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Mitochondrial aldehyde dehydrogenase (ALDH2) rescues
cardiac contractile dysfunction in an APP/PS1 murine
model of Alzheimer’s disease via inhibition of
ACSL4-dependent ferroptosis
Zhi-yun Zhu1, Yan-dong Liu2, Yan Gong2, Wei Jin2, Elena Topchiy3, Subat Turdi3, Yue-feng Gao3,4, Bruce Culver3, Shu-yi Wang3, Wei Ge5,
Wen-liang Zha6,7, Jun Ren3,8, Zhao-hui Pei2 and Xing Qin3,9

Alzheimer’s disease (AD) is associated with high incidence of cardiovascular events but the mechanism remains elusive. Our
previous study reveals a tight correlation between cardiac dysfunction and low mitochondrial aldehyde dehydrogenase (ALDH2)
activity in elderly AD patients. In the present study we investigated the effect of ALDH2 overexpression on cardiac function in APP/
PS1 mouse model of AD. Global ALDH2 transgenic mice were crossed with APP/PS1 mutant mice to generate the ALDH2-APP/PS1
mutant mice. Cognitive function, cardiac contractile, and morphological properties were assessed. We showed that APP/PS1 mice
displayed significant cognitive deficit in Morris water maze test, myocardial ultrastructural, geometric (cardiac atrophy, interstitial
fibrosis) and functional (reduced fractional shortening and cardiomyocyte contraction) anomalies along with oxidative stress,
apoptosis, and inflammation in myocardium. ALDH2 transgene significantly attenuated or mitigated these anomalies. We also
noted the markedly elevated levels of lipid peroxidation, the essential lipid peroxidation enzyme acyl-CoA synthetase long-chain
family member 4 (ACSL4), the transcriptional regulator for ACLS4 special protein 1 (SP1) and ferroptosis, evidenced by elevated
NCOA4, decreased GPx4, and SLC7A11 in myocardium of APP/PS1 mutant mice; these effects were nullified by ALDH2 transgene. In
cardiomyocytes isolated from WT mice and in H9C2 myoblasts in vitro, application of Aβ (20 μM) decreased cell survival,
compromised cardiomyocyte contractile function, and induced lipid peroxidation; ALDH2 transgene or activator Alda-1 rescued Aβ-
induced deteriorating effects. ALDH2-induced protection against Aβ-induced lipid peroxidation was mimicked by the SP1 inhibitor
tolfenamic acid (TA) or the ACSL4 inhibitor triacsin C (TC), and mitigated by the lipid peroxidation inducer 5-
hydroxyeicosatetraenoic acid (5-HETE) or the ferroptosis inducer erastin. These results demonstrate an essential role for ALDH2 in
AD-induced cardiac anomalies through regulation of lipid peroxidation and ferroptosis.
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INTRODUCTION
Alzheimer’s disease (AD), a neurodegenerative cognitive disease
manifested by the buildup of amyloid β-peptide (Aβ) and
neurofibrillary tangles (NFTs), is characterized by a progressive
decline in memory and cognitive function and afflicts nearly
40 million individuals globally [1, 2]. The incidence of AD increases
abruptly from 0.5% at 65 years of age to 8% after 85 years of age,
which imposes heavy socioeconomic burdens related to health
care [1–5]. Major brain changes develop throughout the course of
AD, including atrophy, Aβ deposition, hyperphosphorylated tau

protein leading to the formation of NFTs, neuronal death and
inflammation [1, 2]. Ample evidence has revealed a close
association between cardiovascular anomalies and AD onset
[6–10]. In particular, AD patients often exhibit cardiac insufficiency,
arrhythmia, and amyloid deposition in the heart [8, 9, 11–13]. The
use of cardiac biomarkers has been endorsed in the clinical
management of AD [14]. Among the reported etiological factors of
AD, mutations in the β-amyloid precursor protein (APP), presenilin
1 (PS1), or presenilin 2 (PS2) are perceived to evoke the
development of familial AD [15]. Earlier findings from our lab
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and others noted an essential role of PS1/PS2 in the regulation of
cardiovascular function, including cardiac geometry, contractile
capacity, and anatomical integrity (e.g., septal defects and double
outlet right ventricles) [13, 16, 17]. In particular, Aβ deposition can
be observed by as early as 4–6 months of age with full-blown
amyloid β-peptide deposition occurring by 9 months of age in
mice with overexpression of familial AD (FAD)-linked amyloid
precursor protein with Swedish mutation and PS-1 with deletion
of exon 9 (APPswe/PS1dE9) [18]. These APP/PS1 mice express a
chimeric mouse/human amyloid precursor protein (Mo/
HuAPP695swe) and a mutant human presenilin 1 (PS1-dE9) in
central nervous system neurons and are widely used to study
neurological disorders, particularly those associated with AD,
amyloid plaque formation, and advanced aging [19]. Although a
number of theories have been proposed for AD-evoked cardio-
vascular anomalies, including Aβ cytotoxicity, oxidative stress,
abnormal protein aggregation, inflammation, excitotoxicity, and
mitochondrial injury [8, 9, 13], the precise mechanism of AD-
induced myocardial pathology remains poorly understood. Earlier
findings revealed a vital role of gene polymorphisms in
mitochondrial aldehyde dehydrogenase (ALDH2) in the develop-
ment of neurodegenerative diseases, including AD [20–24]. For
example, the age of AD onset was much younger in populations
deficient in ALDH2 [25], although contrary findings were also
encountered that seem to disprove the connection between
ALDH2 polymorphisms and AD onset [26–28]. More recent
evidence from our lab has shown a tight correlation between
cardiac dysfunction and low ALDH2 activity in elderly (>80 years of
age) AD patients [13], although little is known about the
mechanism linking ALDH2 levels and AD-related cardiac
anomalies.
Recent findings have demonstrated the contribution of

