorylated AMPK (pAMPK, Thr172), anti-Sit1, anti-UCP-2, anti-peroxisome

proliferator-activated receptor coactivator-1α (PGC-1α) and anti-GAPDH (loading control)

antibodies. The membranes were incubated with horseradish peroxidase (HRP)-coupled

secondary antibodies. After immunoblotting, the film was scanned and detected with a Bio-

Rad Calibrated Densitometer and the intensity of immunoblot bands was normalized to that

of GAPDH [21].

Data analysis

Data were Mean ± SEM. Statistical significance (p < 0.05) was estimated by one-way

analysis of variation (ANOVA) followed by a Tukey’s test for post hoc analysis.

RESULTS

General biometric and echocardiographic characteristics in mice

Biometric data of young or old WT and ALDH2 mice are shown in Table 1. ALDH2

overexpression failed to elicit notable effect on body and organ (heart, liver and kidney)

weights compared with the age-matched WT mice. Aged WT and ALDH2 mice displayed

heavier body and organ weights (although not organ size) compared with their young

counterparts. Neither aging nor ALDH2 or both altered fasting blood glucose levels.

Assessment of echocardiographic properties revealed that aging but not ALDH2 increased

ventricular wall thickness, the effect of which was more pronounced in aged ALDH2 mice.

Neither aging nor ALDH2 transgene affected ESD, EDD and fractional shortening although

the aged ALDH2 mice displayed overtly increased ESD (but not EDD) diameter along with

lower fractional shortening. Heart rate and cardiac output were not significantly affected by

either aging or ALDH2 overexpression.
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Cardiomyocyte intracellular Ca2+ transient properties

To explore the possible mechanism of action behind the interplay between cardiac aging and

ALDH2, intracellular Ca2+ handling was evaluated using Fura-2 fluorescence. Our data

depicted that neither aging nor ALDH2 significantly affected resting intracellular Ca2+

levels. Aging but not ALDH2 significantly decreased electrically-stimulated rise in

intracellular Ca2+ (ΔFFI) and intracellular Ca2+ clearance (single or bi-exponential) with a

more pronounced response in ALDH2 overexpression mice (Fig. 1A–D).

Effect of increasing stimulation frequency on cardiomyocyte shortening amplitude

Rodent hearts normally contract at very high frequencies (> 300), whereas our recording

was performed at 0.5 Hz. To evaluate the impact of aging and/or ALDH2 overexpression on

cardiac contractile function under higher frequencies, we increased the stimulus frequency

up to 5.0 Hz (300 beats/min) and recorded steady-state PS amplitude. Cardiomyocytes were

initially stimulated at 0.5 Hz to ensure a steady-state before commencing the frequency

response. Fig. 1E displays a negative staircase of PS with increasing stimulus frequency in

all mice with a steeper decline in aged mice. Although ALDH2 itself failed to elicit any

obvious effect on the pattern of frequency-shortening response, it exacerbated aging-induced

decline in PS amplitude. These data favor a possible role of compromised intracellular Ca2+

cycling and stress tolerance in ALDH2-exacerbated mechanical anomalies in aging.

Effect of ALDH2 overexpression and aging on myocardial histology

To assess the impact of ALDH2 on aging-induced myocardial histological changes,

cardiomyocyte cross-sectional area and interstitial fibrosis were examined. H&E and

Masson Trichrome staining analyses revealed overtly increased cardiomyocyte transverse

cross-sectional area and interstitial fibrosis in aged mouse hearts. While ALDH2 failed to

affect cardiomyocyte cross-sectional area and interstitial fibrosis early on, it significantly

accentuated aging-induced increase in cardiomyocyte size without affecting aging-

associated interstitial fibrosis (Fig. 2).

Effects of ALDH2 on aging-induced O2
− production, apoptosis and mitochondrial damage

To examine the mechanism(s) behind ALDH2-elicited responses in cardiac anomalies in

aging, O2
− production, apoptosis and mitochondrial integrity were examined in myocardium

or cardiomyocytes from young or old WT and ALDH2 mice using TUNEL staining,

caspase-3 assay and JC-1 fluorescence microscopy, respectively. Results shown in Fig. 3

depict significantly elevated O2
− production and TUNEL apoptosis in aged WT mice, with a

more pronounced response in aged ALDH2 mice. This is supported by caspase-3 assay.

