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Mitochondrial aldehyde dehydrogenase rescues
against diabetic cardiomyopathy through
GSK3p-mediated preservation of mitochondrial
integrity and Parkin-mediated mitophagy
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Mitochondrial aldehyde dehydrogenase (ALDH2) offers proven cardiovascular benefit, although its impact on diabetes remains
elusive. This study examined the effects of ALDH2 overexpression and knockout on diabetic cardiomyopathy and the mechanism
involved with a focus on mitochondrial integrity. Mice challenged with streptozotocin (STZ, 200 mg/kg, via intraperitoneal injection)
exhibited pathological alterations, including reduced respiratory exchange ratio, dampened fractional shortening and ejection
fraction, increased left ventricular end-systolic and diastolic diameters, cardiac remodeling, cardiomyocyte contractile anomalies,
intracellular Ca?* defects, myocardial ultrastructural injury, oxidative stress, apoptosis, and mitochondrial damage, which were
overtly attenuated or accentuated by ALDH2 overexpression or knockout, respectively. Diabetic patients also exhibited reduced
plasma ALDH2 activity, cardiac remodeling, and diastolic dysfunction. In addition, STZ challenge altered expression levels of
mitochondrial proteins (PGC-1a and UCP2) and Ca’* regulatory proteins (SERCA, Nat—Ca2* exchanger, and phospholamban),
dampened autophagy and mitophagy (LC3B ratio, TOM20, Parkin, FUNDC1, and BNIP3), disrupted phosphorylation of Akt, GSK38,
and Foxo3a, and elevated PTEN phosphorylation, most of which were reversed or worsened by ALDH2 overexpression or knockout,
respectively. Furthermore, the novel ALDH2 activator torezolid, as well as the classical ALDH2 activator Alda-1, protected against
STZ- or high glucose-induced in vivo or in vitro cardiac anomalies, which was nullified by inhibition of Akt, GSK38, Parkin, or
mitochondrial coupling. Our data discerned a vital role for ALDH2 in diabetic cardiomyopathy possibly through regulation of Akt
and GSK3p activation, Parkin mitophagy, and mitochondrial function.
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Introduction

Mitochondrial aldehyde dehydrogenase (ALDH2) possesses
a rather important role in the metabolism of acetaldehyde
and toxic aldehydes (Zhang and Ren, 2011; Pang et al., 2015;
Wu and Ren, 2019; Wu et al.,, 2022b). More clinical and
experimental findings from our group and others have revealed
an important role for ALDH2 in cardiovascular diseases,
including ischemia injury, sepsis, aging, atherosclerosis, aortic
dissection, obesity, arrhythmias, hypertension, and alcoholism
(Chen et al., 2008; Doser et al., 2009; Ma et al., 2009; Koda
etal., 2010, 2011; Zhang et al., 2017; Wang et al., 2018, 2020;
Yang et al., 2018, 2020; Goodnough and Gross, 2020; Jin et al.,
2022; Yu et al., 2022; Zhu et al., 2022). More recent evidence
has indicated a correlation between ALDH2 polymorphism and
increased risk of diabetes mellitus (Guo et al., 2015; Munukutla
et al., 2019; Yang et al., 2021), although little knowledge is
readily available for the precise role of ALDH2 in cardiovascular
anomalies associated with metabolic disorders including
diabetes mellitus. As one of the most common metabolic
comorbidities worldwide, the prevalence of diabetes is rapidly
rising, in particular in East Asian where ALDH2 polymorphism
is frequently seen (Xu et al., 2010). This is in line with the
findings of compromised ALDH2 expression and/or activity in
association with pronounced oxidative stress and myocardial
injury in diabetes (Wang et al., 2011). Up-to-date, several
scenarios have been put forward for the pathogenesis of
diabetic complications including diabetic cardiomyopathy. Of
note, oxidative stress, mitochondrial injury, inflammation, and
various forms of cell death including apoptosis and ferroptosis
may all play vital roles in the etiology of diabetic cardiomyopa-
thy. Given that inactive ALDH2 prompts hyperglycemia and risk
of diabetic complications (Matsuoka, 2000), this study was
designed to examine the role for ALDH2 in the pathogenesis
of diabetic cardiomyopathy and underlying mechanism(s)
involved with a particular focus on mitochondrial quality. Both
human and experimental models of diabetes were employed.
Earlier finding from our laboratory suggested a crucial role of Akt
along with its up- or downstream signaling cascades including
phosphatase and tensin homologue on chromosome 10 (PTEN,
a negative regulator for Akt), glycogen synthase kinase-3B
(GSK3B), and forkhead transcriptional factor in ALDH2-initiated
cardioprotection against alcoholism and ischemia-reperfusion
(Ren, 2007; Doser et al., 2009; Ma et al., 2009, 2010, 2011).
More evidence has revealed an important role for mitochondria-
selective autophagy—mitophagy in the governance of
mitochondrial function in diabetes and other metabolic
diseases (Ajoolabady et al.,, 2022). Therefore, mitophagy
was scrutinized along with mitochondrial integrity including
mitochondrial membrane potential (MMP), as well as PTEN, Akt,
GSK3B, and Foxo3a signaling, which were monitored in wild-type
(WT), ALDH2 overexpression, and ALDH2 knockout mice with or
without streptozotocin (STZ)-induced diabetes. To understand
whether ALDH2 affects myocardial geometry and function in
diabetes indirectly through global metabolic changes, global
metabolic properties including respiratory exchange ratio

(RER), O, consumption (VO,), CO, production (VCO;), and total
physical activity along with plasma free fatty acid (FFA) profile
was monitored in diabetic and non-diabetic mice.

