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Alpha-lipoic acid protects against pressure
overload-induced heart failure via ALDH2-
dependent Nrf1-FUNDC1 signaling
Wenjia Li1,2,3,4, Lei Yin5, Xiaolei Sun1,2,3,4, Jian Wu1,2,3,4,6, Zhen Dong1,2,3,4, Kai Hu1,2,3,4, Aijun Sun1,2,3,4,6 and
Junbo Ge 1,2,3,4,6

Abstract
Alpha-lipoic acid (α-LA), a well-known antioxidant, was proved to active ALDH2 in nitrate tolerance and diabetic
animal model. However, the therapeutic advantage of α-LA for heart failure and related signaling pathway have not
been explored. This study was designed to examine the role of α-LA–ALDH2 in heart failure injury and mitochondrial
damage. ALDH2 knockout (ALDH2−/−) mice and primary neonatal rat cardiomyocytes (NRCMs) were subjected to
assessment of myocardial function and mitochondrial autophagy. Our data demonstrated α-LA significantly reduced
the degree of TAC-induced LV hypertrophy and dysfunction in wild-type mice, not in ALDH2−/− mice. In molecular
level, α-LA significantly restored ALDH2 activity and expression as well as increased the expression of a novel
mitophagy receptor protein FUNDC1 in wild-type TAC mice. Besides, we confirmed that ALDH2 which was activated
by α-LA governed the activation of Nrf1–FUNDC1 cascade. Our data suggest that α-LA played a positive role in
protecting the heart against adverse effects of chronic pressure overload.

Introduction
Heart failure is linked with high mobility and mortality

rate worldwide. Structural cardiac remodeling, which
includes myocardial hypertrophy and fibrosis, has been
demonstrated to contribute significantly to ventricular
dysfunction in heart failure1. Besides, abnormal mito-
chondrial metabolism serves as an important pathological
basis of heart failure2,3. Understanding the role of mito-
chondrial metabolism in the development of heart failure
is helpful for early detection of risk factors and for the
application of effective therapeutic options aiming to
improve the prognosis of heart failure.

Acetaldehyde dehydrogenase 2 (ALDH2) is the most
active isozyme in ALDH enzyme superfamily which
mainly distributes in mitochondria4. ALDH2 has three
enzyme activities, including dehydrogenase, esterase, and
reductase, and the most studied activity is the dehy-
drogenase activity, which can remove excess aldehyde
metabolites. Our previous studies have defined its
important cardio-protective role in the setting of various
risk factors of heart failure, such as coronary artery dis-
ease (CAD), hypertension, diabetes, alcoholism, and other
susceptibilities5–8. The indispensable role of ALDH2 in
the pathogenesis of heart failure reveals that targeting
ALDH2 might be a potential therapeutic option for heart
failure and other cardiovascular diseases. Although many
studies are performed to explore the efficacy of drugs
capable of activating ALDH2, such as Alda-1, clinical
promotion is limited due to cytotoxicity or other reasons
of applied drugs9.
Alpha-lipoic acid (α-LA) is a coenzyme present in

mitochondria, a cofactor for pyruvate dehydrogenase
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complex, ketoglutarate and amino acid hydrogenase
complex, which belongs to a class of B vitamins. α-LA has
a closed ring structure composed of sulfur carbon atoms,
so its electron density is relatively high and consequently
its antioxidant performance is relatively strong. It has
been widely applied on diabetes patients based on its
strong antioxidant properties and rare adverse reactions
(incidence rate ≤1/10,000). Studies have shown that α-LA
could restore the activity of ALDH2 by reducing disulfide
at its active site, thereby improving nitrate tolerance10.
Previous studies showed that α-LA could protect against
diabetic cardiomyopathy and acute ischemia–reperfusion
injury by restoring ALDH2 activity11,12. α-LA has been
proved to attenuate cardiac hypertrophy in transverse
aortic constriction (TAC) model13. However, the ther-
apeutic advantage of α-LA for heart failure and related
signaling pathway have not been explored.
Mitophagy is an evolutionarily conserved degradation

pathway responsible for removing dysfunctional or
superfluous mitochondria, in order to fine-tuning mito-
chondrial function and preserving energy metabolism14.
FUN14 domain containing 1 (FUNDC1), is an activator of
hypoxia-induced mitophagy. It binds to LC3 protein and
elevates mitophagy activity which in turn prevents mito-
chondrial apoptosis activation, promotes mitochondrial
biosynthesis and maintains ATP production15. It has been
reported that FUNDC1 plays a significant role in cardio-
protection in response to hypoxia16. But the interaction of
ALDH2 and mitophagy in cardiac pressure-overload
injure has not been fully described.
Thus, this study was designed to elucidate the role of α-

LA on pressure overload myocardial injury and related
mechanisms focusing on ALDH2- and FUNDC1-related
mitophagy.

Materials and methods
Animals
All animal studies were performed according to a

standard protocol approved by the Animal Care and Use
Committee of Fudan University. Briefly speaking, 8-week-
old male C57BL/6 wild-type (WT) mice (average weight
20–25 g) were purchased from Shanghai Animal Admin-
istration Center (Shanghai, China). C57BL/6-ALDH2-KO
(ALDH2−/−) mice were produced by method described
previously7. All mice were maintained in a specific
pathogen free facility with 6 mice per cage at a tem-
perature of 24 °C, with a relative humidity of 55 ± 5% and
12‐h light/12‐h dark cycles at Shanghai Zhongshan Hos-
pital (Shanghai, China). In animal studies, both the carer
of the animals and the assessor of the results are blinded.
After 1 week of acclimatization to the environment, the

WT and ALDH2−/− mice were randomly assigned to
sham or TAC operation group. After anesthetized in an
induction chamber with 2% isoflurane mixed with

0.5–1.0 L/min 100% O2 by inhalation, mice were placed in
a supine position. The thorax was opened under sterilize
conditions and the transverse aorta was dissected free at
the aortic arch level of surrounding tissues and muscles. A
5-0 nylon suture was tied around the aorta and a blunted
27-gauge needle was removed after the ligation. Sham
operation included all procedures except the ligation.
During the surgical procedure, anesthesia is maintained at
1.5–2% isoflurane with 0.5–1.0 L/min 100% O2 by inha-
lation. All surgery procedures were performed under
anesthesia using isoflurane. Immediately after TAC, the
mice were randomly assigned to two groups supplied with
α-LA (0.2% wt/wt)17,18 or vehicle (normal saline) in
drinking water persistently for a total feeding period of
4 weeks19. At the end of the experiments, mice
were euthanized by an overdose of pentobarbital
(150 mg/kg, i.p). Then the hearts and lungs were har-
vested to measure organ weights and for histological
examination or further molecule studies.