ALDH2 transgene itself did not affect myocardial O2
− production and apoptosis. Our

fluorescence data revealed loss of mitochondrial membrane potential in cardiomyocytes

from aged WT mice, the effect of which was accentuated by ALDH2 with little effect by

itself. These findings indicate a corroborative role of O2
− production, apoptosis and

mitochondrial function in ALDH2-induced exacerbation of cardiac mechanical and

intracellular Ca2+ responses in aging.
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Effect of aging and ALDH2 transgene on AMPK activation, Sirt1 and mitochondrial
proteins

To elucidate possible mechanisms of action behind aging and/or ALDH2-induced cardiac

derangements, levels of AMPK, the longevity regulator Sirt1 and mitochondrial proteins

(UCP-2 and PGC-1α) were examined. Aging significantly suppressed AMPK

phosphorylation, as well as downregulated levels of Sirt1, UCP-2 and PGC-1α, with a more

pronounced response in the aged ALDH2 mouse hearts. ALDH2 transgene itself failed to

alter the levels of AMPK, pAMPK, Sirt1, UCP-2 and PGC-1α. Neither aging nor ALDH2

significantly affected total protein levels of AMPK (Fig. 4).

Effects of the ALDH2 activator Alda-1, the AMPK activator AICAR, the AMPK/Sirt1 activator
resveratrol and the Sirt1 activator SRT1720 on cardiomyocyte dysfunction in aging

To better elucidate a cause-effect relationship among AMPK, Sirt1 and ALDH2 in aging-

induced cardiac dysfunction, a cohort of young (4–5 month-old) and old WT mice (26–28

month-old) were treated with the ALDH2 activator Alda-1 (20 mg/kg, i.p., twice per week)

[25] in the presence or absence of the AMPK activator AICAR (0.5 mg/g, i.p. twice per

week) [26], the mixed AMPK/Sirt1 activator resveratrol (5 mg/kg, i.p., twice per week) [27]

or the small molecule Sirt1 activator SRT1720 (100 mg/kg, gavage, twice per week) [28, 29]

for 4 weeks prior to assessment of cardiomyocyte O2
− production and contractile function.

Our data shown in Fig. 5 revealed that Alda-1 treatment exacerbated aging-induced

cardiomyocyte O2
− production and mechanical dysfunction without eliciting any notable

effect in cardiomyocytes from young mice. Interestingly, the Alda-1-induced unfavorable

effects in cardiomyocyte O2
− production and contractile function were overtly alleviated or

obliterated by AICAR, resveratrol and SRT1720. In addition, these pharmacological

activators rescued against aging-induced cardiac stress and mechanical anomalies without

eliciting any notable effects in young mice (data not shown). These data favor a permissive

role for AMPK and Sirt1 in ALDH2 activation-accentuated cardiomyocyte stress and

mechanical dysfunction in aging.

Effect of the AMPK/Sirt1 activator resveratrol on ALDH2-induced cardiomyocyte
contractile responses in aging

To further ascertain the role of AMPK-Sirt1 signaling cascade in ALDH2-accentuated

cardiac aging anomalies, a cohort of young (4–5 month-old) and old (26–28 month-old) WT

and ALDH2 transgenic mice were treated with the mixed AMPK/Sirt1 activator resveratrol

(5 mg/kg, i.p., twice per week) [27] for 4 weeks prior to assessment of cardiomyocyte

contractile function. Our data shown in Fig. 6 revealed that ALDH2 transgene

overexpression exacerbated aging-induced cardiomyocyte mechanical defect without

eliciting any notable effect in cardiomyocytes from young mice, the effect of which was

obliterated by resveratrol (in both aged groups). Resveratrol treatment did not elicit any

notable effects in young mice (data not shown). These data favor an essential role for the

AMPK-Sirt1 signaling cascade in ALDH2-accentuated cardiomyocyte mechanical

dysfunction in aging.
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ALDH2 Lys504Glu genetic polymorphism and longevity in human

Given that 50% of Asian decedents carry mutant alleles of ALDH2 [ALDH2*2/1 (G/A) and

ALDH2*2/2 (A/A)] resulted from a single point mutation of the active ALDH2*1 (G/G)

gene [10, 32, 33], genetic polymorphism was evaluated in populations with a family history

of longevity. The frequencies of G/G, G/A, and A/A genotypes were 77.6%, 20.9% and

1.5%, respectively, in control group. Interestingly, the frequencies of G/G, G/A, and A/A

genotypes were 65.7%, 32.8%, and 1.5%, respectively, in microbian group, depicting a

higher frequency of mutant ALDH2 allele in the microbian group. Further analysis revealed

that the glutamate genotype frequency was much lower whereas that of lysine genotype was

higher in microbian group compared with the controls (Table 2).