ferroptosis, a form of regulated cell death characterized by the
buildup of iron-based lipid reactive oxygen species (ROS), to the
etiology of AD [29]. Ferroptosis participates in multiple organic
pathologies, including liver, brain, heart, kidney, and intestinal
diseases [29, 30]. Regulation of ferroptosis encompasses cystine/
glutamate system Xc-mediated import of cystine, depletion of
glutathione (GSH), and inhibition of glutathione peroxidase 4
(GPX4) [30]. Ferroptosis is implicated in pathological cell death in
various forms of cerebrovascular diseases, including stroke,
intracerebral hemorrhage, ischemia-reperfusion injury, heart fail-
ure, and cold stress [31, 32]. Moreover, autophagy, a conserved
cellular process that governs cellular homeostasis under stress
conditions [33], targets ferritin to autophagosomes through the
autophagic cargo receptor nuclear receptor coactivator 4 (NCOA4)
for lysosomal degradation of ferritin and evokes ferroptosis [30].
Unsurprisingly, triggering or inhibiting ferroptosis has been
considered a novel therapeutic strategy for various human
diseases [34]. In this context, the present study was designed to
examine the role of ALDH2 overexpression in APP/PS1 mutation-
induced cardiac contractile function and the mechanism involved
with a special focus on lipid peroxidation and ferroptosis.

MATERIALS AND METHODS
Murine model of Alzheimer’s disease and ALDH2 transgenic mice
All animal procedures used in this study were approved by the
Animal Care and Use Committees at Nanchang University
(Nanchang, China) and the University of Wyoming (Laramie, WY,
USA) and were in compliance with the NIH standards. Briefly,
10-month-old male APPswe/PS1dE9 (APP/PS1) mutant mice were
employed as an Alzheimer’s disease model. The production of
ALDH2 transgenic mice using the chicken β-actin promoter was
described in detail previously [35, 36]. APP/PS1 mutant mice were
crossed with ALDH2 transgenic mice (both on the C57BL/6
background) to generate heterozygotes that were further crossed
to generate ALDH2-APP/PS1 mutant mice. The following four

mouse groups were used in the study: the WT group (11 mice), the
APP/PS1 group (10 mice), the ALDH2 group (11 mice), and the
ALDH2-APP/PS1 group (11 mice).

Morris water maze test
The Morris water maze test was performed using a 120-cm
(diameter) tank with distal visual cues filled with opaque water
(25 °C). Mice were initially challenged to locate a colored platform
(15 cm × 15 cm) from different quadrants in the pool. Each mouse
underwent two trials daily for 8 days to locate the submerged
platform. Following visible platform training, two consecutive days
of hidden platform training were executed during which the
platform was submerged in opaque water 1 cm deep (2 trials
daily). Then, a probe trial was repeated in the absence of the
platform. The latency to identify the platform and the less time
spent in the target quadrant were measured using a computer-
based video tracking system [13].

Echocardiographic assessment
Cardiac geometry and function were monitored in anesthetized
(80 mg/kg ketamine and 12mg/kg xylazine, i.p.) mice using a 2-D
guided M-mode echocardiography (Vevo 2100, FUJIFILM Visual-
sonics, Toronto, ON, Canada) equipped with a 22–55 MHz linear
transducer (MS550D, FUJIFILM VisualSonics). Left ventricular (LV)
dimensions were recorded, and fractional shortening was
calculated from LV end-diastolic (EDD) and end-systolic diameters
(ESD) using the following equation: fractional shortening=
(LVEDD − LVESD)/LVEDD. Ejection fraction, heart rate, and LV
mass were derived as previously described [37].

Isolation of cardiomyocytes and in vitro drug treatment
Following ketamine/xylazine sedation, hearts were removed and
perfused with Krebs-Henseleit bicarbonate (KHB) buffer containing
the following components (in mM): 118 NaCl, 4.7 KCl, 1.2 MgSO4,
1.2 KH2PO4, 25 NaHCO3, 10 HEPES, and 11.1 glucose. The hearts
were digested with collagenase D for 20 min. The left ventricles
were removed and minced. The cardiomyocyte yield was ~75%
and was not affected by APP/PS1 mutation or ALDH2 over-
expression. Only rod-shaped myocytes with clear edges were
selected for mechanical study [37, 38]. To determine the possible
roles of the lipid peroxidation signals special protein 1 (SP1) and
long-chain acyl-CoA synthetase-4 (ACSL4), lipid peroxidation and
ferroptosis in APP/PS1 mutation-induced cardiomyocyte mechan-
ical responses, cardiomyocytes were challenged with Aβ (20 μM)
[10, 39] in the absence or presence of the SP1 inhibitor tolfenamic
acid (TA, 30 µM) [40], the ACSL4 inhibitor triacsin C (TC, 10 µM)
[41], the ferroptosis inducer erastin (20 µM) [42], or the lipid
peroxidation inducer 5-hydroxyeicosatetraenoic acid (5-HETE, 50
µM) [43] prior to mechanical evaluation.