Chemicals, reagents, and antibodies
Angiotensin II (AngII, Cat#: A9525) and Medium 199

(M199, Cat#:M7528) were purchased from Sigma-
Aldrich. α-Lipoic acid (α-LA, Cat#: H20059737) was
purchased from Shenlong Pharmaceutical Industry.
The following antibody were used: ALDH2 (Abcam

Cat# ab108306, RRID:AB_10862581), TOM20 (Cell Sig-
naling Technology Cat# 42406, RRID:AB_2687663), LC3B
(Cell Signaling Technology Cat# 3868, RRID:
AB_2137707), P62 (Abcam Cat# ab56416, RRID:
AB_945626), FUNDC1 (Abcam Cat# ab74834, RRID:
AB_2247068), cleaved caspase-3 (Cell Signaling Tech-
nology Cat# 9664, RRID:AB_2070042), Bcl-2 (Cell Sig-
naling Technology Cat# 3498, RRID:AB_1903907), Bax
(Cell Signaling Technology Cat# 14796, RRID:
AB_2716251), nuclear respiratory factor 1 (Nrf1) (Cell
Signaling Technology Cat# 46743, RRID:AB_2732888),
Nrf2 (Cell Signaling Technology Cat# 12721, RRID:
AB_2715528), LDHA (Cell Signaling Technology Cat#
2012, RRID:AB_2137173), and PFKP (Abcam Cat#
ab89003, RRID:AB_2042617). Respective proteins were
analyzed with β-actin (Abcam Cat# ab179467, RRID:
AB_2737344) serving as the loading control. Immunor-
eactivity was detected by an enhanced chemiluminescence
reaction system (Amersham Pharmacia Biotech).
As for lentiviral vector construction, the pLKO/pLKO.1-

sh-Nrf1 plasmids, pLKO/pLKO.1-sh-ALDH2 plasmids,
pWPI/pWPI-oe-ALDH2 plasmids, pMD2G envelope
plasmid, and psPAX2 packaging plasmid were transfected
into HEK-293 cells using the standard calcium chloride
transfection method20. The sequences of oligonucleotides
used in this experiment were listed in Supplementary
Table S3. The lentivirus soups were collected after incu-
bating for 48 or 72 h and frozen in −80 °C for later use.
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Cells and culturing conditions
Primary neonatal rat cardiomyocytes (NRCMs) were

prepared by enzymatic digestion of hearts from 1- to 3-
day-old Sprague–Dawley rat pups (Male, Shanghai Ani-
mal Administration Center) as described previously12.
NRCMs were plated onto collagen-coated culture dishes
or cover slips and cultured in cardiomyocyte culture
medium (M199 supplemented with 5% fetal bovine
serum, 10% horse serum, 1% penicillin+ streptomycin
(Invitrogen, Carlsbad, CA)). To induce hypertrophy, after
serum starvation for 24 h, NRCMs were cultured with 1-
μM Angiotensin II (Ang II)17,21 for 48 h. For α-LA treat-
ment group, NRCMs were treated with α-LA (10 μM)22

for 1 h before Ang II stimulation.

Echocardiographic assessment
Four weeks post TAC surgery, echocardiography

measurements were performed during mild anesthesia
(1.5–2% isoflurane mixed with 0.5–1.0 L/min 100% O2

by inhalation). Trans-thoracic two-dimensional M-
mode echocardiography was performed noninvasively
using Vevo 770 imaging system (VisualSonics, Tor-
onto, Canada) equipped with a 30 MHz highfrequency
scan head. Left ventricular (LV) parasternal long-axis
view during diastole and systole stage were recorded in
which procedure heart rate was monitored and main-
tained at 450–500 beats per minute. LV ejection frac-
tion (LVEF), LV fractional shortening (LVFS), LV end-
systolic diameter (LVESD), LV end-diasolic diameter
(LVEDD), and LV diastole posterior wall dimension
(LVPWD) were measured as described previously12. All
measurements were averaged of at least five con-
secutive cardiac cycles and were carried out by
experienced technicians who were unaware of the
animal groups.

Histological staining and measurement
Hearts were arrested after anesthesia by ketamine

(intraperitoneal injection, i.p. 50 mg/kg) and were rapidly
fixed in 4% neutral formaldehyde or OCT compound.
Heart tissues were sectioned at a thickness of 4 μm cut
and stained with hematoxylin and eosin (H&E), wheat
germ agglutinin (WGA), and Masson’s trichrome to
assess myocardial morphology, cardiac cross-sectional
area and cardiac collagen content, respectively. Frozen
specimen were incubated dihydroethidium (DHE, 5 µM,
Beyotime Biotechnology, China) at 37 °C for 30min or
with terminal dexynucleotidyl transferase(TdT)-mediated
dUTP nick end labeling (TUNEL) kit (Roche Diagnostics,
Indianapolis, IN) to assess excessive generation of myo-
cardial reactive oxygen species (ROS) and apoptosis. All
analysis were carried out in a blinded manner. Images
were quantified using Image-Pro Plus software (RRID:
SCR_007369).