DISCUSSION

The salient findings of our study revealed that ALDH2 significantly accentuated aging-

induced cardiac hypertrophy, contractile dysfunction, intracellular Ca2+ mishandling,

oxidative stress and mitochondrial injury. Our data further revealed that AMPK/Sirt1

activation (AICAR, resveratrol and SRT1720) protects against Alda-1-induced

cardiomyocyte contractile dysfunction and O2
− accumulation with aging. This is also

supported by the beneficial effect of resveratrol against ALDH2 transgene-accentuated

cardiac aging. These findings suggest a permissive role for the AMPK-Sirt1 signaling

cascade in ALDH2-accenuated cardiac aging. Data from human study indicated a positive

correlation between ALDH2 mutant allele and longevity. These results have collectively

prompted for a possible role of ALDH2 and mitochondrial integrity in the regulation of

myocardial morphology and function in aging and more importantly, the therapeutic

potential for ALDH2 enzyme and mitochondria as targets in the management against cardiac

aging.

Unfavorable changes in myocardial morphology and function are common in aged hearts

characterized by cardiac hypertrophy, intracellular Ca2+ mishandling, compromised

contractility and prolonged diastolic duration [4, 5, 34]. Compromised myocardial function

and geometry has been demonstrated in senescence, leading to alterations in diastolic filling

and ventricular pump capacity [3, 5]. Nonetheless, ejection fraction, the essential measure of

left ventricular systolic performance, is preserved during aging, possibly as a result of

enlarged end diastolic volume [3, 5]. This is in line with the unchanged fractional shortening

capacity from our echocardiographic measurement in aged WT hearts. However, this

compensatory machinery was disappeared in aged ALDH2 mice, somewhat consistent with

the less favorable effect of ALDH2 gene in human longevity as shown in our study. Our

findings also revealed increased ventricular wall thickness with aging but not ALDH2 early

on in life. Interestingly, such aging-induced cardiac remodeling was exaggerated by ALDH2

(as well as unmasked enlargement in ESD). This observation, in conjunction with the more

prominent changes in heart mass, heart size, cardiomyocyte cross-sectional area and left

ventricular fractional shortening in aged ALDH2 mice, favors a prominent unfavorable role

of ALDH2 in aging hearts as opposed to younger age. ESD, which is preserved in the face

of both aging and ALDH2 overexpression, is significantly enhanced with the concurrent

aging and ALDH2 overexpression, leading to reduced fractional shortening in aged ALDH2
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transgenic mice. The calculated echocardiographic cardiac output remains unchanged in

response to aging and ALDH2 transgenic expression. Although a precise explanation cannot

be offered for such inconsistent findings between fractional shortening and cardiac output,

potential compensatory hemodynamic factors may be involved to preserve cardiac output in

the face of aging and ALDH2 overexpression. Cardiac hypertrophy and interstitial fibrosis

are common manifestations of aging heart and may lead to heart failure [35]. Our data

revealed that aged ALDH2 hearts possess greater heart mass, heart size and cardiomyocyte

size (although with similar interstitial fibrosis) compared with WT littermates. Although

ALDH2 transgene itself did not alter cardiac geometry and function early on, it accentuated

advanced aging-elicited echocardiographic and cardiomyocyte mechanical dysfunction. It is

noteworthy that ALDH2 accentuated myocardial O2
− production in the absence of

interstitial fibrosis in aging. The disparate finding between O2
− production and interstitial

fibrosis in aged ALDH2 hearts may be related to possible contributions of other free radicals

to interstitial fibrosis and the existence of a potential “ceiling response of O2
−” for

myocardial fibrosis.

In our hands, aged murine cardiomyocytes displayed unchanged resting intracellular Ca2+

levels, decreased intracellular Ca2+ release in response to electrical stimulus and

compromised intracellular Ca2+ clearance, in line with our previous reports [4, 36, 37].

