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ALDH2 mediates the effects of sodium- @
glucose cotransporter 2 inhibitors (SGLT2i)
on improving cardiac remodeling
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Abstract

Background Sodium-glucose cotransporter-2 inhibitors (SGLT2i) are now recommended for patients with heart
failure, but the mechanisms that underlie the protective role of SGLT2i in cardiac remodeling remain unclear.
Aldehyde dehydrogenase 2 (ALDH2) effectively prevents cardiac remodeling. Here, the key role of ALDH2 in the
efficacy of SGLT2i on cardiac remodeling was studied.

Methods Analysis of multiple transcriptomic datasets and two-sample Mendelian randomization were performed

to find out the differentially expressed genes between pathological cardiac hypertrophy models (patients) and
controls. A pathological cardiac hypertrophy mouse model was established via transverse aortic constriction (TAC)

or isoproterenol (ISO). Cardiomyocyte-specific ALDH2 knockout mice (ALDH2*9) and littermate control mice
(ALDH210¥/ox) \were generated to determine the critical role of ALDH2 in the preventive effects of dapagliflozin (DAPA)
on cardiac remodeling. RNA sequencing, gene knockdown or overexpression, bisulfite sequencing PCR, and luciferase
reporter assays were performed to explore the underlying molecular mechanisms involved.

Results Only ALDH2 was differentially expressed when the differentially expressed genes obtained via Mendelian
analysis and the differentially expressed genes obtained from the multiple transcriptome datasets were combined.
Mendelian analysis revealed that ALDH2 was negatively related to the severity of myocardial hypertrophy in patients.
DAPA alleviated cardiac remodeling in mouse hearts subjected to TAC or ISO. ALDH2 expression was reduced,
whereas ALDH2 expression was restored by DAPA in hypertrophic hearts. Cardiomyocyte specific ALDH2 knockout
abolished the protective role of DAPA in preventing cardiac remodeling. ALDH2 expression and activity were
increased in DAPA-treated neonatal rat primary cardiomyocytes (NRCMs), H9C2 cells and AC16 cells. Moreover, DAPA
upregulated ALDH2 in peripheral blood mononuclear cells (PBMCs) from patients with type 2 diabetes. Sodium/
proton exchanger 1 (NHE1) inhibition contributed to the regulation of ALDH2 by DAPA. DAPA suppressed the
production of reactive oxygen species (ROS), downregulated DNA methyltransferase 1 (DNMT1) and subsequently
reduced the ALDH2 promoter methylation level. Further studies revealed that DAPA enhanced the binding of nuclear
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transcription factor Y, subunit A (NFYA) to the promoter region of ALDH2, which was due to the decreased promoter

methylation level of ALDH2.

Conclusions The upregulation of ALDH2 plays a critical role in the protection of DAPA against cardiac remodeling.
DAPA enhances the binding of NFYA to the ALDH2 promoter by reducing the ALDH2 promoter methylation level

through NHE1/ROS/DNMT1 pathway.
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Introduction

Heart failure is one of the leading causes of mortality
worldwide [1]. As myocardial remodeling is the basic
pathophysiological mechanism of heart failure, pre-
venting or reversing myocardial remodeling is the key
therapeutic target for heart failure [2, 3]. Myocardial
remodeling is defined as structural and functional car-
diac abnormalities, including a decrease in the number of
cardiomyocytes, loss-of-function in cardiomyocytes, col-
lagen deposition and scar formation, and dilation of the
ventricular chamber in response to ischemia, pressure or
volume overload, metabolic abnormalities, genetic muta-
tions and some infectious or toxic stimuli [4, 5]. Although
etiological correction and neurohumoral regulation are
still the basis for HF treatment, preventing or reversing
myocardial remodeling, such as beta-blockers, angio-
tensin-converting enzyme inhibitors, mineralocorticoid
receptor antagonists, and sodium-glucose cotransporter
2 inhibitors (SGLT2i), has gradually become the key
strategy for the treatment of HF [4, 6].