Cell shortening and relengthening
The mechanical properties of cardiomyocytes were assessed using
an IonOptixTM soft-edge system (IonOptix, Milton, MA, USA).
Cardiomyocytes were placed in a chamber mounted on the stage
of an Olympus IX-70 microscope (Olympus Inc., Tokyo, Japan) and
superfused (∼2mL/min at 25 °C) with KHB buffer containing 1 M
CaCl2. The myocytes were field stimulated at 0.5 Hz. Cell
shortening and relengthening were assessed, including peak
shortening (PS), time-to-PS (TPS), time-to-90% relengthening
(TR90), and maximal velocity of shortening/relengthening (±dL/
dt) [44, 45].

Measurement of intracellular Ca2+

A cohort of myocytes was loaded with Fura-2/AM (0.5 μM) for 15
min, and fluorescence intensity was recorded with a dual-
excitation fluorescence photomultiplier system (Ionoptix). Fluor-
escence emissions were detected between 480 and 520 nm;
qualitative change in Fura-2 fluorescence intensity (FFI) was
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inferred from the Fura-2 fluorescence intensity ratio at the two
wavelengths (360/380). Fluorescence decay time (single exponen-
tial) was calculated as an indicator of intracellular Ca2+ clearance.
The cells were exposed to light emitted by a 75-W lamp while
being stimulated to contract at a frequency of 0.5 Hz [44, 45].

ALDH2 activity
ALDH2 activity was measured in 33 mM sodium pyrophosphate
containing 0.8 mM NAD+, 15 μM propionaldehyde, and 0.1 mL
protein extract. Propionaldehyde, the substrate of ALDH2, was
oxidized in propionic acid, while NAD+ was reduced to NADH to
estimate ALDH2 activity. NADH was determined by measuring the
spectrophotometric absorbance at 340 nm. ALDH2 activity is
expressed as nmol NADH/min per mg protein [13].

Protein carbonyl assay
Proteins were extracted and minced to reduce proteolytic
degradation. Protein was extracted using 20% trichloric acetic
acid (TCA), and the samples were resuspended in a 10 mM 2,4-
dinitrophenylhydrazine (2,4-DNPH) solution. Following centrifuga-
tion, the supernatants were removed, and the pellets were rinsed
in ethanol:ethyl acetate and precipitated in 6 M guanidine
solution. Absorbance was measured at 360–390 nm, and carbonyl
content was determined using the molar absorption coefficient of
22,000 M−1·cm−1 [46].

Analysis of reactive oxygen species (ROS)
The production of cellular ROS was evaluated by analyzing
changes in fluorescence intensity resulting from oxidation of the
intracellular fluoroprobe 5-(6)-chloromethyl-2′,7′-dichlorodihydro-
fluorescein diacetate (CM-H2DCFDA, Molecular Probes, Eugene,
OR, USA). Cardiomyocytes were loaded with the nonfluorescent
dye H2DCFDA (1 μM) at 37 °C for 30 min. Fluorescence intensity
was measured using a fluorescence microplate reader at an
excitation wavelength of 480 nm and an emission wavelength of
530 nm (Molecular Devices, Sunnyvale, CA, USA) [47].

Histological examination
After euthanasia, hearts were removed and placed in 10% neutral-
buffered formalin for 24 h prior to fixation in paraffin. Five-
micrometer myocardial sections were stained with fluorescein
isothiocyanate (FITC)-conjugated wheat germ agglutinin. Cardio-
myocyte cross-sectional areas were calculated on a digital
microscope (×400) using ImageJ (version 1.34 S) software.
Masson’s trichrome staining was employed to estimate interstitial
fibrosis. The percentage of fibrosis is shown as the fraction of the
light blue-stained area normalized to the total area [32].

Transmission electron microscopy (TEM)
Small cubic pieces of left ventricles ≤1mm3 were fixed with 2.5%
glutaraldehyde in 0.1 M sodium phosphate (pH 7.4) overnight at 4
°C prior to Epon Araldite embedding. Ultrathin sections (50 nm)
were sliced using an ultramicrotome (Ultracut E, Leica) and stained
with uranyl acetate and lead citrate. The specimens were imaged
with a Hitachi H-7000 Electron Microscope (Pleasanton, CA, USA)
equipped with a Gatan high-resolution digital camera [13].

Mitochondrial membrane potential measurement
Mitochondrial function was evaluated by detecting mitochondrial
membrane potential. Briefly, cells were incubated with the
MitoProbe™ JC-1 (tetraethylbenzimidazolylcarbocyanine iodide)
assay kit (Thermo Fisher Scientific, Inc.) for 30min at 37 °C. The
nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI) for
3 min at room temperature, and the mitochondrial potential was
assessed under an Olympus IX81 inverted microscope (magnifica-
tion, ×200) using FV10-ASW 1.7 software (both from Olympus
Corporation, Tokyo, Japan). The red/green fluorescence intensities
were separately recorded as grayscale intensities. The

mitochondrial potential was quantified by evaluating the ratio of
red-to-green fluorescence intensity [13].

Determination of mitochondrial permeability transition pore
(mPTP) opening
mPTP opening was evaluated using NAD+, a marker of mPTP
opening. Briefly, cardiomyocytes were mixed thoroughly with
perchloric acid (0.6 M). The mixture was homogenized, neutralized
with potassium hydroxide (3 M), and centrifuged. The NAD+ levels
were determined fluorometrically using alcohol dehydrogenase
with an excitation wavelength of 339 nm and emission wave-
length of 460 nm [48].