Cell shortening/relengthening
Using direct needle perfusion of the LV ex vivo, single

mouse cardiomyocytes were isolated as described23. Only
rod-shaped myocytes with clear edges were selected for
contractile study. Mechanical properties of cardiomyo-
cytes were assessed using a SoftEdge Myocam (IonOptix,
Milton, MA). Peak shortening (PS), time-to-PS (TPS),
time-to-90% relengthening (TR90), maximal velocities of
shortening (+dL/dt) and relengthening (−dL/dt) were
assessed during cell shortening and relengthening as
described24.

ALDH2 enzymatic activity and ATP measurement
The activity of ALDH2 was measured by one kind of

tissue acetaldehyde dehydrogenase 2 activity colorimetric
quantitative detection kit (GMS50300.2, GENMED SCI-
ENTIFICS INC. USA) which aimed to detect the increase
in the peak activity of oxidized nicotinamide adenine
dinucleotide (NAD) in the reaction system using colori-
metry in tissue lysate extract samples. The level of ATP
(adenosine 5′-triphosphate) in tissue was detected by an
ATP Assay Kit (S0026, Beyotime Biotechnology), which
was based on the firefly luciferase (also known as luci-
ferase) to catalyze the fluorescence generation of luciferin.
It needs ATP to provide energy for development. When
both firefly luciferase and luciferin are excessive, the
production of fluorescence is proportional to the con-
centration of ATP in a certain concentration range. This
makes it possible to detect the ATP concentration in the
solution with high sensitivity. Whole cell fresh lysate from
heart tissue was used to detect ALDH2 activity by mon-
itoring NADH formation from NAD+ at 340 nm in a
spectrophotometer and ATP concentration was detected
by measuring RLU in a luminometer. The detection
process was carried out according to the instructions of
the kits.

Transmission electron microscopy (TEM)
Freshly dissected LV myocardial tissue ≤1mm3 was

fixed with 2.5% glutaraldehyde (pH 7.4) for at least 2 h.
After being washed in 0.1M phosphate buffer (PB) 3
times followed by fixation with 1% osmium tetroxide,
samples were dehydrated through graded alcohols and
embedded in Epon Araldite. Ultrathin sections
(50–60 nm) were cut using an ultrami crotome (Leika,
Germany) and stained with 3% uranyl acetate and lead
citrate. Images were acquired with a CM-120 transmis-
sion electron microscope (Philip, Holland).

Mitophagy-related array and real-time PCR
The mouse mitophagy polymerase chain reaction (PCR)

array were purchased from XYbiotech Company (Shang-
hai, China) and the detailed array contained genes infor-
mation was listed in Supplementary Table S1. The
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primers of Anp, Bnp, β-Mhc, Ctgf, Col1a, Col3a, and
β-actin used in this experiment were listed in Supple-
mentary Table S2. Briefly, with or without 4 weeks’ α-LA
treatment, myocardial tissue or cells was extracted in
TRIZOL regent (Invitrogen). After RNA was separated
and precipitated, a gelatinous precipitate was formed on
the bottom and the side walls of the tube. Removed
supernatant, and washed the RNA pellet with 75% etha-
nol. Dried RNA in air and used DNase I digest RNA
samples to remove genomic DNA that may be contained.
Performed RNA purification using RNeasy® MinEluteTM
Purification Kit (Qiagen). RNA yield and quality were
determined by UV absorption assay (NanoDrop® ND-
1000) and denaturing agarose gel electrophoresis. The
ratio of A260/A280 ranged from 1.8 to 2.1, and cDNA was
synthesized by reverse transcription and PCR was per-
formed by real-time PCR detection. Finally, data analysis
were performed using the ΔΔCt method.

Western blot analysis
Briefly speaking, tissue protein extraction and western

blotting were carried out as described25. Protein mixtures
was normalized to 20 µg and loaded into each well and
separated by 10–15% sodium dodecyl sulfate (SDS)
polyacrylamide gel electrophoresis. Following a 120 min
run, the proteins were the electrophoretically transferred
onto o PVDF membranes (Bio-Rad, USA). Then mem-
branes were immersed in the blocking buffer containing
5% bovine serum albumin for 1 h prior to the incubation
with primary antibodies. Horseradish peroxidase-
conjugated secondary antibodies) were correspondingly
used to the incubate the membranes for 2 h (Abcam, UK).
Bands were visualized under the Bio-Rad chemilumines-
cence system (Image Lab Software, RRID:SCR_014210).

NRCMs cell surface area
After treatment with different agents, NRCMs were

rinsed and fixed with 4% paraformaldehyde for 20min at
room temperature. Next, the cells were washed and
incubated with 5 µg/ml TRITC Phalloidin for 30min at
room temperature, followed by three additional washes
with PBS. Subsequently, the cells were stained the nucleus
using DAPI for 10 min. Following four rinses with PBS,
cells were sealed and photographed with fluorescence
confocal microscope (Nikon TE2000, Tokyo, Japan).
Areas of NRCMs cells were measured by the NIH ImageJ
software(RRID:SCR_003070).

Luciferase reporter assay
The 2 kb promoter region of FUNDC1 was constructed

into the pGL3-basic vector (Promega, Madison, WI).
NRCMs were seeded in 24-well plates and were trans-
fected with plasmids using Lipofectamine 3000 (Invitro-
gen) according to the manufacturer’s instruction26. After

48 h, cells were lysed and measured according to the
manufacturer’s instruction using the Dual-Luciferase
Reporter Assay System (Promega). Each sample was
normalized by pRL–TK–luciferase activity and measured
at least three independent experiments.

Chromatin immunoprecipitation (ChIP) assay
ChIP experiments were performed following the Cold

Spring Harbor ChIP protocol27. Briefly, NRCMs (2 × 107)
were fixed with 1% formaldehyde at room temperature for
10min to cross-link DNA. And then washed and resus-
pended in 400 μl SDS lysis buffer. After 10 min incubation
on ice, 600 μl ChIP dilution buffer (0.01% SDS, 1.1%
Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl/pH 8.0
and 16.7 mM NaCl, protease inhibitors) was added and
genomic DNA was sheared by sonication to 300–1000 bp
long. After lysates were preincubated with protein A-
agarose conjugated normal rabbit IgG. Anti-Nrf1 anti-
body was then added into the cell lysates at 4 °C for
overnight. IgG was used as the negative control. Specific
primer sets were designed to amplify a target sequence
within FUNDC1’s promoter. PCR products were analyzed
by agarose gel electrophoresis.