SGLT?2i are glucose-lowering drugs that act on SGLT-2
proteins expressed in the proximal convoluted tubules
[7]. They exert their effects by preventing the reab-
sorption of filtered glucose from the tubular lumen [7].
SGLT2i are recommended for both HF with a reduced
ejection fraction and HF with a preserved ejection frac-
tion [8]. Previous studies have revealed that SGLT2i
improve cardiac remodeling through several molecu-
lar mechanisms including suppressing the inflamma-
tory response, preventing cardiac fibrosis, reducing cell
apoptosis, and improving mitochondrial function [9, 10].
SGLT2i can ameliorate adverse cardiac remodeling and
heart failure by enhancing myocardial energetics [11]
and exerting effects on iron availability and utilization
[12, 13]. However, the cardiovascular protective effect
of SGLT2i remains to be further explored because of the
absence of SGLT2 on the surface of cardiomyocytes [14].

Aldehyde dehydrogenase 2 (ALDH2) is a mitochon-
drial enzyme that plays a key role in the detoxification
of toxic aldehydes such as 4-hydroxynonenal (4-HNE)
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and acetaldehyde [15]. In the recent decades, the role
of ALDH2 in cardiovascular diseases, including car-
diac remodeling, has been extensively explored [16].
ALDH2 can improve cardiac remodeling through several
mechanisms including enhancing mitophagy, regulat-
ing angiogenesis, preventing fibrosis and cell death, and
reducing the production of reactive oxygen species (ROS)
and toxic aldehydes [16, 17]. Recently, it was reported
that empagliflozin ameliorates ALDH2 gene muta-
tion-induced endothelial cell dysfunction, but whether
SGLT?2i affects ALDH2 activity and expression has never
been studied [18]. Here, we focused on exploring the key
role of ALDH2 in the protective effect of SGLT2i on car-
diac remodeling and elucidating the underlying mecha-
nisms by which SGLT2i regulate ALDH2.

Materials and methods

Human subjects

Newly diagnosed patients with type 2 diabetes took dapa-
gliflozin (DAPA, 10 mg/d) orally for three days. Ficoll
density gradient separation (17144002, Cytiva) and red
cell lysis solution (BL503B, Biosharp) were used to iso-
late human peripheral blood mononuclear cells (PBMCs)
according to the manufacturers’ protocols. This study
was approved by the Ethics Committee of Qilu Hospital
of Shangdong University, and all patients provided writ-
ten informed consent.

Mendelian randomization

We used two-sample MR (Mendelian Randomization) to
estimate the causal effect of plasma protein onpathologi-
cal cardiac hypertrophy. The plasma protein data were
derived from 4,907 plasma proteins detected in 35,559
Icelanders. The summary statistics of pathological car-
diac hypertrophy were obtained from the FinnGen con-
sortium R7 release data (3100 cases and 156711 controls).
Inverse variance weighted, MR-Egger, weighted median
and weighted models were used to examine the causal
associations between plasma protein levels andpathologi-
cal cardiac hypertrophy.

RNA-sequencing (RNA-seq) analysis

All public transcriptome data were obtained from the
GEO public database. Bioinformatics analysis of the
RNA-seq was performed at https://www.omicstudio.cn/
tool and http://www.sangerbox.com/. RNA sequencing
of mouse heart tissues was performed on the Illumina
sequencing platform (LC-BIO, Hangzhou, China).

Animals

All animal experiments and methods followed ethi-
cal guidelines for animal studies and were approved by
the Institutional Animal Care and Use Committee of
Qilu Hospital of Shandong University. Male and female
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(8-10-week-old) C57/6] mice were obtained from Bei-
jing Vital River Laboratory Animal Technology (Beijing,
China). ALDH2/°X mice on a C57/6] background and
aMyHC-Cre mice were purchased from Cyagen Biosci-
ences (Suzhou, China). Cardiomyocyte-specific ALDH2
knockout mice (ALDH21XqNyHC-Cre, ALDH-
2CMKO) and their littermates (ALDH219/1%%) were gener-
ated by breeding ALDH2/°X mjce with aMyHC-Cre
mice. The genotypes of the transgenic mice were detected
by polymerase chain reaction (PCR) analysis via DNA
from the mouse tail.

Transverse aortic constriction

The mice (body weight 25+2 g) were anesthetized with
pentobarbital, intubated, and subjected to transsternal
thoracotomy. The transverse aorta was constricted by
tying a 7—0 nylon suture ligature against a 26-gauge nee-
dle between the innominate and left carotid arteries. The
sham operation was the same as that described above,
except that the knot was not tied.

Subcutaneous injection of isoproterenol

C57BL/6] male mice were injected with isoproterenol
(ISO, 5 mg/kg/d, 15627, Sigma) for 2 weeks as previously
described [19].