Results
Data processing and weighted correlation network analysis

Of note, 24 rat ventricles collected after 3, 28, and 42 days
of the STZ (65 mg/kg) or citrate buffer delivery were used to
extract total RNA for GSE4745 dataset. Here, rat ventricles at 3
days after STZ injection displayed an initial lesion, the 28-day
model exhibited diastolic dysfunction, and 42-day rat ventricles
unveiled both diastolic and systolic dysfunction in comparison
with control groups. Differential expression analysis was per-
formed across groups of different time points using the ‘Affy’
method. A comparison between 28-day and 3-day rat ventricles
revealed 26 differentially expressed genes (DEGs; 6 downregu-
lated and 20 upregulated). In addition, 109 DEGs (46 downreg-
ulated and 63 upregulated) were detected between 42-day post
STZ injection and control groups. Meanwhile, weighted gene co-
expression network analysis (WGCNA) was conducted to discern
the correlation between phenotype and gene set with robust
multi-array average (RMA)-normalized 7315 coexpressed genes
in 24 rat ventricles. In WGCNA, samples were included with mul-
tiphenotypes, including diabetic status, STZ injection days (i.e.
days after STZ or citrate buffer delivery), body weight, ventricular
weight, blood glucose, ventricular weight/body weight ratio,
and body weight/control average (Figure 1A). Based on WGCNA,
the selected algorithm include the following core parameters:
(i) the soft power is 10 to meet the scale-free topology model
fitting signed R? >0.8; (ii) the gene modules are merged with
the dynamic tree cutting height at 0.25 (Figure 1B); (iii)) MEma-
genta and MEpink modules may significantly correlate with dia-
betic status (Memagenta: correlation = 0.85, P-value = 1e—07;
MEpink: correlation = —0.65, P-value = 6e—04) and blood glu-
cose level (Memagenta: correlation = 0.84, P-value = 3e—07;
MEpink: correlation = —0.70, P-value = 2e—04) (Figure 1C); and
(iv) MEmagenta and MEpink modules have certain correlation
variability (Figure 1D).

Pathway enrichment analysis

Figure 2A and B show interactive maps of Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathways enriched with
genes in magenta and pink modules, where color code repre-
sents the identities of pathways, and node size represents the
Benjamini—Hochberg procedure-adjusted P-value (p.adjust) of
each gene. These pathways encompass glutathione metabolism
(p.adjust = 3.16e—06; enriched genes: Gstm1, Gstp1, Odc1,
Gpx4, Gstt2, Mgst1, Mgst3, and Gsta4), metabolism of xeno-
biotics by cytochrome P450 (p.adjust = 6.31e—05; enriched
genes: Gstm1, Gstp1, Cbrl, Gstt2, Mgst1, Mgst3, and Gsta4),
fatty acid elongation (p.adjust = 7.94e—05; enriched genes:
Acot7, Acot1, Hadha, Hadhb, and Acot2), and HIF-1 signaling
pathway (p.adjust = 5.01e—04; enriched genes: Eno1, Eno2,
Nppa, Slc2al, Hk2, Pfkp, and Eif4ebp1), which were primarily
enriched in magenta module (Figure 2A), as well as diabetic
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Figure 1 WCGNA of GSE4745 dataset constructed in response to the temporal-correlated pathological changes of myocardium in diabetic
rattus norvegicus. (A) The heatmap showing the clustering analysis of sample transcript profile and phenotypic traits involving STZ injection
days, body weight (BW), ventricular weight (VW), blood glucose (Bglu), ventricular weight/body weight ratio (VW/BW ratio), and body
weight/control average (BW/Control). (B) The coexpression gene modules were identified through the hierarchical cluster algorithm and
merged by the dynamic tree cut method, in which the cutting height is 0.25. (C) The heatmap showing the Pearson’s correlation analysis
among modules and clinical traits. (D) The heatmap showing coexpression correlations among gene modules based on the hierarchical

cluster algorithm.