Although ALDH2 transgene did not affect intracellular Ca2+ homeostasis in young mice, it

unveiled a dampened release of intracellular Ca2+ and decrease in intracellular Ca2+

clearance with aging. These findings depict that ALDH2 overexpression with time is

capable of disrupting intracellular Ca2+ handling. Existence of aging-associated intracellular

Ca2+ mishandling is further supported by the reduced stress tolerance shown as the steeper

negative staircase in frequency response. It was perceived that dampened SERCA2a

expression and/or enhanced phospholamban levels may account for, at least in part,

intracellular Ca2+ mishandling, prolonged intracellular Ca2+ clearance and cardiac relaxation

in senescent hearts [38] although further investigation is warranted. The fact that ALDH2

failed to affect myocardial contractile and intracellular Ca2+ properties in young hearts

indicates that overexpression of this enzyme early on in life is not innately harmful to

cardiac function.

Several mechanisms may be proposed for ALDH2-elicited exaggeration of aging-induced

cardiac mechanical and intracellular Ca2+ anomalies. First, our data revealed that ALDH2

augmented aging-induced oxidative stress (O2
− production) and apoptosis. This is

accompanied by dephosphorylation of AMPK and loss of Sirt1. A possible role of AMPK

and Sirt1 in ALDH2- and aging-induced cardiac responses was substantiated by the findings

that AICAR, resveratrol or SRT1720 effectively negated Alda-1 accentuated cardiomyocyte

contractile dysfunction and stress in aging. This is further supported by the beneficial effect

of resveratrol against ALDH2-accentuated cardiomyocyte aging. These data favor the notion

that ALDH2, with time, promotes oxidative stress and triggers cardiac geometric and

functional anomalies during aging. Suppression of AMPK phosphorylation has been

reported in aging [39]. Reduction in AMPK phosphorylation in aging with a more

pronounced effect in ALDH2 mice as seen in our study should provide a possible

explanation for downregulation of Sirt1. This is supported by the ability of resveratrol and

SRT1720 to reverse aging-induced (ALDH2 or Alda-1-exacerbated) cardiomyocyte
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dysfunction. Sirt1 is a conserved nicotinamide adenine dinucleotide (NAD+)-dependent

protein deacetylase to participate in energy metabolism via deacetylation of its target

proteins, including mitochondrial proteins PGC1α and UCP-2 [40]. AMPK, on the other

hand, enhances Sirt1 activity through increasing cellular NAD+ levels, resulting in

deacetylation and modulation of the activity of downstream targets of Sirt1 including

PGC1α [41]. Our data revealed favorable responses from the mixed AMPK/Sirt1 activator

resveratrol and the synthetic Sirt1 activator SRT1720 in ALDH2 or Alda-1-induced cardiac

aging responses, supporting a key role of the AMPK/Sirt1 signaling cascade in ALDH2-

accenuated cardiac aging. Resveratrol and other Sirt1 activating compounds have shown

some promising effects in a number of age-related diseases including cancer, type 1 and type

2 diabetes, inflammation, cardiovascular disease, stroke, hepatic steatosis [42]. Although the

precise nature of Sirt1 in ALDH2-regulated cardiac aging process is beyond the scope of our

current study, its possible role in the regulation of telomere length should not be

underestimated. Moreover, ALDH2 is an enzyme using NAD+ as a cofactor. This creates a

natural “competition for NAD+” between ALDH2 and the longevity regulator Sirt1, a

NAD+-dependent deacetylases. In consequence, metabolic/energy homeostatic processes

relying on NAD+ availability such as aging may be affected in a negative way by ALDH2

although further scrutiny is warranted with regards to the role of NAD+ in ALDH2-

accenuated cardiac aging process. Last but not the least, the lack of change in blood glucose

in aged groups suggest little role of glucose metabolism in ALDH2-accentuated cardiac

anomalies.

In summary, our finding suggests that ALDH2 enzyme is capable of accentuating cardiac

remodeling and contractile function in the elderly. Our data favor the notion that changes in

the AMPK-Sirt1 signaling cascade in aging seems to be responsible for ALDH2-accentuated

loss of mitochondrial integrity and apoptosis in aging, indicating the therapeutic potential of

ALDH2 and mitochondria as targets in the management of aging-associated cardiac

anomalies. ALDH2 polymorphism has been considered an essential risk factor for

cardiovascular diseases such as hypertension [13]. Paradoxically, the G/G (Glu/Glu) wild

genotype of ALDH2 is also suggested to be an independent risk factor for hypertension [43].

In our hands, ALDH2 mutant alleles are found to be positively correlated with longevity.