Lipid peroxidation
A colorimetric assay (LPO-586 Kit; Oxis International, Portland, OR,
USA) was used to determine the levels of malondialdehyde (MDA).
Briefly, tissue homogenate was prepared using 20mM Tris buffer
containing 5mM butylated hydroxytoluene (BHT) to prevent
oxidation. The samples were incubated at 45 °C for 45 min
followed by centrifugation for 10 min at 15,000 × g before the
absorbance of supernatants was measured at 586 nm. Levels of
analytes were determined using the molar extinction coefficient at
586 nm of 110,000 [32, 49]. For H9C2 cells, a lipid peroxidation
assay kit (A106, Jiancheng, Nanjing, China) was used to evaluate
lipid peroxidase; in this assay, lipid peroxide reacts with
chromogenic reagents at 45 °C for 60 min to yield chromophores
with a maximum absorption peak at 586 nm. Lipid ROS was
measured using BODIPY 581/591 C11 (D3861, Invitrogen).
Fluorescence was monitored using an Olympus fluorescence
microscope [50].

MTT assay
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay is derived from transformation of the tetrazolium salt
MTT to an insoluble formazan salt. Briefly, cardiomyocytes were
plated in microtiter plates at a density of 3 × 105 cells/mL. MTT was
added at a final concentration of 0.5 mg/mL, and plates were
incubated for 2 h at 37 °C. Formazan crystals were dissolved in
dimethyl sulfoxide (150 µL/well) and quantified spectroscopically
at 560 nm using a SpectraMax® 190 spectrophotometer [48].

Western blot analysis
Samples (25 μg protein per lane) were separated on 10% SDS-
polyacrylamide gels in a minigel apparatus (Mini-PROTEAN II, Bio-
Rad) and transferred to nitrocellulose membranes prior to
blocking with 5% milk in TBS-T. The membranes were incubated
overnight at 4 °C with the following antibodies: anti-ALDH2, anti-
Aβ, anti-PGC1α, anti-uncoupling protein 2 (UCP2), anti-interleukin-
6 (IL-6), anti-tumor necrosis factor α (TNFα), anti-Bcl-2, anti-Bax,
anti-SP1, anti-ACSL4, anti-solute carrier family 7 member 11
(SLC7A11, a ferroptosis marker), anti-GPx4, and anti-NCOA4 (a
ferritin degradation autophagic cargo receptor). After immuno-
blotting, the films were scanned, and the immunoblot bands were
detected using a Bio-Rad Calibrated Densitometer. GAPDH or α-
tubulin was used as the loading control [13, 51].

Statistical analysis
Data are shown as the mean ± SEM. Statistical significance (P <
0.05) for each variable was estimated by analysis of variance
(ANOVA) followed by Tukey’s post hoc analysis.

RESULTS
Levels of ALDH2 expression and activity as well as the effect of the
ALDH2 transgene on APP/PS1 mutation-induced cognitive
function and biometric changes
ALDH2 protein expression and enzyme activity were examined
in 2-, 5-, and 10-month-old WT and APP/PS1 mice. While neither
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age nor the APP/PS1 mutation affected ALDH2 expression, the
APP/PS1 mutation but not increased age overtly reduced ALDH2
activity at 5 and 10 months of age (P= 0.0004, Fig. 1a, b). The
Morris water maze test revealed profound cognitive deficits in
APP/PS1 mice manifested by increased escape latency and time
spent in the target quadrant (TTQ) (P < 0.001). Although
the ALDH2 transgene itself did not display any effect on
cognitive function, it eliminated the APP/PS1 mutation-induced
cognitive defects (P < 0.001, Fig. 1c, d). Neither the APP/PS1
mutation nor the ALDH2 transgene overtly affected body or
organ (heart, liver, and kidney) weight, although the APP/PS1
mutation displayed a trend of cardiac atrophic remodeling (P=
0.1594), the effect of which was not discernable in ALDH2-APP/
PS1 mice, and little effect was observed from the ALDH2
transgene alone (Fig. 1e–i). This result is in line with the
significantly decreased cardiomyocyte cross-sectional area (P=
0.0018) and obvious interstitial fibrosis (P < 0.0001) in APP/PS1
mutant murine hearts, the effects of which were nullified by the
ALDH2 transgene, whereas little effect was observed from the
transgene alone (Fig. 1j–l).

Effect of the ALDH2 transgene on APP/PS1 mutation-induced
changes in echocardiographic properties
Neither the APP/PS1 mutation nor the ALDH2 transgene nor the
combination of both elicited any notable changes in LV wall
thickness, septal wall thickness, LV end diastolic diameter (LV
EDD), normalized LV mass, or heart rate (P > 0.05). Interestingly,
the APP/PS1 mutation overtly increased LV end systolic diameter
(LVESD) and decreased fractional shortening, ejection fraction and
LV mass (P < 0.0001), and these effects were ablated by the ALDH2

transgene, whereas little effect was observed from the transgene
alone (Fig. 2).