cardiomyopathy (p.adjust = 1.26e—06; enriched genes: Gapdh,
Slc2a4, Smad2, Collal, Mtor, Mmp2, Ndufv2, Vdac1, Col3a1,
Col1a2, Mpc1, Ndufs8, and Ndufa9), relaxin signaling pathway
(p.adjust = 3.89e—04; enriched genes: Kras, Smad2, Col1a1l,
Mmp2, Col3a1, Col1a2, Vegfb, and Vegfd), pyruvate metabolism
(p.adjust 1.26e—03; enriched genes: Hagh, Mdh1, Pc,
Aldh7a1, and Ldhd), carbon metabolism (p.adjust =1.26e—03;
enriched genes: Gapdh, Mdh1, Pgam2, Pc, Eno3, Acads, and
Dlst), and PI3K—Akt signaling pathway (p.adjust = 1.58e—03;
enriched genes: Kras, Ywhah, Igfir, Pkn1, Colla1l, Mtor, Colla2,
Vegfb, Lparl, Vegfd, and Eif4e2), were significantly detected
in pink module (Figure 2B). For Gene Ontology (GO) func-
tional enrichment, adrenergic/calcium/cAMP signaling path-
way, AGE—RAGE signaling pathway, and chemical diabetic/

carcinogenesis/cardiomyopathy were evidently identified, and
the subcategories of neuroactive ligand—receptor interaction,
cAMP signaling pathway, PI3K-Akt signaling pathway, pathways
of neurodegenerative diseases, and diabetic cardiomyopathy
were detected (Figure 2C).

The gene set variation analysis (GSVA) pathway scores of
mitophagy and PI3K—Akt activation exhibited dynamic variation
at different time spots in STZ-induced diabetic cardiomyopa-
thy from GSE4745 dataset (Figure 2D) and were overtly sup-
pressed in diabetic hearts from GSE150649 dataset (Figure 2E).
In addition, both mitophagy (enrichment score = 0.43, nor-
malized enrichment score (NES) = 1.91, P-value = 2.86e—06)
and PI3K-Akt activation (enrichment score = 0.41, NES = 1.87,
P-value = 2.76e—06) pathways were also profoundly detected
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Figure 2 The detection of pathway regulation network, gene set variation score, and gene set enrichment. (A and B) KEGG pathway
regulation network was constructed based on the Metascape database involving genes in magenta or pink module. (C) GO func-
tional enrichment map showing that adrenergic/calcium/cAMP signaling pathway, AGE-RAGE signaling pathway, and chemical dia-
betic/carcinogenesis/cardiomyopathy categories were significantly enriched. (D) GSVA of GSE4745 dataset reveals temporal variation of
mitophagy and PI3K—Akt activation pathway scores in response to pathological changes in cardiomyopathy following STZ injection. (E and
F) GSVA and GSEA of GSE150649 dataset validate mitophagy and PI3K—Akt activation pathway score variation and enrichment in diabetic

hearts of newborn rats.

by gene set enrichment analysis (GSEA) of GSE150649 dataset
(Figure 2F).

Global metabolic properties of normal and diabetic mice
To evaluate the influence of diabetes and ALDH2 on metabolic
indices, calorimetric parameters were assessed in WT, ALDH2

overexpression, and ALDH2~/~ mice with or without diabetes
using the 6-chamber Comprehensive Laboratory Animal
Monitoring System (Oxymax/CLAMS; Columbus Instruments).
Our data revealed that diabetes evoked overtly lowered VCO,
and RER (VCO,/V0,) in both light and dark cycles, along with
unchanged VO,, heat production, and total physical activity,
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Figure 3 Influence of ALDH2 overexpression (ALDH20E) and knockout on diabetes mellitus (DM)-induced changes in myocardial morphology,
oxidative stress, and apoptosis. (A) Representative Lectin (top), Masson trichrome (middle), and DCF (bottom) staining micrographs depicting
cardiomyocyte cross-sectional area, interstitial fibrosis, and oxidative stress, respectively. (B-D) Quantitative analysis of cardiomyocyte
cross-sectional area (B), interstitial fibrosis (C), and DCF fluorescence intensity (D). (E) Representative TUNEL/DAPI/cardiac troponin T (cTnT)
staining micrographs depicting cardiomyocyte apoptosis. (F) Quantitative analysis for the percentage of TUNEL-positive cells. Mean & SEM,
n = 6-8 mice or myocardial sections per group; *P < 0.05 vs. WT group, *P < 0.05 vs. WT-DM group.

which were attenuated oraccentuated by ALDH2 overexpression
or knockout, respectively (Supplementary Figure S1). Notably,
little difference was detected for these metabolic parameters
in response to either ALDH2 overexpression or knockout itself
(Supplementary Figure S1). These data favor that STZ diabetic
mice oxidize a lower proportion of carbohydrate compared with
non-diabetic mice, representing a higher dependence on fatty
acids for energy source over glucose. Thus, ALDH2 expression
apparently offers a beneficial effect on energy metabolism in
diabetes.