Bioinformatic analysis
The mitophagy PCR array analysis and three-

dimensional histogram was performed by the XYbiotech
Company (Shanghai, China). The heatmap were made by
TBtools software. Volcano Plots were drawed by Graphad
prism 7 (San Diego, USA). The Genotype-Tissue
Expression (GTEx) Database were analyzed via Gene
Expression Profiling Interactive Analysis (GEPIA) webt-
ools. Transcription factor binding profiles were performed
through Jaspar website (http://jaspar.genereg.net/).

Statistical analysis
All the studies were designed to generate groups of

equal sample size, using randomization and blinded ana-
lysis. Group size is the number of independent values and
statistical analysis was undertaken only for studies when
these independent values with n ≥ 5. To control for
unwanted sources of variation, data were normalized. The
data are presented as the means ± SEM. For the com-
parison between two groups, a student’s t test was used
for normally distributed data, whereas Mann–Whitney U
test was applied for data with non-normal distribution.
Multiple comparisons between the groups were assessed
with one-way ANOVA, followed by Turkeys multiple
comparison tests. Post hoc tests were run only if F
achieved P < 0.05 and there was no significant variance
inhomogeneity. Spearman’s correlation coefficient was
used to estimate the association of ALDH2 levels and
several factors of interest. All quantification analysis were
performed by GraphPad Prism 7.00 (RRID: SCR_002798,
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San Diego, CA, USA). P < 0.05 was considered statistically
significant. No data were excluded from any study.

Results
α-LA attenuates TAC-induced LV hypertrophy and heart
failure in WT mice
In order to study the cardio-protective effect of α-LA,

we treated TAC-operated WT mice with α-LA (0.2% wt/
wt) or vehicle (normal saline) for 4 weeks. Significantly
increased heart weight, lung weight (Fig. 1a, b), and
reduced LV ejection fraction and fractional shortening
were evidenced in WT TAC mice (Fig. 1c, d). α-LA sig-
nificantly attenuated TAC-induced LV hypertrophy and
lung weight (Fig. 1a, b) and improved cardiac function
(Fig. 1c, d) in WT TAC mice. Moreover, LVESD, LV end-
diastolic diameter (LVEDD), and LV diastole posterior
wall thickness (LVPWD) were increased in WT mice post
TAC surgery, while α-LA decreased TAC-induced
increase of LVESD, LVEDD, and LVPWD (Supplemen-
tary Fig. S1A). Based on histological analysis, α-LA
decreased TAC-induced increase of LV hypertrophy (Fig.
1e–g). Consistently, the quantitative real-time PCR (qRT-
PCR) results showed that α-LA reduced these hyper-
trophic pathological phenotypes were accompanied by the
downregulation of hypertrophic genes, including atrial
natriuretic polypeptide (ANP), brain natriuretic peptide
(BNP), myosin heavy chain beta (β-Mhc), and fibrotic
genes including connective tissue growth factor (Ctgf),
collagen1a1 (Col1a1), and collagen3a1 (Col3a1) (Supple-
mentary Fig. S1B). Similarly, cardiomyocytes contractile
parameters were significantly improved by α-LA treat-
ment in pressure overload mice (Fig. 1h–k).

α-LA reduces TAC-induced cardiomyocyte apoptosis and
cardiac fibrosis in WT mice
To investigate potential causes of cardiac dysfunction

after TAC, we analyzed cardiomyocyte apoptosis. LV
sections were stained for TUNEL to determine the rate of
cardiomyocyte apoptosis. A noticeable increase in cardi-
omyocyte apoptosis was observed after TAC in WT mice
(Fig. 2a, b) and α-LA administration substantially reduced
TAC-induced apoptosis (Fig. 2a, b). Next, we investigated
the molecular mediators of apoptosis in WT mice with
TAC. TAC markedly increased cleaved caspase-3 and
Bax, while α-LA treatment significantly reduced cleaved
caspase-3 and Bax expression post TAC in WT mice, but
Bcl-2, an anti-apoptotic protein was not affected by α-LA
treatment in the TAC model (Fig. 2c–f). The results
indicated that α-LA might inhibit the key proapoptotic
mediators and then decreased myocardial apoptosis. As
cardiac fibrosis is another key process in the progression
of pathological cardiac remodeling, we assessed the level
of fibrosis in mice after TAC with or without additional α-
LA treatment. In agreement with above results, a

significant increase in cardiac fibrosis was observed
4 weeks after TAC and α-LA treatment markedly reduced
cardiac fibrosis (Fig. 2g, h). Taken together, α-LA
demonstrated both anti-apoptosis and anti-fibrotic prop-
erties in TAC models in WT mice.

α-LA reduces TAC-induced mitochondrial dysfunction and
increases ALDH2 activity and expression
Our previous study indicated pressure overload-induced