Effect of the ALDH2 transgene on APP/PS1 mutation-induced
changes in cardiomyocyte mechanical and intracellular Ca2+

properties
To assess the potential mechanisms involved in the ALDH2-
induced myocardial benefits, cardiomyocyte mechanical proper-
ties and intracellular Ca2+ handling were evaluated. Our data
revealed that the APP/PS1 mutation impaired cardiomyocyte
contractile and intracellular Ca2+ properties, as evidenced by
decreased peak shortening (PS) and maximal velocity of short-
ening and relengthening (±dL/dt) as well as the electrically
stimulated rise in intracellular Ca2+ (ΔFFI) (P < 0.0003), but did not
affect the time-to-PS (TPS), time-to-90% relengthening (TR90),
resting intracellular Ca2+ level, or intracellular Ca2+ decay rate (P >
0.05). Consistent with its effect on echocardiographic function,
ALDH2 negated APP/PS1 mutation-induced cardiomyocyte con-
tractile, and intracellular Ca2+ defects without eliciting any effect
by itself (Fig. 3).

Effect of the ALDH2 transgene on APP/PS1 mutation-induced
changes in mitochondrial integrity and ROS production
The APP/PS1 mutation provoked a pronounced drop in mitochon-
drial membrane potential (MMP), as evaluated using JC-1 staining
(P < 0.0001), and this effect was ablated by the ALDH2 transgene,
whereas little effect was observed from the transgene alone
(Fig. 4a, b). TEM assessment revealed overtly disrupted myofila-
ment alignment and mitochondrial ultrastructure, as evidenced
by the higher mitochondrial area (i.e., mitochondrial swelling,

Fig. 1 The effect of age on myocardial ALDH2 expression and activity and the effect of ALDH2 overexpression on cognitive function,
body and organ weight, and cardiac morphology in the APP/PS1 mouse model of Alzheimer’s disease. a Myocardial ALDH2 levels at 2, 5,
and 10 months of age; inset: representative gel bands depicting ALDH2 and GAPDH (loading control). bMyocardial ALDH2 activity at 2, 5, and
10 months of age; (c) Escape latency; (d) Time in target quadrant (%); (e) Body weight; (f) Heart weight; (g) Heart-to-body weight ratio; (h) Liver
weight; (i) Kidney weight. j Representative images of FITC-lectin (×200) and Masson’s trichrome staining (×100) showing myocardial
morphology. k Quantitative analysis of FITC-lectin cardiomyocyte cross-sectional area. l Quantitative analysis of fibrotic area (Masson’s
trichrome-stained area in light blue color normalized to total cardiac area). Mean ± SEM, n= 7–8 mice per group, *P < 0.05 between the
indicated groups.
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P= 0.0002) and decreased mitochondrial number (i.e., mitochon-
drial injury, P < 0.0001). Although the ALDH2 transgene itself failed
to elicit any overt effect on myocardial ultrastructure, it nullified
the APP/PS1 mutation-induced myocardial ultrastructural anoma-
lies. This result was in line with the APP/PS1 mutation- and ALDH2-
induced changes in ROS production (P < 0.0001, Fig. 4c–g).
Assessment of mitochondrial damage using mPTP revealed
decreased NAD+ levels in APP/PS1 mice indicating mPTP opening;
this effect was absent in ALDH2-APP/PS1 mice, and the ALDH2
transgene itself showed little effect (P= 0.0003, Fig. 4h). Moreover,
the APP/PS1 mutation downregulated the mitochondrial biogen-
esis cofactor peroxisome proliferator-activated receptor-gamma
coactivator 1α (PGC1α, P= 0.0301) and mitochondrial uncoupling
protein 2 (UCP2, P= 0.0305), and these effects were reversed by
the ALDH2 transgene, whereas little effect was observed from
ALDH2 alone (Fig. 4i, j).

The effects of ALDH2 on APP/PS1 mutation-induced apoptosis,
ferroptosis, and inflammation
We then assessed the levels of various cell death proteins and
noted increases in Aβ deposition (P= 0.0001) and Bax expres-
sion (P < 0.0001) and downregulated Bcl-2 levels (P < 0.0001);
these effects were eliminated by ALDH2. The levels of ALDH2
were validated in ALDH2 transgenic mice (Fig. 5a–c). To
determine the possible involvement of inflammation and
oxidative stress in APP/PS1 mutation- and ALDH2-induced
changes in myocardial function, the levels of TNFα and IL-6
and the GSH-to-oxidized glutathione (GSSG) ratio were deter-
mined. Our data revealed pronounced elevation in the proin-
flammatory protein markers TNFα and IL-6 along with a
decreased GSH-GSSG ratio (all with P < 0.0002) in hearts from
APP/PS1 mice, and these effects were eliminated by the ALDH2

transgene, whereas little effect observed from the transgene
alone (Fig. 5f–h).
Assessment of protein damage, lipid peroxidation and levels of

essential regulators of lipid peroxidation, including carbonyl
formation, MDA, SP1, and ACSL4, revealed significant increases
(P < 0.0001) in protein damage, lipid peroxidation markers and
related signaling molecules in hearts from APP/PS1 mice. Similarly,
lipid peroxidation downstream of ferroptosis was also evident in
APP/PS1 murine hearts, as shown by upregulated levels of the
ferroptosis autophagy marker NCOA4 (P= 0.0022) and down-
regulated levels of GPx4 (P= 0.004) and SLC7A11 (P= 0.002).
Although the ALDH2 transgene evoked little effect on lipid
peroxidation and ferroptosis, it overtly nullified APP/PS1 mutation-
induced lipid peroxidation and ferroptosis (Fig. 6). These data
suggested possible roles of inflammation, lipid peroxidation, and
ferroptosis in ALDH2-elicited cardioprotection in APP/PS1 mutant
mice.