Morphological properties and cell apoptosis of myocardium
from normal and diabetic mice

Morphological properties were evaluated using fluorescein
isothiocyanate-conjugated wheat germ Lectin staining and
Masson trichrome staining in WT, ALDH2 overexpression,
and ALDH2~/~ mice with or without diabetes. As shown in
Figure 3A-C, diabetes enlarged cardiomyocyte cross-sectional
area and elevated interstitial fibrosis in mouse hearts, which
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were obliterated or augmented by overexpression or knockout
of ALDH2, respectively. Likewise, STZ-induced diabetes evoked
overt oxidative stress evidenced by pronounced dichlorodihy-
drofluorescein (DCF) fluorescence, which was mitigated or ex-
acerbated by overexpression or knockout of ALDH2, respec-
tively (Figure 3A and D). Assessment of cell apoptosis using the
TUNEL assay noted that diabetes significantly elevated apop-
tosis, which was nullified or intensified by ALDH2 overexpres-
sion or knockout, respectively (Figure 3E and F). Neither ALDH2
overexpression nor knockout alone elicited any notable effects
on cardiac morphology, oxidative stress, or TUNEL apoptosis
(Figure 3). These data support a preservative role for ALDH2 in
the maintenance of myocardial morphology and cellular status
in diabetes.

Biometric and echocardiographic properties of normal and
diabetic mice

Diabetes induced subtle but significant loss in body weight
along with decreased plasma insulin and elevated blood
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Figure 4 Influence of ALDH2 overexpression and knockout on diabetes mellitus-induced changes in mitochondrial ultrastructure, protein
expression, and function. (A) Representative TEM ultrastructural images. (B) Mitochondrial area (% total area). (C) Mitochondrial circularity
index (major axis length/minor axis length). (D) Representative immunoblot and protein level of PGC-1a (GAPDH as loading control).
(E) Representative immunoblot and protein level of UCP2 (a-tubulin as loading control). (F) Aconitase activity. (G) Representative JC-1 staining
(aggregate, monomer, and merged) micrographs. (H) Quantitative analysis of JC-1 staining for MMP. Mean & SEM, n = 5 ultrastructural
images (B), 42-54 mitochondria (C), or 6-8 mice or myocardial micrographs (D—F and H) per group; *P < 0.05 vs. WT group, #P < 0.05 vs.

WT-DM group.

glucose levels (with exception of body weight in ALDH2
overexpression mice), and neither ALDH2 overexpression
nor knockout affected body weight and plasma profiles in WT
mice with or without diabetes (Supplementary Figure S2A-C).
Myocardial function was further monitored using echocardiogra-
phy. Diabetes overtly increased left ventricular (LV) end-diastolic
diameter (LVEDD), LV end-systolic diameter (LVESD), LV mass
(absolute or normalized), and heart weight normalized to
body weight, suppressed fractional shortening and ejection
fraction, but did not affect LV wall thickness and heart rate
(Supplementary Figure S2D-L). ALDH2 overexpression or
knockout itself did not affect any echocardiographic indices in
the absence of diabetes but effectively alleviated or accentu-
ated, respectively, diabetes-induced anomalies in myocardial
geometry and function (Supplementary Figure S2D-L).

Cardiomyocyte contractile and intracellular Ca?+ properties
in normal and diabetic mice

Neither diabetes nor ALDH2 manipulation affected resting
cell length, while diabetes overtly suppressed peak shortening
(PS), maximal velocity of shortening/relengthening (&dL/dt),
and time-t0-90% relengthening (TRq) without affecting time-
to-PS (TPS) in cardiomyocytes from WT mice (Supplementary
Figure S3A-F), consistent with our earlier reports (Wold et al.,
2006; Ren et al., 2008). ALDH2 overexpression or knockout
itself did not exert any effects on cardiomyocyte mechanics
in the absence of diabetes but obliterated or accentuated, re-
spectively, diabetes-induced anomalies in cardiomyocyte func-
tion (Supplementary Figure S3A-F). Furthermore, Fura-2 fluores-
cence was utilized to monitor intracellular Ca?* homeostasis. As
shown in Supplementary Figure S3G-I, intracellular Ca* rise
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Figure 5 ALDH2 overexpression and knockout on diabetes mellitus-induced changes in myocardial ALDH2, apoptosis, and Ca?* regulatory
proteins as well as plasma FFAs. (A) Plasma ALDH2 activity in normal individuals and patients with diabetes mellitus. (B-1) WT, ALDH2OE,
and ALDH2~/~ mice were challenged with or without STZ. (B) Representative immunoblots depicting ALDH2, SERCA2a, Na*—Ca2* exchanger
(NCX), and phospholamban (PLB) (GAPDH as loading control). (C) ALDH2 activity in the heart. (D) ALDH2 protein levels in hearts. (E) Plasma
FFA levels. (F) Myocardial capsase-3 activity. (G-I) Levels of Ca?* regulatory proteins SERCA2a, NCX, and PLB in hearts. Mean & SEM, n =5
patients (A) or 6-8 mice (C-I) per group; *P < 0.05 vs. normal or WT group, *P < 0.05 vs. WT-DM group.

in response to electrical stimulus evidenced by rise in Fura-2
fluorescence intensity (AFFI) and intracellular Ca®* clearance in
cardiomyocytes from diabetic hearts were overtly compromised,
which was negated or worsened by ALDH2 overexpression or
knockout, respectively. Either diabetes or ALDH2 manipulation
had little effect on baseline FFI. ALDH2 manipulation itself did
not alter any of these intracellular Ca?* indices.