Dapagliflozin treatment

The mice were treated with DAPA (1 mg/kg/d, S1548,
Selleck) through intragastric administration after TAC or
ISO injection [20].

Western blot analysis

The extracted proteins were prepared by lysing tissues or
cells in RIPA lysis buffer, separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
and then transferred onto 0.45 pm polyvinylidene diflu-
oride (PVDF) membranes (Merck Millipore, Billerica,
MA). The membranes were incubated at 4 °C overnight
with primary antibodies. The details of the primary anti-
bodies used are shown in Supplementary Table 1. After
washing, the membranes were incubated with the cor-
responding horseradish peroxidase—coupled second-
ary antibodies. The quantification of the bands was
performed using Image] software (version 1.53c, NIH).

RNA isolation and quantitative real-time-PCR (qRT-PCR)

Total RNA was extracted from cardiomyocytes and heart
tissue using TRIzol reagent (15596018, Thermo Fisher).
The RNA samples (1ng) were reversely transcribed to
c¢DNA via the Hiscript’Ill Reverse Transcriptase Kit
(R223-01, Vazyme). qRT-PCR analysis was performed on
a QuantStudio 5 Real-Time PCR Detection System using
ChamQ Universal SYBR qPCR Master Mix (Q711-02,
Vazyme) with specific primers. The relative expression
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levels of each gene were quantified using the 2—AACT
method and normalized to the amount of endogenous
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
The sequences of the specific primers used for qRT-PCR
in this study are listed in Supplementary Table 1.

Histological staining

The mice were euthanized and heart sections (5 um inter-
vals) were stained with Masson (G1340, Solarbio) and
Sirius red (G1472, Solarbio) according to routine proce-
dures. Heart sections were incubated with wheat germ
agglutinin-Alexa488 (29022-1, Biotium) at 4°C overnight
to visualize the membranes and with 4,6-diamidino-
2-phenylindole (DAPI) to observe the nucleus. All images
were visualized with an automated fluorescence micro-
scope (Olympus SLIDEVIEW VS§200).

Echocardiographic assessment

Echocardiography measurements were performed with
a high-resolution microimaging system equipped with a
30-MHz transducer (Vevo2100, Visual Sonics) to evalu-
ate the cardiac function of the mice. Cardiac echocar-
diography data were recorded on a heating plate at 37 °C.
The mice were anesthetized via inhalation of 1.5-2% iso-
flurane, and the heart rate was maintained at 450-500
beats/min. M-mode cardiac images of the left ventricle
(LV) from the left parasternal long-axis view at the papil-
lary muscle level were used to assess the LV wall thick-
ness and LV dimensions, including interventricular septal
thickness at end systole (IVSs), LV posterior wall thick-
ness at end diastole (LVPWd), LV posterior wall thick-
ness at end systole (LVPWs), end-diastolic dimensions of
the LV (LVEDd) and end-systolic dimensions of the LV
(LVEDs).

Cells and culture conditions

Primary neonatal rat cardiomyocytes (NRCMs) were iso-
lated from the ventricles of 2-day-old Sprague-Dawley
rats (Cyagen Biosciences, Suzhou, China). After tho-
racotomy, the hearts were extracted from the body and
transferred immediately into cold Hanks balanced salt
solution. The tissue was cut into small pieces and trans-
ferred into a conical flask containing 0.04% collagenase
type II (C6885, Sigma) to a 37 °C cell culture incubator
with magnetic stirring (150 rpm) for 1 h. The fibroblasts
were then removed using a differential attachment tech-
nique. NRCMs were seeded at a density of 6x10° cells
per well onto gelatine-coated six-well culture plates in
plating medium consisting of DMEM (Gibco) supple-
mented with 20% fetal calf serum (FBS), BrdU (0.1
mmol/L, to inhibit the proliferation of fibroblasts) and
penicillin/streptomycin at 37 °C in 5% CO2. The H9C2
cell line (CL-0089) and AC16 cell line (CL-0790) were
provided by Procell (Wuhan, China). The cells were

Page 4 of 14

cultured under permissive conditions (37 °C, 5% CO2) in
DMEM (Gibco) containing 10% FBS.

The cells were then treated with 10uM ISO for 48 h to
induce cardiomyocyte hypertrophy. DAPA, empagliflozin
or N-acetylcysteine were used to treat cardiomyocytes
according to experimental requirements.