Although our study sheds some light on the role of AMPK activation and Sirt1 in the

regulation of ALDH2- and aging-induced cardiac geometric, functional and intracellular

Ca2+ changes, the pathogenesis of cardiac dysfunction under aging especially in association

with mitochondrial integrity deserves further investigation.
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Research highlights

• We examined the effect of ALDH2 in cardiac aging;

• ALDH2 accentuates aging-induced cardiac remodeling and dysfunction;

• The unfavorable effect of ALDH2 was related to dampened AMPK-Sirt1

signaling;
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Fig. 1.
Intracellular Ca2+ and frequency response in cardiomyocytes from young or old WT and

ALDH2 transgenic mice. A: Resting fura-2 fluorescence intensity (FFI); B: Electrically-

stimulated rise in FFI (ΔFFI); C: Single exponential intracellular Ca2+ decay; D: Bi-

exponential intracellular Ca2+ decay; and E: Changes in peak shortening of cardiomyocytes

(normalized to that obtained at 0.1 Hz from the same cell) at various stimulus frequencies

(0.1 – 5.0 Hz). Mean ± SEM, n = 65 cells (panels A–D) and 22 – 28 cells (panel E) from 5

mice per group, * p < 0.05 vs. WT-young group, # p < 0.05 vs. WT-old group.
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Fig. 2.
Histological analysis in hearts from young or old WT and ALDH2 transgenic mice. A:

Representative H&E staining micrographs displaying transverse myocardial section (× 400);

B: Quantitative analysis of cardiomyocyte cross-sectional (transverse) area; C: Masson

trichrome staining micrographs displaying interstitial fibrosis (× 400); and D: Quantitative

analysis of interstitial fibrosis (shown as percent fibrotic area); Mean ± SEM, n = 188 – 217

cells (pane A) and 16–19 fields (panel C) from 4 mice per group * p < 0.05 vs. WT-young

group, # p < 0.05 vs. WT-old group.
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Fig. 3.
Effect of aging and ALDH2 on myocardial O2

− production, apoptosis and mitochondrial

membrane potential (MMP). A: Representative DHE images (400×) showing O2
−

production in cardiomyocytes from young or old WT and ALDH2 mice; B: Pooled data of

O2
− production from 14–15 fields (4 mice/group); C: Representative TUNEL staining

depicting myocardial apoptosis. All nuclei were stained with DAPI (blue) while TUNEL-

positive nuclei were visualized with fluorescence (green). Original magnification = 400 ×;

D: Quantified TUNEL apoptosis shown as % TUNEL positive cells from 12 fields per
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group; E: Myocardial apoptosis measured using Caspase-3 activity from 5–6 mice/group;

and F: Quantitative analysis of cardiomyocyte MMP using JC-1 fluorescence from 7 fields

(3 mice per group, 10 µM CCCP was used as positive control); Mean ± SEM, *p < 0.05 vs.

WT-young group; # p < 0.05 vs. WT-old group.
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Fig. 4.
Effect of aging and ALDH2 on levels of AMPK, Sirt1 and mitochondrial proteins (UCP-2

and PGC-1α). A: AMPK; B: phosphorylated AMPK (pAMPK, Thr172); C: pAMPK-to-

AMPK ratio; D: Sirt1; E: UCP-2; and F: PGC-1α. Insets: Representative gel blots for levels

of AMPK, phosphorylated AMPK, Sirt1, UCP-2, PGC-1α and GAPDH (loading control)

using specific antibodies; Mean ± SEM, n = 6 – 7 mice per group, * p < 0.05 vs. WT-young

group, # p < 0.05 vs. WT-old group.
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Fig. 5.
Effect of the Alda-1 activator Alda-1 on cardiomyocyte O2

− production and mechanical

properties in young (4–5 month-old) or old (26–28 month-old) mice in the absence or

presence of activators of AMPK and Sirt1 (AICAR, resveratrol and SRT1720). Mice were

treated with Alda-1 (20 mg/kg, i.p., twice per week) in the presence or absence of the

AMPK activator AICAR (0.5 mg/g, i.p. twice per week), the mixed AMPK/Sirt1 activator

resveratrol (5 mg/kg, i.p., twice per week) or the Sirt1 activator SRT1720 (100 mg/kg,

gavage, twice per week) for 4 weeks prior to assessment of cardiac O2
− production and
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mechanical function. A: O2
− production; B: Peak shortening (normalized to cell length); C:

Maximal velocity of shortening (+ dL/dt); D: Maximal velocity of relengthening (− dL/dt);