Cardiomyocyte mitochondrial ultrastructure and function in
normal and diabetic mice

To assess mitochondrial integrity and function, we carried
out transmission electron microscopy (TEM) and 5,5,6,6'-
tetrachloro-1,1/,3,3'-tetraethylbenzimidazolylcarbocyanine io-

dide (JC-1) assays. TEM analysis revealed pronounced cytoarchi-
tectural aberrations including mitochondrial swelling, fragmen-
tation of cristae, distortion of sarcomeres, and myocardial fila-
ments in diabetic hearts (Figure 4A). Quantitative assessment
of TEM ultrastructural images depicted enlarged mitochondrial
area and mitochondria circularity (short axis-to-long axis ratio),
consistent with downregulated mitochondrial proteins PGC-1a
and UCP2, decreased aconitase activity (denoting mitochondrial
dysfunction), and collapsed MMP measured using JC-1 fluores-
cence in diabetic hearts (Figure 4B—H). ALDH2 overexpression or
deletion did not elicit any notable effect on mitochondrial ultra-
structure and function but could rescue or exacerbate, respec-
tively, diabetes-induced mitochondrial anomalies (Figure 4).
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Figure 6 Influence of ALDH2 overexpression and knockout on diabetes mellitus-induced changes in autophagy/mitophagy and related
regulatory post-insulin receptor signaling. (A) Representative immunoblots depicting autophagy/mitophagy protein markers (GAPDH as
loading control). (B) LC3BII-to-LC3BI ratio. (C—F) Protein levels of TOM20 (C), Parkin (D), FUNDC1 (E), and BNIP3 (F). (G) Representative
immunoblots depicting total and phosphorylated Akt, GSK3B, PTEN, and Foxo3a (GAPDH as loading control). (H) pAkt-to-Akt ratio. (I) pGSK3p-
to-GSK3p ratio. (J) pPTEN-to-PTEN ratio. (K) pFoxo3a-to-Foxo3a ratio. Mean + SEM, n = 6-8 mice per group; *P < 0.05 vs. WT group,

#P < 0.05 vs. WT-DM group.

These findings suggest the involvement of mitochondrial in-
tegrity and function in ALDH2-offered protection against diabetic
cardiomyopathy.

ALDH?2 activity and cardiac function in diabetic patients and
protein levels of SERCA2a, Na+—-Ca?+ exchanger, and
phospholamban in diabetic mouse hearts

To explore possible interplay between ALDH2 activity and
cardiac function in human subjects, a cohort of 273 diabetic
patients and 2080 non-diabetic individuals were recruited to
our hospital for an assessment of plasma ALDH2 activity and
echocardiographic function. Anthropometric information is pro-
vided in Supplementary Table S1. In our cohort study, diabetes
was confirmed in 11.6% (273/2353) participants and more
likely associated with hypertension, coronary artery disease,
obesity, and dyslipidemia. More importantly, diabetic patients
exhibited significantly higher systolic and diastolic blood pres-
sures and body mass index and also tended to possess higher
levels of triglycerides and urine microalbumin as well as lower
level of high-density lipoprotein cholesterol. Echocardiographic
results indicated the elevated interventricular septal thickness

(IVST), left atrial diameter, LV mass index (LVMI), and peak early
diastolic (A) velocity, along with the decreased peak early/late
diastolic velocity (E/A) ratio and septal peak early diastolic mi-
tral annular (e’) velocity in diabetic patients (denoting diastolic
dysfunction) (Supplementary Table S1). In addition, diabetic
patients exhibited overtly decreased plasma ALDH2 activity
(Figure 5A). Myocardial ALDH2 expression and activity were also
dampened in diabetic mouse hearts, which was masked (drasti-
cally elevated or decreased) by ALDH2 gene manipulation, while
the significantly increased plasma FFA levels by diabetes were
unaffected by ALDH2 manipulation (Figure 5B—E). Further as-
sessment of apoptosis by examining caspase-3 activity revealed
the increased caspase-3 activity in diabetic hearts, which was
alleviated oraccentuated by ALDH2 overexpression or knockout,
respectively (Figure 5F). Western blot analysis of intracellular
Ca’* regulatory proteins indicated significantly downregulated
levels of SERCA2a and Nat-Ca’* exchanger along with upreg-
ulated level of phospholamban in diabetic hearts. ALDH2 over-
expression or knockout did not alter the expression of SERCA2a,
Na*-Ca?* exchanger, and phospholamban but nullified or exac-
erbated, respectively, diabetes-induced abnormalities in these
protein levels (Figure 5B and G-I).
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Figure 7 Influence of the newly screened ALDH?2 agonist torezolid on STZ- or high glucose (HG)-induced myocardial contractile dysfunction.
(A) Molecular docking simulation of the binding between torezolid and ALDH2. (B) ALDH?2 activity in cardiomyocytes from WT mice exposed
to normal glucose (NG, 5.5 mM) or HG (25.5 mM) in the absence or presence of torezolid (5 wM) or the ALDH2 inhibitor Daidzin (120 wM).
(C-H) Echocardiographic properties in control or STZ diabetic mice treated with or without torezolid (10 mg/kg, i.p., twice daily for 4 weeks,
initiated concurrently with STZ injection). (C) LVEDD. (D) LVESD. (E) Fractional shortening. (F) Ejection fraction. (G) LV wall thickness. (H) Heart
rate. (I-M) In vitro mechanical properties in cardiomyocytes from WT or Parkin knockout (PRKKO) mice exposed to NG or HG in the presence
or absence of torezolid for 24 h. (I) PS (normalized to cell length). (J) +dL/dt. (K) —dL/dt. (L) TPS. (M) TRgg. Mean & SEM, n = 5 isolations (B),
6 mice (C-H), or 60 cells (I-M) per group; *P < 0.05 vs. NG or control group, *P < 0.05 vs. DM or HG group.