Mitochondria extraction

After different treatments, the NRCMs were harvested,
and the mitochondria were extracted using a cell mito-
chonderia isolation kit (Beyotime, Haimen).

ALDH2 activity

ALDH2 activity was measured with a Mitochondrial
Aldehyde Dehydrogenase (ALDH2) Activity Assay Kit
(ab115348, Abcam).

Immunofluorescence staining

The samples were subsequently fixed with 4% parafor-
maldehyde for 15 min and permeabilized with 0.5% (v/v)
Triton X-100 in PBS for 20 min at 37 °C. After wash-
ing, the samples were blocked in 5% (w/v) BSA in PBS
for 40 min and incubated with primary antibody at 4 °C
overnight. The primary antibodies used in our studies
were shown in Supplementary Table 2. Images were cap-
tured with a confocal laser scanning microscope (Leica
TCS SP8, Wetzlar, Germany). The positive areas were
measured with Image] software (version 1.8.0). Data
were expressed as a percentage of the total area positively
stained.

Molecular docking and prediction

Molecular simulation of the binding of DAPA with NHE1
was performed via AutoDock version 4.2.6. PyMOL 2.5
software was then used to analyze the hydrogen bonds
and bond lengths within the interactions. DAPA struc-
ture file source: https://pubchem.ncbi.nlm.nih.gov/;
NHE1 (7dsw.A) structure file source: https://www.rcsb.
org/.

Viral infection

Lentiviruses that overexpress NHE-1 were synthesized
by Boshang (Jinan, China) and transfected into H9C2
cells according to the manufacturer’s instructions. Stably
transfected clones were isolated in medium containing
puromycin (ant-pr-1, InvivoGen). Individual puromycin-
resistant clones were subsequently selected.

BSP analysis of ALDH2

The methylation status of the ALDH2 promoter was
determined via the BSP method. Genomic DNA was
isolated with a DNeasy Blood & Tissue Kit (69504, Qia-
gen) and then subjected to bisulfite modification using
the EZ DNA Methylation Kit (59104, Qiagen). The


https://pubchem.ncbi.nlm.nih.gov/
https://www.rcsb.org/
https://www.rcsb.org/

Liu et al. Cardiovascular Diabetology (2024) 23:380

bisulfite-treated genomic DNA was amplified via PCR
using the Thermal Cycler from Applied Biosystems (Fos-
ter City, CA). The PCR products were electrophoretically
separated and purified. The products were subsequently
cloned and inserted into the pGEM-T easy vector for
Sanger sequencing. Five clones were sequenced for each
DNA sample. The percentage of methylation was calcu-
lated from the number of methylated CpGs divided by
the total number of CpG loci. The primers used were
designed with Methyl Primer Express 1.0 from Applied
Biosystems. The primer sequences for ALDH2 were as
follows: forward, 5'- TTGTAYGGATGGGATTTATAAG
—3’; reverse, 5'- AAACTAAACRAAACTTAACAAAAC
-3

Short interfering RNA transfection

Short interfering RNAs (siRNAs) targeting DNMT1 were
purchased from Boshang (Jinan, China). NRCMs were
seeded in 6-well plates, transfected with the correspond-
ing short interfering RNA mixed with Lipofectamine™
RNAIMAX (13778075, Thermo Fisher) and cultured for
24 to 48 h. The cells were then treated with H202 or
DAPA and harvested for the following experiments.

ROS measurement

The ROS levels in the cells were assessed with a Reactive
Oxygen Species Assay Kit CA1410 (Solarbio, Beijing).
ROS in heart tissues were detected with dihydroethidium
solution (DHE, 5 umol/L, Beyotime, S0063, Nanjing).
Briefly, 5 um cryosections of hearts were incubated with
DHE in a light-protected humidified chamber at 37 °C
for 30—40 min. An inverted fluorescence microscope was
used to observe and obtain fluorescence micrographs.
The levels of ROS in the heart tissues were further
determined via an available ELISA kit (KYY-43700M2,
Keyybio).

Luciferase reporter assay

Cardiomyocytes (H9C2) were seeded at 1x10° cells/
well in 12-well plates and allowed to adhere overnight.
Nfya-NC or nfya-flag and the pGL3-ALDH2 promoter
were cotransfected into cells. Luciferase activities were
determined via a dual-luciferase reporter assay system
(DL101-01, Vazyme).