Role of lipid peroxidation and ferroptosis in the ALDH2-induced
protective effects against Aβ-induced cell death, cardiomyocyte
dysfunction and lipid peroxidation
To determine the cause-effect relationship of lipid peroxidation
and ferroptosis in the ALDH2-induced cardioprotection observed
in APP/PS1 mutant mice, adult cardiomyocytes from WT mice
were challenged with Aβ (20 μM) [10, 39] for 8 h in the absence or
presence of the SP1 inhibitor tolfenamic acid (TA) or the ACSL4
inhibitor triacsin C (TC). A cohort of cardiomyocytes from ALDH2
transgenic mice were incubated with Aβ (20 μM) in the presence
or absence of the ferroptosis activator erastin or the lipid
peroxidation inducer 5-HETE. As expected, incubation with Aβ
overtly decreased cell survival, as shown by MTT assays, and
compromised cardiomyocyte contractile function, as evidenced by

Fig. 2 Effect of ALDH2 overexpression on echocardiographic properties in the APP/PS1 mouse model of Alzheimer’s disease. a Left
ventricular (LV) wall thickness; (b) Septal wall thickness; (c) LV end systolic volume (LVESD); (d) LV end diastolic volume (LVEDD); (e) Fractional
shortening; (f) Ejection fraction; (g) LV mass; (h) LV mass-to-body weight ratio; (i) Heart rate. Mean ± SEM, n= 10–11 mice per group, *P < 0.05
between the indicated groups.
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decreased PS and ± dL/dt (all with P < 0.0001) in addition to
unchanged resting cell length (data not shown), TPS, and TR90;
these effects were nullified by TA, TC, or ALDH2, whereas each
intervention showed little effect alone. Interestingly, the ALDH2-
induced beneficial effect was eliminated by erastin and 5-HETE,
which showed little effect themselves (Fig. 7a–f). Further assess-
ment of lipid peroxidation noted similar findings. Aβ incubation
overtly evoked lipid peroxidation (P < 0.0001), and this effect was
negated by TA, TC, or ALDH2, which showed minimal effects
themselves. Similarly, the ALDH2-induced protection against Aβ-
induced lipid peroxidation was mitigated by erastin and 5-HETE,
which showed little effect themselves (Fig. 8a, b). These data
indicated important roles of SP1 and ACSL4 signaling in Aβ-
induced changes in cell survival, cardiomyocyte contractile
dysfunction, and lipid peroxidation, while reducing ferroptosis
and lipid peroxidation played a vital role in ALDH2-induced
cardioprotection.

DISCUSSION
The salient findings from our study demonstrated decreased
myocardial ALDH2 activity in APP/PS1 mice at 5 and 10 months of
age and overt protective effects of the ALDH2 transgene against
APP/PS1 mutation-induced cognitive deficits, cardiac remodeling
and dysfunction, mitochondrial defects, apoptosis, protein
damage, and inflammation. More interestingly, SP1-ACSL4-
mediated regulation of lipid peroxidation and ferroptosis was
involved in ALDH2-mediated cardioprotection in an APP/PS1
murine model of AD. These findings support the therapeutic
potential of targeting ALDH2, lipid peroxidation, and ferroptosis in
AD-induced cardiac anomalies.

Data from our study indicated cardiac remodeling (atrophy) and
contractile dysfunction in the APP/PS1 model of AD that was
reminiscent of observations made in humans [7] and experimental
models of AD [17, 52, 53]. Our study noted loss of myocardial
ALDH2 activity but not expression in APP/PS1 murine hearts,
consistent with our earlier findings [13]. More importantly, a
beneficial effect of ALDH2 in cognitive function in the APP/PS1
mutant mice was noted. In particular, ALDH2 rescued mitochon-
drial integrity and reduced mitochondrial damage (as evidenced
by mPTP opening), apoptosis, protein damage and inflammation
(as evidenced by TNFα and IL-6) in APP/PS1 mutant mice, which
also showed restored mitochondrial membrane potential and
levels of PGC1α and UCP2. To date, mixed findings have been
reported regarding the role of ALDH2 in AD pathology. ALDH2
genetic polymorphism was reported to evoke an increased risk
of AD [22, 23, 25], although conflicting data were also reported
[26–28]. The findings from our current study favor the notion that
ALDH2 helps to alleviate cognitive deficits and cardiac dysfunction
in the APP/PS1 mutant murine model of AD. More intriguingly, our
study noted roles of lipid peroxidation and ferroptosis in APP/PS1
mutation-induced cardiac defects. ALDH2 nullified AD-induced
cardiac atrophic remodeling, contractile dysfunction, intracellular
Ca2+, apoptosis, proinflammation, protein damage, and mitochon-
drial defects accompanied by inhibition of lipid peroxidation and
ferroptosis. Recent evidence from Chen and colleagues has
revealed a novel lipid peroxidation-dependent mechanism by
which ALDH2 regulates mitochondrial fission and vascular smooth
muscle cell proliferation in pulmonary hypertension [54]. Interest-
ingly, our in vitro evidence suggested that induction of lipid
peroxidation and ferroptosis using 5-HETE and erastin, respec-
tively, nullified the ALDH2- or Alda-1-induced protective effects