Western blot analysis for autophagy, mitophagy, Akt, GSK38,
PTEN, and Foxo3a signaling

Given that GSVA pathway score identified PI3K-Akt signaling
and mitophagy in STZ-induced diabetic hearts, we next exam-
ined the protein levels of Akt and its up- or downstream sig-
naling molecules PTEN (a negative regulator of Akt signaling),
GSK3B, and Foxo3a, as well as mitophagy (heavily regulated
by Akt, GSK3B, and Foxo3a) signaling molecules, in mice with
ALDH2 manipulation. Western blot analysis noted that diabetes
significantly dampened autophagy (LC3BII-to-LC3BI ratio) and
mitophagy (TOM20, Parkin, FUNDC1, and BNIP3), while ALDH2
overexpression or knockout itself did not affect these autophagy
and mitophagy protein marker levels but abolished orworsened,
respectively, diabetes-induced changes in LC3B ratio, TOM20,
and Parkin (without affecting FUNDC1 and BNIP3) (Figure 6A-F).
Moreover, diabetes overtly suppressed phosphorylation of Akt,
GSK3p, and Foxo3a but increased phosphorylation of PTEN,
which was mitigated or intensified by ALDH2 overexpression or

knockout, respectively (Figure 6G—K). ALDH2 manipulation itself
failed to affect phosphorylation of these signaling molecules in
the absence of diabetes and neither diabetes nor ALDH2 manip-
ulation alone affected total protein expression of Akt, GSK3p,
PTEN, and Foxo3a (Figure 6G-K).

Screening of potential ALDH2 activator by molecular docking
and effects of torezolid on STZ- or high glucose-induced
myocardial contractile dysfunction

Initial screening of the FDA-approved database yielded 49
candidate ALDH2 agonists, according to the LibDockScore and
PyRx binding energy scores (Supplementary Table S2). The
binding ability and interaction mode of the top-ranked molecule
torezolid with ALDH2 were further verified using autodock
molecular docking. As shown in Figure 7A, small molecules
formed traditional hydrogen bonds with GLU268, GLN349, and
ASP346 and m—7 conjugate interactions with TRP168. In ad-
dition, small molecules also interacted with several amino
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Figure 8 Influence of ALDH2 overexpression or the ALDH2 agonist Alda-1 on HG-induced MMP collapse and cardiomyocyte contractile
dysfunction in the absence or presence of various pharmacological inhibitors. (A) Representative flow cytometric histograms of TMRE
(1 wl/mD-loaded H9C2 cells with or without ALDH2 overexpression exposed to NG (5.5 mM) or HG (25.5 mM) for 24 h. (B) Quantitative
analysis of TMRE mean intensity for MMP in H9C2 cells. (C—H) Cardiomyocytes from WT mice were exposed to NG or HG for 24 h in the absence
or presence of Alda-1 (20 M), the Akt inhibitor AKTi (1 wM), the GSK3B activator LY294002 (10 wM), or the mitochondrial uncoupler FCCP
(1 wM) prior to assessment of mechanical properties. (C) Resting cell length. (D) PS (normalized to cell length). (E) +dL/dt. (F) —-dL/dt. (G) TPS.
(H) TRgg. (I) Scheme depicting the proposed role of ALDH2 in diabetic cardiomyopathy. Diabetes mellitus or hyperglycemia downregulates
ALDH2, which promotes activation of PTEN and deactivation of Akt and GSK3p, leading to mitochondrial injury. Meanwhile, diabetes-evoked
downregulation of ALDH2 suppresses Foxo3a activation and Parkin-mediated mitophagy, also favoring mitochondrial injury. Torezolid and
Alda-1 activate ALDH2 to mitigate hyperglycemia-evoked cardiomyocyte anomalies, while AKTi and LY294002 nullify Akt—GSK3 signaling to
disengage ALDH?2 activator-offered cardioprotection. Mean + SEM, n = 6 isolations (B) or 42 cells (C—H) per group, *P < 0.05 vs. NG group,
#P < 0.05 vs. HG group, TP < 0.05 vs. HG-Alda-1 group.