heart injury is often accompanied by mitochondrial
damage5, the changes of mitochondrial morphology was
observed with TEM. In the absence of α-LA treatment,
significant difference was found in myocardial ultra-
structure between sham and TAC group, and the mito-
chondria became wizened and cristae became
disorganized in mitochondria of myocardial tissue from
the TAC mice. However, α-LA treatment restored mito-
chondrial amount and morphology to some extent in
TAC mice (Fig. 3a). To confirm the improvement in
mitochondrial function, we measured mtDNA and found
mtDNA copy number decreased on 4 weeks after TAC
but restored after the administration of α-LA (Supple-
mentary Fig. S1C). In addition, TAC surgery significantly
decreased total ATP production when compared to the
sham group, primarily due to a significant damage in
myocardial mitochondria. α-LA also showed a trend to
increase total ATP production due to a significant
improvement in mitochondrial quality in TAC hearts (Fig.
3b). Western blot analysis revealed a decrease in mito-
chondrial marker TOM20 and ALDH2 expression in
hearts of TAC mice as compared with sham group (Fig.
3c–e). It is known that the primary function of ALDH2 is
detoxifying reactive aldehydes and inadequate acet-
aldehyde could increase the generation of oxidative
stress8. So we wanted to see if oxidative stress was also
involved in this pathological process. We detected ROS
level by dihydroethidium (DHE) staining. As shown in Fig.
3f, g, ROS accumulation was significantly increased after
TAC surgery and decreased in α-LA treatment group.
SOD2, as a tetramer, is initially synthesized containing a
leader peptide, which targets this manganese-containing
enzyme exclusively to the mitochondrial spaces. As show
in Supplementary Fig. S1D, we can see SOD2 was
downregulated in TAC group, and α-LA could reverse
SOD2 expression. Previous study reported that ALDH2
active site has redox-sensitive sulfhydryl group, so when
the oxygen free radicals in the body increased, the dis-
ulfide bonds at the active site would be formed and
became inactivated10. As expected, by measuring the
conversion of propionaldehyde, ALDH2 activity was
decreased by 44% in TAC group compared with the sham
group and α-LA treatment significantly improved mito-
chondrial ALDH2 activity (Fig. 3h). These observations
indicated that α-LA restored ALDH2 activity as well as
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Fig. 1 α-LA attenuates TAC-induced LV hypertrophy and heart failure in wild-type mice. a Quantitative analysis of heart-to-body weight ratio
(HW/BW) (n= 8–10 mice per group); b Quantitative analysis of lung-to-body weight ratio (LW/BW) (n= 8–10 mice per group); c left ventricular
ejection fraction (LVEF, %) (n= 8–10 mice per group); d left ventricular fractional shortening (LVFS, %) (n= 8–10 mice per group); e hematoxylin-
eosin (H&E, scale bar= 2 mm) staining; f wheat germ agglutinin (WGA, scale bar= 50 μm) staining; g quantitative analysis of cardiomyocyte cross-
sectional areas (CSA) (n= 7–15 mice per group); h cardiomyocyte peak shortening (PS, normalized to resting cell length) (n= 300 cells per group); i
maximal velocity of shortening (+dL/dt) (n= 300 cells per group); j maximal velocity of relengthening (−dL/dt) (n= 300 cells per group); k time-to-
90% relengthening (TR90) in isolated cardiomyocytes (n= 300 cells per group). Mean ± SEM, *P < 0.05, **P < 0.01, ****P < 0.0001. Statistical analysis
was carried out by a one-way ANOVA analysis followed by Tukey’s test for post hoc analysis.
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Fig. 2 α-LA reduces TAC-induced cardiomyocyte apoptosis and cardiac fibrosis in WT mice. a Terminal dexynucleotidyl transferase (TdT)-
mediated dUTP nick end labeling staining(TUNEL, 400×, scale bar= 20 μm); b quantitative analysis of myocardial apoptosis (n= 6 mice per group);
c Western blots of cleaved caspase 3, Bax, Bcl-2, and β-actin (loading control); d–f Quantitative analysis of expressions of cleaved caspase 3/β-actin,
Bax/β-actin, Bcl-2/β-actin (n= 6 mice per group); g Masson’s Trichome staining (scale bar= 100 μm); h quantitative analysis of myocardial fibrosis (n
= 6 mice per group). Mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Statistical analysis was carried out by a one-way ANOVA analysis
followed by Tukey’s test for post hoc analysis.
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Fig. 3 α-LA reduces TAC-induced mitochondrial dysfunction and increases ALDH2 activity and expression. a Transmission electron
microscopy (TEM) images of left ventricular, Up: scale bar= 5 μm, down: scale bar= 1 μm; b quantitative analysis of ATP production of left
ventricular; c–e Western blots of TOM20, ALDH2, and β-actin (loading control) and quantitative analysis of expressions of TOM20/β-actin, ALDH2/
β-actin (n= 6 mice per group); f dihydroethidium (DHE, 200×, scale bar= 50 μm) staining; g quantitative analysis of myocardial ROS levels (n= 6
mice per group); h quantitative analysis of myocardial ALDH2 activity (n= 6 mice per group). Mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001. Statistical
analysis was carried out by a one-way ANOVA analysis followed by Tukey’s test for post hoc analysis.
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increased ALDH2 expression and protected the heart
from pressure overload-induced mitochondrial injury in
WT mice.

FUNDC1 modulates α-LA effects in TAC-induced heart
failure model
To confirm whether mitophagy is involved in the

pathological process of cardiac hypertrophy, left ventricles
from sham or TAC mice were also analyzed for 96 asso-
ciated genes expression by mitophagy related microarray
(Fig. 4a; Supplementary Table S1) in which FUNDC1 was
one of the significantly changed genes. As shown in Fig.
4b, c and Supplementary Fig S1E, 4 weeks of pressure
overload caused significant difference in ALDH2 and
FUNDC1 gene expression when compared to the sham
group. Remarkably, α-LA treated TAC mice displayed a
significant increase (≈1.6-fold) in ALDH2 and (≈1.5-fold)
in FUNDC1 gene expression compared with vehicle
treated TAC mice (Fig. 4d, e). In addition, there was a
significant positive correlation between FUNDC1 and
ALDH2 in normal left ventricle and atrial appendage
tissue through the GTEx Database (Fig. 4f). Western blot
assay showed that FUNDC1 protein expression was
remarkably increased post α-LA treatment in TAC mice
(Fig. 4g, h). We also did FUNDC1 immunohistochemistry
staining and found the expression was downregulated in
TAC group but reversed by α-LA, which was consistent
with our microarray and western blot data (Supplemen-
tary Fig. S1F). As previously supported, our data also
depicted that pressure overload significantly suppressed
myocardial autophagy (LC3II-to-LC3I ratio) and affected
autophagy flux as evidenced by an increase of invariant
autophagy adapter protein p62, while α-LA treatment
prevented this pathological process (Fig. 4g, i, j). Overall,
our data suggested that the anti-hypertrophic activity of
α-LA was associated with changes in the expression of
FUNDC1 related mitophagy in pressure overload hearts.