Fig. 3 Effect of ALDH2 overexpression on cardiomyocyte mechanical and intracellular Ca2+ properties in the APP/PS1 mouse model of
Alzheimer’s disease. a Resting cell length; (b) Peak shortening; (c) Maximal velocity of cell shortening (+dL/dt); (d) Maximal velocity of cell
relengthening (−dL/dt); (e) Time-to-peak shortening (TPS); (f) Time-to-90% relengthening (TR90); (g) Baseline Fura-2 fluorescence intensity
(FFI); (h) Electrically stimulated rise in FFI (ΔFFI); (i) Intracellular Ca2+ decay rate. Mean ± SEM, n= 71 (panels a–f) or 40 (panels g–i) cells from
5–6 mice per group, *P < 0.05 between the indicated groups.
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Fig. 5 Levels of ALDH2, Aβ, and markers of apoptosis and inflammation in the myocardium of the APP/PS1 mouse model of Alzheimer’s
disease with or without ALDH2 overexpression. a Representative gel bands depicting ALDH2, Aβ, and apoptosis and inflammation markers
using specific antibodies (GAPDH was used as the loading control). b Levels of ALDH2; (c) Levels of Aβ; (d) Levels of Bax; (e) Levels of Bcl-2; (f)
Levels of TNFα; (g) Levels of IL-6, and (h) GSH-GSSG ratio. Mean ± SEM, n= 6–9 mice per group, *P < 0.05 between the indicated groups.

Fig. 4 Mitochondrial membrane potential, mitochondrial permeability transition pore (mPTP) opening, myocardial ultrastructure, and
reactive oxygen species (ROS) production in hearts from the APP/PS1 mouse model of Alzheimer’s disease with or without the ALDH2
transgene. a Representative images of JC-1 fluorescence in cardiomyocytes from various groups (b) Pooled data depicting the ratio of
aggregate/monomeric JC-1; (c) Representative transmission electron microscopy (TEM) ultrastructural images (×15,000); (d) Representative
DCF fluorescent images depicting ROS production; (e) Mitochondrial area per cardiac area; (f) Percentage of damaged mitochondria; (g)
Pooled data from DCF staining depicting ROS levels; (h) mPTP opening evaluated using NAD+ levels; (i) Levels of PGC1α; (j) Levels of UCP2.
Insets: representative gel blots showing the levels of the mitochondrial proteins PGC1α and UCP2 using specific antibodies (α-tubulin was
used as the loading control). Mean ± SEM, n= 7–9 images or mice per group (n= 5–6 images for panels e, f, and h). *P < 0.05 between the
indicated groups.
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against Aβ-induced cell death, as shown by MTT assays, as well as
cardiomyocyte dysfunction and lipid peroxidation. These findings
collectively favor a possible obligatory role for lipid peroxidation
and ferroptosis in APP/PS1 mutation- and ALDH2-evoked cardiac
responses.

Recent evidence has suggested unique roles of ferroptosis in
both neurodegenerative and cardiovascular diseases [5, 29, 31],
although little is known about the role of ferroptosis in AD-
associated cardiovascular dysfunction. Our results showed ele-
vated ferroptosis in APP/PS1 mutant mouse hearts involving the

Fig. 6 Levels of protein carbonyl damage, lipid peroxidation, the lipid peroxidation regulatory signals SP1 and ACSL4, and ferroptosis in
myocardium from the APP/PS1 mouse model of Alzheimer’s disease with or without ALDH2 overexpression. a Levels of MDA; (b) Levels of
protein carbonyl; (c) Representative gel bands depicting SP1, ACSL4, and ferroptosis protein markers using specific antibodies (GAPDH was
used as the loading control); (d) Levels of SP1; (e) Levels of ACSL4; (f) Levels of GPx4; (g) Levels of SLC7A11; (h) Levels of NCOA4. Mean ± SEM,
n= 6–9 mice per group, *P < 0.05 between the indicated groups.