acids at the active site of protein through van der Waals force out (Wu et al., 2022a) mice were exposed to normal glucose
and hydrophobic action. The docking and binding energy was (5.5 mM) or high glucose (25.5 mM) in the absence or pres-
—7.53, indicating strong binding capacity between torezolid ence of torezolid (5 wM) (Sharon et al.,, 2019) for 24 h.
and ALDH2. To examine potential effects of torezolid on dia- Our results revealed that torezolid overtly elevated ALDH2
betic cardiomyopathy, cardiomyocytes from WT or Parkin knock- activity in both normal and high glucose-incubated murine
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cardiomyocytes, which was suppressed by the ALDH2 inhibitor
Daidzin (Figure 7B). Torezolid treatment in vivo effectively
alleviated diabetes-evoked pathological changes in LVEDD,
LVESD, fractional shortening, ejection fraction, and LV mass
(data not shown), without affecting LV wall thickness and
heart rate, while torezolid failed to elicit any effects by itself
(Figure 7C-H). Incubation of cardiomyocytes with high glucose
mimicked diabetes-induced cardiac anomalies manifested as
compromised PS and +dL/dt, prolonged TRyo, and unchanged
TPS, which were mitigated by torezolid treatment in vitro, though
torezolid did not exert any effect on cardiomyocyte mechan-
ics under normal glucose incubation (Figure 7I1-M). Interest-
ingly, torezolid-offered beneficial effect against high glucose
was vanished by Parkin ablation, while Parkin deletion did
not alter torezolid response in normal glucose environment
(Figure 71-M).

Influence of ALDH2 overexpression, Alda-1, mitochondrial
uncoupling, and Akt/GSK3B manipulation on high
glucose-induced cardiomyocyte contractile and
mitochondrial dysfunctions

To evaluate the impact of ALDH2 on mitochondrial function,
H9C2 cells were transfected with or without ALDH2 and
then incubated with normal glucose (5.5 mM) or high
glucose (25.5 mM) for 24 h. Assessment of MMP using
tetramethylrhodamine ethyl ester (TMRE) revealed that
ALDH2 transfection rescued high glucose-induced collapse
in MMP (Figure 8A and B). To discern a causal role of Akt—
GSK3B in ALDH2-induced mechanical responses in diabetes,
cardiomyocytes from WT mice were exposed to normal glucose
(5.5 mM) or high glucose (25.5 mM) for 24 h in the absence or
presence of the classical ALDH2 activator Alda-1 (20 wM), the
Akt inhibitor AKTi (1 wM), the GSK3B activator LY294002
(10 M), or the mitochondrial uncoupler FCCP (1 pM)
(Matsuoka, 2000; Morino et al., 2005; Koda et al., 2010; Zhang
et al., 2013) prior to assessment of cardiomyocyte mechanical
properties. Figure 8C—H depict that high glucose overtly
suppressed cardiomyocyte contractile function (decreased
PS, compromised +dL/dt, and prolonged TRoy), which was
abolished by Alda-1, while AKTi, LY294002, and FCCP all
abolished Alda-1-offered beneficial effects without eliciting
any notable effects by themselves. These findings support an
obligatory role for Akt, GSK3B, and mitochondrial integrity in
Alda-1-elicted cardioprotection.

Discussion

Salient findings from our present study noted a tight associa-
tion between lowered plasma ALDH2 activity and compromised
myocardial function in patients with diabetes mellitus. This
was supported by experimental evidence for a beneficial role
of ALDH2 in preservation against diabetes-induced myocardial
remodeling and contractile anomalies. ALDH2 overexpression
attenuated, while ALDH2 ablation accentuated, respectively,
diabetes-induced myocardial anomalies likely through the reg-
ulation of mitophagy, mitochondrial integrity and function, and