E: Time-to-PS (TPS); and F: Time-to-90% relengthening (TR90). Mean ± SEM, n = 8

independent isolations (panel A) or 72 cells (panels B–F) per group, *p < 0.05 vs. Young

group, # p < 0.05 vs. Old group. † p < 0.05 vs. Old-Alda-1 group.
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Fig. 6.
Effect of the AMPK/Sirt1 activator resveratrol on cardiomyocyte mechanical function in

young (4–5 month-old) or old (26–28 month-old) WT and ALDH2 transgenic mice. Mice

were treated with resveratrol (RSV, 5 mg/kg, i.p., twice per week) for 4 weeks prior to

assessment of cardiac mechanical properties. A: Resting cell length; B: Peak shortening

(normalized to cell length); C: Maximal velocity of shortening (+ dL/dt); D: Maximal

velocity of relengthening (− dL/dt); E: Time-to-PS (TPS); and F: Time-to-90%

Zhang et al. Page 23

Free Radic Biol Med. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



relengthening (TR90). Mean ± SEM, n = 70 cells per group, *p < 0.05 vs. WT-Young group,

# p < 0.05 vs. WT-Old group. † p < 0.05 vs. ALDH2-Old group.
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Table 1

Biometric and echocardiographic parameters of WT and ALDH2 transgenic mice

Parameter WT-Young WT-Old ALDH2-Young ALDH2-Old

Body Weight (g) 26.0 ± 0.8 33.9 ± 2.8* 24.1 ± 0.8 37.1 ± 3.5*

Heart Weight (mg) 139 ± 4 167 ± 12* 134 ± 8 199 ± 13*,#

Heart/Body Weight (mg/g) 5.39 ± 0.21 4.99 ± 0.20 5.54 ± 0.19 5.48 ± 0.20*

Liver Weight (g) 1.36 ± 0.05 1.74 ± 0.13* 1.28 ± 0.08 1.90 ± 0.19*

Liver/Body Weight (mg/g) 52.7 ± 1.9 51.6 ± 1.7 52.6 ± 1.9 51.0 ± 1.0

Kidney Weight (g) 0.33 ± 0.01 0.46 ± 0.05* 0.29 ± 0.02 0.48 ± 0.03*

Kidney/Body Weight (mg/g) 12.6 ± 0.3 13.4 ± 0.6 12.1 ± 0.4 13.2 ± 0.8

Fasting Blood Glucose (mg/dl) 104 ± 5 100 ± 6 98 ± 3 102 ± 5

Heart Rate (bpm) 466 ± 21 463 ± 23 462 ± 25 475 ± 24

Wall Thickness (mm) 0.90 ± 0.06 1.10 ± 0.03* 0.88 ± 0.02 1.22 ± 0.04*,#

EDD (mm) 2.51 ± 0.19 2.54 ± 0.15 2.49 ± 0.16 2.61 ± 0.09

ESD (mm) 1.23 ± 0.13 1.38 ± 0.12 1.25 ± 0.09 1.59 ± 0.07*,#

LV Mass (mg) 69.4 ± 5.7 86.7 ± 7.8* 68.0 ± 5.9 100.9 ± 5.9*,#

Normalized LV Mass (mg/g) 2.43 ± 0.16 2.71 ± 0.22 2.62 ± 0.22 3.05 ± 0.22*

Fractional Shortening (%) 48.4 ± 2.8 46.1 ± 2.3 50.6 ± 1.4 39.6 ± 1.6*,#

Cardiac Output (mm3/min) 7472 ± 1682 6852 ± 1469 6645 ± 1084 6739 ± 983

HW = heart weight; EDD = end diastolic diameter; ESD = end systolic diameter; LV = left ventricular. Mean ± SEM, n = 10 mice per group,

*
p < 0.05 vs. respective young group,

#
p < 0.05 vs. WT-old group.
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Table 2

Association of ALDH2 genetic polymorphisms with longevity in Chinese

ALDH2 (Lys504Glu)
Genetic polymorphisms

Control
(y < 90)

Macrobian
(y ≥ 90)

Odds ratio
(95% CI)

P value

Normal Activity G/G) 267/344
(77.6%)

261/397
(65.7%)

1 p < 0.05

Intermediate Activity (G/A) 72/344
(20.9%)

130/397
(32.8%) 0.554

(0.399–0.768)Weak Activity (A/A) 5/344
(1.5%)

6/397
(1.5%)

Phenotypes G 303
88.08%

326
82.12%

1 p < 0.05

A 41
11.92%

71
17.88%

0.621
(0.410–0.941)
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