Fig. 7 Effects of Aβ challenge, inhibition of SP1 and ACSL4 or induction of lipid peroxidation and ferroptosis on cardiomyocyte survival
and contractile responses in isolated cardiomyocytes from WT and ALDH2 transgenic mice. Cardiomyocytes from WT and ALDH2
transgenic mice were treated with Aβ (20 μΜ) for 6 h in the absence or presence of the SP1 inhibitor tolfenamic acid (TA, 50 μM), the ACSL4
inhibitor triacsin C (TC, 10 μM), the ferroptosis inducer erastin (20 μM) or the lipid peroxidation inducer 5-hydroxyeicosatetraenoic acid (5-
HETE, 1 μM) prior to assessment of cardiomyocyte mechanical function. a Cell survival evaluated using MTT assay; (b) Peak shortening
(normalized to cell length); (c) Maximal velocity of shortening (+dL/dt); (d) Maximal velocity of relengthening (-dL/dt); (e) Time-to-peak
shortening (TPS); (f) Time-to-90% relengthening (TR90). Mean ± SEM, n= 5 isolations (panel a) or 31 cells (panels b–f) per group, *P < 0.05
between the indicated groups.
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upregulation of SP1 and ACSL4. ACSL4 is heavily involved in
intracellular lipid storage, cholesterol transport from the endo-
plasmic reticulum (ER) into mitochondria, and the regulation of
arachidonic acid and its metabolites [55]. Moreover, ACSL4 is an
indispensable player in lipid peroxidation, which is necessary for
ferroptosis [55]. SP1 is a classic transcription factor capable of
turning on target genes by binding to GC box elements in
promoter regions. The ACSL4 gene contains many GC boxes and,
unsurprisingly, was reported to be a unique target of SP1 [50].
Indeed, with inhibition of the upstream signaling molecule SP1,
Aβ-induced cardiomyocyte cell death, and contractile dysfunction
were mitigated, suggesting an indispensable role of SP1 and
ACSL4 in APP/PS1 mutation-induced myopathic changes. ALDH2
plays an essential role in the maintenance of cardiovascular
homeostasis in stress settings such as alcoholism, doxorubicin
cardiomyopathy, ischemic disease, sepsis, stroke, and metabolic
diseases [35, 36, 56–62]. In our hands, ALDH2 rescued APP/PS1
mutation-induced cardiac anomalies via inhibition of SP1-ACSL4-
mediated lipid peroxidation and ferroptosis. Our current data
further showed that ALDH2 countered APP/PS1 mutation-induced
upregulation of SP1, ACSL4, lipid peroxidation, and ferroptosis, as
evidenced by downregulation of the ferroptosis markers GPx4 and
SLC7A11 and upregulation of the ferroptosis autophagy
adaptor NCOA4. Given the nature of ALDH2 as an intrinsic
mitochondrial protein that preserves mitochondrial integrity
[54, 61], increases in ALDH2 levels or activity in the APP/PS1
model of AD should help to preserve mitochondrial integrity to
alleviate lipid peroxidation.
Experimental limitations: although our findings suggested that

ALDH2 was effective in reconciling APP/PS1 mutation-induced
cardiac atrophy and contractile dysfunction, a number of issues

remain to be resolved. First, ALDH2 genetic polymorphisms in
human subjects display mixed effects on the risk of dementia and
Alzheimer’s disease; thus, compensatory machinery may exist to
offset the loss of ALDH2 in individuals with ALDH2 mutations.
Second, as pharmacological activators of ALDH2 (such as Alda-1)
[59] are becoming increasingly recognized in experimental and
preclinical settings, the toxicity of these ALDH2 activators remains
a major obstacle to their clinical application. More intensive efforts
are warranted to identify specific and less toxic ALDH2 regulators.
Although pharmacological inhibitors of SP1, ACSL4, lipid perox-
idation, and ferroptosis may be considered downstream executors
of ALDH2, limited information is readily available on the
pharmacodynamics, pharmacokinetics, specificity, and efficacy of
these reagents. Further study is required to better illustrate the
precise role of SP1-ACSL4-ferroptosis signaling in neurological
function using genetically engineered animal models. Finally,
although ALDH2 mitigated the APP/PS1-induced upregulation of
myocardial inflammation (TNFα and IL-6) and apoptosis, the
precise role of inflammation and apoptosis as well as other cell
death-related pathways, such as necroptosis and autophagy, in
ALDH2- and APP/PS1-induced changes in ferroptosis and mito-
chondrial injury remain uncertain.
In conclusion, the findings from our current work provide the

first evidence that the ALDH2 transgene effectively protects
against APP/PS1 mutation-induced cardiac atrophy, contractile
dysfunction, and mitochondrial injury via SP1-ACSL4-mediated
regulation of lipid peroxidation and ferroptosis (Fig. 8c). This
conclusion is supported by the observation that inhibition of SP1
and ACSL4 mimicked the beneficial effects of ALDH2 over-
expression in APP/PS1 mutant mice, while induction of lipid
peroxidation and ferroptosis suppressed these effects. Although it

Fig. 8 Effect of Aβ challenge, ALDH2 activation, inhibition of SP1 and ACSL4 or induction of lipid peroxidation and ferroptosis on lipid
peroxidation in H9C2 myoblasts. H9C2 cells were incubated with Aβ (20 μΜ) for 24 h in the absence or presence of the ALDH2 activator Alda-
1 (20 μM), the SP1 inhibitor tolfenamic acid (TA, 50 μM), the ACSL4 inhibitor triacsin C (TC, 10 μM), the ferroptosis inducer erastin (20 μM) or the
lipid peroxidation inducer 5-HETE (10 μM) prior to assessment of lipid peroxidation using BODIPY1 C11 imaging. a Representative image
depicting cells from the various treatment groups; (b) Pooled BODIPY1 C11 fluorescence intensity data; and (c) Schematic diagram depicting
our working model of the protective effects of ALDH2 against APP/PS1 mutation-associated pathological changes in cardiac remodeling and
function. APP/PS1 mutation evokes the accumulation of Aβ and the induction of SP1-ACSL4-mediated lipid peroxidation and ferroptosis,
ultimately evoking mitochondrial injury and cardiac damage. ALDH2 disrupts the Aβ-induced increase in SP1/ACSL4 to suppress lipid
peroxidation and ferroptosis, thus preserving cardiac homeostasis under APP/PS1 mutation. Mean ± SEM, n= 7 independent cell cultures per
group, *P < 0.05 between the indicated groups.
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is premature to predict the precise therapeutic value of targeting
ALDH2 and ferroptosis in Alzheimer’s disease-induced myopathic
anomalies, these findings should shed some light on the clinical
utility of ALDH2 and ferroptosis in cardiovascular dysfunction in
patients with neurodegenerative diseases.
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