α-LA treatment improves cardiac function in TAC mice via
ALDH2-dependent activation of FUNDC1
Next, to verify if the observed effects of α-LA in TAC

mice is led to ALDH2 dependent or not, the effects of α-
LA were examined in ALDH2 knockout mice (Supple-
mentary Fig. S2A). In normal condition, there is no dif-
ference in echocardiography between WT mice and
ALDH2−/− mice (Fig. 5a, b, Supplementary Fig. S2B), but
ALDH2 deficiency exacerbated the decrease of LVEF and
LVFS as well as enlargement of dimensions measure-
ments after TAC surgery when compared with WT TAC
mice (Fig. 5a, b; Supplementary Fig. S2B). But, α-LA did
not improve cardiac function after TAC surgery in
ALDH2−/− mice (Fig. 5a, b, Supplementary Fig. S2B).
Cardiomyocyte contractile results were also not improved
by α-LA (Fig. 5c–f). Deficiency of ALDH2 resulted in

worse cardiac hypertrophy and fibrosis in pressure over-
load mice (Fig. 5g–i, Supplementary Fig. S2C–E) both in
α-LA treated group and vehicle treated group, suggesting
that the attenuating-remodeling effects of α-LA are lar-
gely mediated by ALDH2. As shown in Fig. 5j and Sup-
plementary Fig. S2F–H, TAC surgery induced severe
myocardial apoptosis in ALDH2−/− mice myocardium.
Again, α-LA treatment didn’t supply a significant anti-
apoptosis role in ALDH2−/− TAC mice. At the same time,
α-LA did not affect ROS accumulation in ALDH2−/−

TAC mice as compared with vehicle treated ALDH2−/−

TAC mice (Supplementary Fig. S2I, J). In mitochondrial
aspect, there was also no difference in ALDH2−/− TAC
mice treated with or without α-LA, similar myocardial
mitochondria swelling changes and disorganized cristae
were observed between the two groups (Fig. 5k). Since
FUNDC1 signaling was shown to be involved in α-LA
induced beneficial effects in WT TAC mice, we next
investigated whether the interaction of α-LA and
FUNDC1 signaling was dependent of ALDH2. We found
that the mitophagy related protein FUNDC1, LC3B, P62
remained unchanged in ALDH2−/− TAC mice post α-LA
treatment as compared with vehicle treated ALDH2−/−

TAC mice (Supplementary Fig. S2K–N). Taken together,
these data suggested that α-LA prevented TAC-induced
FUNDC1 inactivation in an ALDH2-dependent manner.

α-LA attenuates angiotensin II-induced hypertrophic
response in NRCMs in an ALDH2-dependent manner
In order to find out the molecular mechanisms of α-LA-

mediated protection of cardiac hypertrophy, we firstly
established a cell culture model in neonatal rat ventricular
myocytes (NRCMs). NRCMs were treated with Angio-
tensin II (AngII, 1 µM) to induce hypertrophy. AngII
treatment for 48 h triggered a hypertrophic response, as
shown by significantly increased NRCMs surface area
(Fig. 6a, b). In addition, AngII treatment significantly
increased ANP (p < 0.01), BNP (p < 0.01), and β-MHC
(p < 0.05) gene expression (Fig. 6c). AngII treatment also
increased NRCMs apoptosis (p < 0.0001) (Fig. 6d, e).
Further, to check the role of α-LA on AngII induced
hypertrophy, NRCMs were pre-treated with α-LA
(10 μM) or PBS for 1 h followed by AngII for 48 h. α-LA
markedly reduced AngII-induced increase on NRCMs
surface area, hypertrophic genes expression as well as cell
apoptotic response (Fig. 6a–e). Moreover, to study the
intermediate signaling components, western blot analysis
of the total cell lysates from NRCMs was performed after
AngII stimulation in the presence or absence of α-LA
pretreatment for protein expression of ALDH2 and
FUNDC1. AngII significantly downregulated ALDH2 and
FUNDC1 protein expression, which could be markedly
upregulated after α-LA treatment (Fig. 6f–h). Next, we
knocked down ALDH2 in NRCMs cells by lentivirus
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Fig. 4 FUNDC1 modulates α-LA effects in TAC-induced heart failure model. a Heatmap of different groups in mRNA array; b three-dimensional
diagram of mitophagy related genes when compared Sham+Control group with TAC+ Control group; c volcano plot graphs of mPCR array. Graph
shows the log2 of fold change of ALDH2 and FUNDC1 gene expression between Sham+Control group and TAC+ Control group versus P value from
the t test; d three-dimensional diagram of mitophagy related genes expression when compared TAC+ Control group with TAC+ LA group; e
volcano plot graphs of mPCR array. Graph shows the log2 of fold change of ALDH2 and FUNDC1 gene expression between TAC+ Control group and
TAC+ LA group versus P value from the t test; f correlation between FUNDC1 and ALDH2 expression in GTEx database; g Western blots of FUNDC1,
LC3, P62, and β-actin (loading control); h–j quantitative analysis of expressions of FUNDC1/β-actin, LC3II/LC3I, P62/β-actin (n= 6 mice per group).
Mean ± SEM, *P < 0.05, **P < 0.01. Statistical analysis was carried out by a two-tailed Student’s t test or one-way ANOVA analysis followed by Tukey’s
test for post hoc analysis.
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Fig. 5 α-LA treatment improves cardiac function in TAC mice via ALDH2-dependent activation of FUNDC1. a Left ventricular ejection fraction
(LVEF, %) (n= 8–20 mice per group); b left ventricular fractional shortening (LVFS, %) (n= 8–20 mice per group); c cardiomyocyte peak shortening
(PS, normalized to resting cell length) (n= 300 cells per group); d maximal velocity of shortening (+dL/dt) (n= 300 cells per group); e maximal
velocity of relengthening (−dL/dt) (n= 300 cells per group); f time-to-90% relengthening (TR90) in isolated cardiomyocytes (n= 300 cells per group);
g hematoxylin–eosin (H&E, scale bar= 2 mm) staining; h wheat germ agglutinin (WGA, scale bar= 50 μm) staining; i Masson’s Trichome staining
(scale bar= 100 μm); j terminal dexynucleotidyl transferase (TdT)-mediated dUTP nick end labeling staining (TUNEL, 400×, scale bar= 20 μm); k
transmission electron microscopy (TEM) images of left ventricular, Up: scale bar= 5 μm, Down: scale bar= 1 μm. Mean ± SEM, *P < 0.05, ****P <
0.0001. Statistical analysis was carried out by a one-way ANOVA analysis followed by Tukey’s test for post hoc analysis.
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Fig. 6 α-LA attenuates angiotensin II-induced hypertrophic response in neonatal rat cardiomyocytes (NRCMs) in an ALDH2-dependent
manner. a TRITC Phalloidin staining (scale bar= 25 μm); b quantitative analysis of NRCM cell surface area using measurement from 50 cells per
group; c quantitative real-time PCR (qRT-PCR) analyzing the mRNA levels of hypertrophic (Anp, Bnp, and β-Mhc) genes (n= 6 samples per group); d
terminal dexynucleotidyl transferase (TdT)-mediated dUTP nick end labeling staining (TUNEL, 200×, scale bar= 50 μm); e quantitative analysis of
myocardial apoptosis (n= 6 samples per group); f Western blots of ALDH2, FUNDC1 and β-actin (loading control); g, h Quantitative analysis of
expressions of ALDH2/β-actin, FUNDC1/β-actin (n= 6 samples per group); i TRITC Phalloidin staining (scale bar= 25 μm); j quantitative analysis of
NRCM cell surface area using measurement from 50 cells per group. Mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Statistical analysis
was carried out by a one-way ANOVA analysis followed by Tukey’s test for post hoc analysis.
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(Supplementary Fig. 3A), the AngII-induced hypertrophic
response could not be reversed by α-LA in ALDH2-
deficient NRCMs cells, suggesting that the anti-
hypertrophic responses of α-LA was mediated by
ALDH2 (Fig. 6i, j).