CUT-Tag

Concanavalin A coated magnetic beads were prepared
according to Hyperactive Universal CUT&Tag Assay Kit
(TD904, Vazyme) protocol. Activated beads were then
added and incubated at room temperature for 10 min.
Cardiomyocytes (H9C2) were sequentially incubated
sequentially with ConA beads, primary antibodies (anti-
DNMT1 antibody, anti-NFYA antibody), secondary
antibody (Goat anti-Rabbit IgG H&L, AB206-01-AA,
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Vazyme) and Hyperactive PG-TN5/PA-TN5 Transposon,
and then fragmented. Fragmented DNA was extracted
from the samples and amplified by PCR.

Statistical analysis

All the analyses were performed using GraphPad Prism 8.
The experimental data were reported as the mean+SEM.
For experiments with two groups, statistical compari-
sons were conducted using the two-tailed Student’s t
test. One-way ANOVA with Tukey’s test was generally
employed for multiple-group comparisons. Mendelian
Randomization analysis was performed using R software.
Statistical significance was defined as P<0.05.

Results

ALDH2 is decreased in pathological cardiac hypertrophy
Through the analysis of multiple transcriptomic data-
sets, we found that ALDH2 was downregulated in the
hearts of several pathological cardiac hypertrophy mod-
els (Supplemental Fig. 1). The overlap of the multiple
transcriptome datasets revealed that 88 genes were dif-
ferentially expressed in the hearts of hypertrophic mod-
els and controls (Fig. 1A). Mendelian analysis revealed
that 169 plasma proteins were differentially expressed
in the hearts from patients with pathological cardiac
hypertrophy compared with those in hearts from con-
trols (Fig. 1B). When the differentially expressed genes
obtained via Mendelian analysis and the differentially
expressed genes obtained from the multiple transcrip-
tome datasets were combined, only ALDH2 was dif-
ferentially expressed (Fig. 1B). Further Mendelian
analysis revealed that ALDH2 was negatively related to
the severity of myocardial hypertrophy (Fig. 1C). Using
a TAC model, we also found that ALDH2 was decreased
in pressure overload - induced pathological cardiac
hypertrophy(Fig. 1D and E).

DAPA upregulates ALDH2 in pressure overload- induced or
isoproterenol-induced hypertrophic hearts

To determine the effects of SGLT2i on cardiac remodel-
ing, DAPA was administered to male mice subjected to
TAC surgery. DAPA was administered intraperitone-
ally at a dose of 1 mg/kg/d on Day 3 after TAC surgery
(Supplementary Fig. 2A-2B). Mice in TAC group devel-
oped obviously hypertrophied hearts (Fig. 2A and B).
Compared with that in the TAC group, cardiac hyper-
trophy was significantly alleviated by DAPA (Fig. 2A and
B). Compared heart weight normalized by tibial length,
DAPA still had a protective effect on TAC-induced car-
diac hypertrophy (Fig. 2C). Staining of heart cross-sec-
tions also indicated that cardiomyocyte hypertrophy
was alleviated by DAPA (Fig. 2D and E). Echocardio-
graphic examinations revealed that LV hypertrophy
was prevented (Fig. 2F and K) and cardiac function was
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Fig. 1 ALDH2 is downregulated in myocardial remodeling. A, Venn diagram of the mRNA sequencing and reanalysis data of multiple transcriptomes. B,
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andpathological cardiac hypertrophy, as determined through a Mendelian randomization study. D-E, Western blot analysis of ALDH2 levels in the heart

tissues of sham and TAC model mice (n=8). P values are indicated

preserved by DAPA (Fig. 2L and M). Moreover, the mice
in the TAC group developed significant cardiac fibrosis,
whereas DAPA markedly reduced the extent of cardiac
fibrosis (Supplemental Fig. 2C-2 H). In female mice sub-
jected to the TAC model, DAPA also prevented cardiac
hypertrophy (Supplemental Fig. 3A-3 K). Similar to the
changes in male mice, ALDH2 was decreased in hearts
from female mice subjected to TAC surgery and this
decrease was effectively reversed by DAPA (Supplemen-
tal Fig. 3L-30). To further confirm the beneficial effects
of DAPA in preventing cardiac remodeling, an ISO-
induced cardiac hypertrophy model was used and con-
sistent with the results from the TAC-model, DAPA had
a preventive effect on ISO-induced cardiac hypertrophy
(Supplemental Fig. 4).