ALDH2 protects angiotensin II-induced hypertrophic
response via Nrf1-FUNDC1-dependent pathway
Previous reports have documented the involvement of

Nrf1 transcription regulation signaling in both mito-
chondrial metabolism and mitophagy processes28. More-
over, there is a significant positive correlation between
ALDH2 and Nrf1, as well as Nrf1 and FUNDC1 in normal
left ventricle and atrial appendage tissue through the
GTEx Database (Fig. 7a, b). Therefore, we investigated
whether Nrf1 had interaction on ALDH2 and
FUNDC1 signaling. Western blot results showed that
Nrf1 was significantly decreased after TAC surgery in WT
mice, while α-LA treatment increased the expression of
Nrf1 to normal level (Fig. 7c, Supplementary Fig. S3B–E).
To examine if ALDH2 regulated FUNDC1 via Nrf1, we
assessed the expression of FUNDC1 by overexpressing
ALDH2 and knocking down Nrf1 (Supplementary Fig. 3F,
G). After ALDH2 overexpression, both Nrf1 and
FUNDC1 increased. But if we knocked down Nrf1,
ALDH2 overexpression failed to upregulate
FUNDC1 signaling, suggesting that ALDH2-regulated
FUNDC1 via Nrf1 (Fig. 7d, Supplementary Fig. 3H).
Mechanistically, as a member of the transcription factors,
Nrf1 may function via binding to the Nrf1-response-
elements (Nrf1REs) located on its target genes (here is
FUNDC1) promoter regions to modulate their expression.
To test this hypothesis, we firstly searched for potential
Nrf1REs (Fig. 7e) using Jaspar webtools (http://jaspar.
genereg.net/) and found three putative Nrf1REs within
the proximal 2 kb promoter region (Fig. 7f, Supplemen-
tary Table S4). ChIP assay results showed that Nrf1RE III,
but not Nrf1RE I or II, served as the potential Nrf1
binding sites (Fig. 7g). Then, we cloned this 2 kb FUNDC1
promoter into pGL3-basic luciferase reporter vector (Fig.
7h). The luciferase assay results revealed that Nrf1
knockdown significantly decreased the luciferase reporter
activity in WT group, while mutation group failed to
change the luciferase reporter activity (Fig. 7i), suggesting
Nrf1 modulated the FUNDC1 expression via binding to
its promoter. Taken together, results from Fig. 7d–i
suggested that Nrf1 could modulate the FUNDC1
expression via directly binding to the 5′ promoter of
FUNDC1.

Discussion
In the present study, we showed that alpha-lipoic acid

therapy attenuated pressure overload-induced cardiac
hypertrophy and remodeling and improved the cardiac

function in TAC mice via ALDH2-dependent manner.
Mechanistically, alpha-lipoic acid activates
FUNDC1 signaling via Nrf1 pathway. To our best
knowledge, this is the first study evaluating the molecular
mechanisms of alpha-lipoic acid in the TAC induced
heart failure model (Fig. 7j).
As an efficient metabolic enzyme in mitochondria,