RNA-sequencing analysis performed of DAPA-treated
mouse heart tissues revealed that the mRNA expression
of ALDH2 was upregulated by DAPA in hearts subjected
to TAC (Fig. 2N). Quantitative RT-PCR confirmed the
upregulation of ALDH2 by DAPA (Fig. 20). Moreover,
the protein expression of ALDH2 was also increased by
DAPA in mouse hearts subjected to TAC (Fig. 2P).

ALDH2 deficiency eliminates the effects of DAPA on
pressure overload - induced pathological cardiac
hypertrophy

To elucidate the role of ALDH2 in the effect of DAPA
on cardiac remodeling, ALDH2“MXO mice were gener-
ated (Fig. 3A and B, Supplemental Fig. 5A-5 C). ALD-
H2MKO mice presented no abnormalities in the size of
their hearts compared with control mice (Supplemental
Fig. 5D-5E). In the TAC model, ALDH2 “MX© mice pre-
sented a significantly lower survival rate than control

mice and this susceptibility of ALDH2MKO mice to TAC
model could not be improved by DAPA (Fig. 3C). Car-
diomyocyte-specific ALDH2 deficiency aggravated
TAC-induced cardiac hypertrophy (Fig. 3D and O).
Importantly, the protective effects of DAPA on pressure
overload-induced pathological cardiac hypertrophy were
abolished in ALDH2MX® mijce (Fig. 3D and O). More-
over, cardiac fibrosis cannot be prevented by DAPA in
ALDH2MXO mice (Supplemental Fig. 5F-5G).

DAPA increases ALDH2 expression and activity in
cardiomyocytes

Similar to its effect on hearts in vivo, DAPA prevented
the increase in the cell surface area and reduced the
mRNA levels of the hypertrophic markers— ANP and
BNP in iso-treated cardiomyocytes (Supplemental Fig. 6).
Notably, DAPA increased the protein expression of
ALDH2 in NRCMs (Fig. 4A and D). Similar results were
found in H9C2 and AC16 cells (Fig. 4E and H). More-
over, we found DAPA upregulated ALDH2 in PBMCs
from patients with type 2 diabetes (Fig. 41 and J). Further
studies with empagliflozin indicated that it could also
increase the protein expression of ALDH2 in NRCMs
(Supplemental Fig. 7). In addition to the protein level, we
also found that DAPA increased the enzymatic activity of
ALDH2 (Fig. 4K), which may be due to the translocation
of PKC-¢ to mitochondria (Supplemental Fig. 8).

NHE1 mediates the regulation of ALDH2 by DAPA

Consistent with previous studies [14], we did not observe
SGLT2 expression in cardiomyocytes (Supplementary
Fig. 9). NHEL1 is a common target of SGLT2 inhibitors
in cardiomyocytes [14, 21]. DAPA could directly bind to
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Fig. 2 DAPA increases ALDH?2 expression in hypertrophic hearts. A, Representative macroscopic images of the indicated groups after treatment with TAC
or DAPA (1 mg/kg/d). B-C, Ratios of heart weight/body weight (HW/BW) and heart weight/tibia length (HW/TL) in the four groups of mice (n=28). D-E,
Histological analysis of wheat germ agglutinin (WGA) staining in four groups of mice (n=8, scale bar =20 um). F-K, Echocardiographic measurements of
IVSs, LVAWs, LVAWd, LVPWs and LVPWd are shown (n=8). L-M, Real-time quantitative PCR analysis of the ANP and BNP mRNA levels in the heart tissues of
the four groups of mice (n=8). NN, Heatmap differentially expressed genes in heart tissues after TAC or TAC + DAPA for 2 weeks. O, Real-time quantitative
PCR analysis of ALDH2 mRNA levels in heart tissues of the four groups of mice (n=7). P, Western blot analysis of ALDH2 levels in heart tissues of the four
groups (n=6). P values are indicated
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Fig. 3 Loss of ALDH2 abolishes the cardioprotective effects of DAPA in vivo.

A-B, Western blot analysis of ALDH2 levels in heart tissues from ALDH2MKO

mice and littermate controls (n=3). C, Survival curves of the indicated groups. D, Representative macroscopic images of the indicated groups after TAC or
DAPA (1 mg/kg/d) treatment for 2 weeks. E-F, Ratios of heart weight/body weight (HW/BW) and heart weight/tibia length (HW/TL) in the four groups of
mice (n=9). G-H, Histological analysis of wheat germ agglutinin (WGA) staining in four groups of mice (n=9, scale bar =20 um). I-O, Echocardiographic
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the NHE1 receptor according to molecular docking and
prediction (Fig. 5A). Using an NHEL1 inhibitor, we found
that NHEL1 inhibition increased the expression of ALDH2
(Fig. 5B and C). NHE1 overexpression downregulated the
expression of ALDH2 and attenuated the effect of DAPA
on ALDH2 (Fig. 5D and F). These results indicate that
NHET1 plays a central role in the regulation of ALDH2 by
DAPA in cardiomyocytes.

DAPA suppresses the expression of DNMT1 and reduces
the promoter methylation level of the ALDH2 gene

To determine the underlying mechanism responsible for
the regulation of ALDH2 by DAPA, the changes in the
transcription and protein degradation of ALDH2 under

DAPA treatment were determined. The mRNA level of
ALDH?2 was significantly increased whereas the protein
degradation of ALDH2 was not altered in the DAPA-
treated cardiomyocytes compared with the control car-
diomyocytes (Fig. 6A and Supplemental 10 A). Next,
we conducted BSP sequencing of the promoter region
of ALDH2 and found that ISO increased the promoter
methylation level of ALDH2, whereas DAPA reduced
ALDH2 promoter methylation (Fig. 6B and C, Supple-
mentary Fig. 10B). Among the DNA methyltransferases,
DAPA mainly affected the expression of DNMT1 (Fig. 6D
and Supplementary Fig. 10C). Knockdown of DNMT1
increased the expression of ALDH2 in cardiomyocytes
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(Fig. 6E and F, Supplemental Fig. 10D) and reduced the
promoter methylation level of ALDH2 (Fig. 6G).

Next, we investigated the possible molecular mecha-
nism by which DAPA affects DNMT1. SGLT2i can
suppress the production of ROS [21] and ROS is an
important epigenetic regulator. We hypothesized that
ROS may play a key role in the regulation of DNMT1 by
DAPA. In cardiomyocytes, DAPA reduced ISO-induced
production of ROS (Fig. 6H and I). In TAC-induced
hypertrophic hearts, DAPA also decreased the levels
of ROS (Fig. 6] and L). Further studies indicated that
DNMT1 was increased in H,O,-treated cardiomyocytes
compared with control cardiomyocytes (Fig. 6M and N).

NAC reduced the levels of ROS in ISO-treated car-
diomyocytes (Supplemental Fig. 10E and 10 F). More
importantly, NAC decreased the expression of DNMT1
but increased the expression of ALDH2 in ISO-treated
cardiomyocytes (Supplemental Fig. 10G and 10 H). These
results confirmed that the ROS/DNMT1 pathway plays

a critical role in the regulation of ALDH2 by DAPA in
cardiomyocytes.

DAPA increases the binding of NFYA to the ALDH2
promoter region

The JASPAR website predicted that NFYA was an impor-
tant transcription factor for ALDH2 (Fig. 7A). DNMT1
knockdown increased the binding of NFYA to the
ALDH?2 promoter region (Fig. 7B). Moreover, the binding
of NFYA to the ALDH2 promoter region was increased
by DAPA (Fig. 7C). Using CUT-Tag, we confirmed that
DAPA increased the binding of NFYA but decreased
the binding of DNMT1 to the ALDH2 promoter region
(Fig. 7D and E).

Histone acetylation plays an important role in modu-
lation gene expression in cardiomyocytes [22]. Then,
we detected acetylation-related proteins and found that
DAPA did not change the expression of histone acetyla-
tion-related enzymes (Supplemental Fig. 11).
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Discussion

Elucidating the underlying molecular mechanism of
myocardial remodeling and exploring therapeutic targets
reduces the incidence of heart failure [23]. In the present
study, we demonstrated that DAPA protects against car-
diac remodeling, which could be attributed to increased
expression of ALDH2. The application of DAPA reduced
the methylation of the ALDH2 promoter region by
reducing the levels of ROS and DNMT1, promoted the
binding of NFYA to the ALDH2 promoter region, and
promoted ALDH2 transcription.