growing evidence supports an important role of ALDH2
in various forms of heart failure29. Studies showed that
pharmacological activation or overexpression of ALDH2
provided cardio-protection against ischemia and athero-
sclerosis by detoxification of reactive aldehydes30,31,
however, another study showed that overexpression of
aldehyde dehydrogenase 2 could even exacerbate cardiac
remodeling in the setting of pressure overload32. The
impact and related mechanisms of α-LA, a known
ALDH2 activator, in pressure overload induced cardiac
remodeling and heart failure are not fully understood.
Our results revealed that 4 weeks treatment with α-LA
restored the expression and activity of ALDH2 in WT
TAC mice and attenuated cardiac remodeling and
improved cardiac function in this model. We also found
α-LA could reduce TAC-induced cardiac fibrosis in WT
mice. Based on previous studies, a-LA could reduce
pathologically-induced fibrosis, such as radiation-induced
injury33,34 and carbon tetrachloride-induced liver fibro-
sis35, but not a direct antifibrotic effect, which were
consistent with our results. ROS are well-known for their
role in mediating both physiological and pathophysiolo-
gical signal transduction. In fact, ROS is highly reactive in
cardiomyocyte hypertrophy and even in the activation of
cardiac fibroblasts36. Clinical and experimental studies
have provided enough evidences that excess ROS can
cause myocardial remodeling, including contractile dys-
function and structural alterations37. Of cause, ischemia
and hypoxia happens in TAC group which could further
increase ROS triggered programmed cell death by the
mechanism of apoptosis or autophagy. Maybe this is one
reason why the phenotype only occurs in TAC group. The
increase of ALDH2 activity can be explained as follows:
ALDH2 has a redox-sensitive sulfhydryl group at the
active site, in some pathological processes, increased
reactive oxygen species could promote the formation of
disulfide bonds at this active site, as a consequence, the
ALDH2 is inactivated. α-LA can break the binding
between disulfide bond and the redox-sensitive sulfhydryl
group at the active site, thus prevent the ALDH2
inactivation.
Mitophagy is a special autophagy process capable of

clearing damaged mitochondria. Although increasing
evidence suggests that dysregulation of mitophagy can
induce heart failure38–40, the underlying regulatory
mechanisms of mitophagy in heart failure have not been
fully elucidated. FUNDC1 (FUN14 domain containing 1)
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is a mitophagy receptor of LC3II, which localizes in the
outer mitochondrial membrane41. The combination of
LC3II and FUNDC1 promotes mitochondrial lysosomes
and increases mitophagy. Moreover, it has been reported
that FUNDC1-related mitophagy could also attenuate
cardiomyocyte oxidative stress, sustain mitochondrial
membrane potential and prevent mitochondrial apoptosis
in myocardial ischemia reperfusion injury41,42. Nrf1,
which belongs to the Cap-N-Collar family of regulatory
proteins, is a transcription factor responsible for the
activation of expression of many factors involved in
energy metabolism, cellular respiration, and oxidative
stress response28. ALDH2 activation was reported to
suppress phosphatase and tensin homolog-induced
putative kinase 1 (PINK1)/Parkin expression, therefore
regulating mitophagy process in myocardial ischemia/
reperfusion (I/R)43. However, it is not clear whether
ALDH2 can regulate FUNDC1 or whether ALDH2 can
regulate mitophagy under the pathological conditions of
pressure overload. In our study, we found that FUNDC1
was downregulated in pressure-overload induced heart
failure. α-LA treatment could activate FUNDC1 signaling
and enhance mitophagy in TAC mice in an ALDH2
dependent manner. Moreover, ChIP assay and luciferase
assay results showed that ALDH2 activated FUNDC1 via
activating Nrf1, in that Nrf1 could directly bind to the 5′
promoter of FUNDC1. From our microarray data, we can
see some mitochondria and autophagy related genes, such
as Atpif1, BECN2 and BNIP3 changed dramatically, which
means α-LA and ALDH2 may also function through these
genes. Previous study found Atpif1 and the ATP synthase
could be novel components of the Pink1–Parkin mito-
phagy pathway in cultured cells44. BECN2, a novel Atg6/
Beclin family member, functions in autophagy and
metabolism45. Chen et al.46 also found α-LA could protect
against acute nephrotoxicity through decreasing BNIP3.
Those above studies implied that α-LA and mitophagy is a
complex process and we will investigate those genes in
our further research.
Epidemiological studies demonstrated that more than

500 million people worldwide, mostly in East Asia, have a

G-to-A point mutation in their ALDH2 gene47. This
mutation results in a glutamic acid-to-lysine substitution
at residue 487 (E487K) of the human ALDH2 protein,
ALDH2 activity in this population is reduced more than
50% as compared to people with the WT ALDH2. Since
the beneficial effects of α-LA in the pressure overload
induced cardiac failure is ALDH2 dependent, the efficacy
of α-LA might be limited in population with a G-to-A
point mutation of the ALDH2 gene. Thus, individualized
treatment option on background of genotyping is essen-
tial on the decision making regarding the use of α-LA in
treating pressure-overload induced heart failure in the
daily clinical practice.
In summary, our results suggest that α-LA could

attenuate pressure overload induced cardiac injury in an
ALDH2 dependent manner, clinical studies are warranted
to verify if α-LA could be a potential useful therapeutic
option to treat heart failure patients with pressure over-
load and with WT ALDH2.
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Fig. 7 ALDH2 protects angiotensin II-induced hypertrophic response via Nrf1-FUNDC1-dependent pathway. a, b Correlation between ALDH2
and Nrf1 expression as well as FUNDC1 and Nrf1 in GTEx database; c Western blots of Nrf1, Nrf2, PFKP, LDHA, and β-actin in tissue (loading control)
(n= 6 samples per group); d Western blots of ALDH2, FUNDC1, Nrf1, and β-actin (loading control) in NRCMs after transfection (n= 6 samples per
group); e depiction of the putative Nrf1-binding site located at FUNDC1 promoter; f predicted potential Nrf1REs; g chromatin immunoprecipitation
(ChIP) assay in NRCMs; h construction pGL3 luciferase reporter vector with FUNDC1 promoter; i luciferase assay in NRCMs (n= 6 samples per group); j
schematic diagram depicting the role of α-LA in pressure overload-induced changes in ALDH2 and mitophagy. Pressure overload suppresses
expression and activity of myocardium ALDH2, which participates in pressure overload-induced inhibition of mitophagy receptor FUNDC1 and LC3II.
Besides, the beneficial effects of α-LA in pressure overload heart failure was mediated by a novel ALDH2–Nrf1–FUNDC1 signaling pathway in which
procedure Nrf1 modulates the FUNDC1 expression via directly binding to the 5′ promoter of FUNDC1. Mean ± SEM, ***P < 0.001. Statistical analysis
was carried out by a two-tailed Student’s t test analysis.
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