Myocardial remodeling, which is associated with
increased interstitial fibrosis, cell death, and contractile
dysfunction [24], represents a leading cause of morbidity
and mortality worldwide. As this remodeling is associated
with the early stage of heart failure, timely intervention is
essential [25]. As a first-line hypoglycemic drug, increas-
ing numbers of studies have demonstrated the protective
effect of DAPA on cardiovascular disease [26, 27]. These
effects include but are not limited to, renal and systemic
hemodynamic effects; direct effects on the heart, vascu-
lature, and tubular cells, on- and off-target effects; and
numerous other effects [28—30]. Clinical studies have
also shown that SGLT2i use is associated with improved
quality of life and functional capacity of HF patients [31].
It activated the SIRT1/HIF-1a signaling pathway and had
a protective effect on Ang II-induced experimental myo-
cardial hypertrophy in mice [32]. DAPA reduces oxygen
radicals and the activity of membrane channels related
to calcium transport in ATII-stressed diabetic mice [33].
In our study, we demonstrated that ALDH2 mediates the
protective effect of DAPA on myocardial remodeling.

Aldehyde dehydrogenase 2 (ALDH2) is a metaboliz-
ing enzyme that detoxifies acetaldehyde and endogenous
lipid aldehydes such as 4-hydroxy-2-nonenal (4-HNE)
[16]. Numerous clinical and experimental studies have
demonstrated the enzymatic and nonenzymatic roles of
ALDH2 in cardiovascular disease [34—36]. Most of the
previous studies on myocardial remodeling focused on
the downstream molecules of ALDH2. Alpha-lipoic acid
therapy has been shown to reduce the effects of pressure
overload-induced cardiac hypertrophy and remodeling
in TAC mice and improve cardiac function through a
mechanism dependent on ALDH2 [17]. ALDH2 plays a
protective role against diabetic cardiomyopathy by pre-
serving mitochondrial integrity through the Akt-GSK3p
pathway and promoting mitophagy via Parkin-dependent
mechanisms [37]. However, there is currently a scarcity of
drugs or means to target ALDH?2 directly. The upstream
mechanism of ALDH2 requires further investigation. In
our study, we proposed for the first time that DAPA can
promote ALDH2 transcription. We employed an innova-
tive approach in which DAPA was used to increase the
expression of ALDH2, thereby contributing to the inhibi-
tion of cardiac remodeling. Interestingly, our analysis of
peripheral blood nucleated cells from patients with type
2 diabetes revealed that DAPA increased ALDH2 expres-
sion regardless of genotype.

Many studies have shown that SGLT2 is not expressed
in cardiomyocytes and that DAPA has beneficial effects
on cardiovascular disease via off-target mechanisms [38—
40]. We also confirmed that SGLT2 was not expressed in
cardiac cells. As a membrane transporter, NHE-1 regu-
lates the intracellular pH and Na* and Ca*" concentra-
tions [41]. NHE-1 hyperactivity is intimately linked to
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heart diseases [42]. Recently, it has been reported that DAPA can play a cardiovascular protective role by
empagliflozin can prevent cardiac hypertrophy or heart reducing ROS [33, 45, 46]. ROS are critical epigenetic
failure through inhibiting NHE-1 [43, 44]. In our study, regulators that can increase the expression level of meth-
we utilized molecular docking prediction to hypothesize  yltransferases [47]. DNMT1 can be upregulated by the
that DAPA may provide cardiovascular protection by ROS family member, superoxide anion (027) [48]. DNA
inhibiting the Na+/H+exchanger (NHE-1). methylation at the ALDH?2 gene locus is associated with
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DAPA. CUT&Tag-gPCR assay of DNMT1 bound to promoter regions of ALDH2, and ALDH2 gene expression analysis by RT-qPCR. P values are indicated

the downregulation of ALDH2 expression [49, 50]. Our
research revealed that DAPA decreases the methylation
level of the ALDH2 promoter region, thereby leading
to increased NFYA binding and ultimately resulting in
increased ALDH2 expression. In addition to methyla-
tion, histone acetylation also plays a vital role in regu-
lating gene expression in cardiomyocytes [22, 51]. Our
experiments demonstrated that DAPA cannot change
the expression of histone acetylation-related proteins in
cardiomyocytes. Thus, DNA methylation but not histone
acetylation should mainly contribute to the regulation of
ALDH2 expression by DAPA.

In summary, the present study demonstrated that
ALDH?2 plays a critical role in the protective effect of
DAPA on cardiac remodeling. DAPA upregulates ALDH2
through the NHE1/ROS/DNMT1 pathway.
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