the Akt post-insulin receptor signaling involving PTEN, GSK3,
and Foxo3a. Using virtual screening, we identified a novel ALDH2
activator torezolid, which induces ALDH2 activation along with
the protection against STZ- or high glucose-induced cardiomy-
ocyte anomalies in a Parkin-mediated mitophagy-dependent
manner, while the classical ALDH2 activator Alda-1 offers
protection against glucose toxicity depending on Akt and GSK-38
as well as mitochondrial coupling. Our data also suggested that
ALDH?2 activates Akt in the face of diabetes through suppressing
diabetes-induced PTEN phosphorylation. Analysis of global
metabolism suggested that ALDH2 may protect against diabetes
mellitus-induced changes in RER but not those in plasma glu-
cose, insulin, and FFA levels or total physical activity. These find-
ings favor a cardioprotective property of ALDH2, which may be
either directly cardioprotective or secondary to global metabolic
benefit, and thus reveal the therapeutic potential of ALDH2 in
myocardial remodeling and contractile anomalies in diabetes.
Cardiac remodeling and compromised contractile function
are considered main hallmarks of diabetic cardiomyopathy
(Wold et al.,, 2006; Ren et al.,, 2008). Here, we noted
compromised echocardiographic indices in diabetic patients
and diabetic murine hearts. Intriguingly, these anomalies were
closely associated with declined plasma ALDH2 activity and
myocardial ALDH2 levels and were alleviated or accentuated by
ALDH2 overexpression or deletion, respectively. A number of
scenarios were postulated for diabetes-elicited cardiomyopathy
(Wold et al., 2006; Ren et al., 2008). In this study, we noted
overtly elevated oxidative stress and cell apoptosis as well as
compromised intracellular Ca?* handling in diabetic hearts.
In addition, mitochondrial injury and compromised mitophagy
were evident in diabetic hearts, in line with mitochondrial
dysfunction and mitophagy defect in diabetic cardiomyopathy
(Ren et al., 2010). These diabetes-induced changes could be
restored or worsened by ALDH2 overexpression or knockout,
further consolidating that ALDH2 offers protection against
diabetic cardiomyopathy. Moreover, ALDH2 manipulation
appears to influence diabetes-induced drop in VCO, and hence
RER (VCO,/V0,) without affecting physical activity and plasma
levels of glucose, insulin, and FFAs, suggesting that ALDH2
favors energy utilization toward glucose oxidation over fatty acid
oxidation, although further study is warranted. The apparent
therapeutic potential of ALDH2 in diabetes is consistent with
the decreased level and/or enzymatic activity of ALDH2 in
diabetic patients and mouse models (Wang et al., 2011) as
well as the notion that ALDH2 mutation prompts hyperglycemia
and diabetes risk (Dakeishi et al., 2008). Interestingly, various
toxic aldehydes appear to serve as the main substrate for
ALDH2 to ignite oxidative stress and pathological changes.
For example, sublethal levels of aldehydes may compile with
moderately decreased ALDH2 to provoke oxidative damage
and gene alterations under pathological stress (Sano, 2010;
Zhang and Ren, 2011). Furthermore, the beneficial effects
of ALDH2 activators torezolid and Alda-1 on STZ-induced
diabetes or high glucose toxicity were obliterated by Parkin
ablation or mitochondrial uncoupler FCCP, denoting a
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permissive role of Parkin-mediated mitophagy and
mitochondrial integrity in ALDH2-elicited cardioprotection
against hyperglycemia (Figure 8I). This is also in line with the
previously reported role of mitophagy regulation in ALDH2-
offered cardioprotection (Wang et al., 2020; Abudureyimu et
al., 2022). Given the apparent toxicity of the classical ALDH2
activator Alda-1 limiting its in vivo usage, identification of
torezolid as a novel ALDH2 activator may pave the way for
developing ALDH2-associated drugs for cardiovascular and
metabolic diseases.

In this study, we noted compromised mitophagy involving
Parkin, FUNDC1, BNIP3, and TOM20 in the onset of mitochon-
drial injury and cardiac dysfunction in diabetes, which is con-
sistent with earlier findings in diabetic hearts (Dewanjee et al.,
2021). However, only Parkin-mediated mitophagy (and TOM20
as a global mitophagy marker) was responsive to ALDH2 manipu-
lation under diabetic challenge. Parkin is an E3 ligase that binds
to and ubiquitinates mitochondrial substrates and proteins to
govern mitochondrial quality (Ajoolabady et al., 2022). Recent
findings from our group suggested that Parkin deficiency wors-
ened diet-induced obesity cardiomyopathy via evoking VDAC1-
mediated mitochondrial Ca?* overload (Wu et al., 2022a).

Akt, GSK3B, and Foxo3a function as essential signaling
molecules not only for mitochondrial homeostasis but also for
mitophagy in various pathological settings (Dakeishi et al.,
2008; Peng and Yin, 2009; Miura and Tanno, 2010). Meanwhile,
these post-insulin receptor signaling molecules may serve as
effectors for mitochondrial injury, as the latter may compro-
mise insulin signaling at post-receptor levels (Morino et al.,
2005). Our data revealed that experimental diabetes wors-
ened phosphorylation of Akt, GSK3B, and Foxo3a, which was
mitigated or exacerbated by ALDH2 overexpression or knock-
out, respectively, and dampened phosphorylation of Foxo3a
and GSK3 coincided with mitochondrial and Parkin mitophagy
changes in diabetes, such as dropped MMP, PGC-1a, UCP2,
and aconitase, reminiscent of our earlier reports (Turdi et al.,
2007; Ren et al., 2008). GSK-3B is a negative regulator of
mitochondrial function and can be inactivated by phospho-
rylation at Ser9 by oxidative stress (Relling et al., 2006;
Zhang et al., 2011). In this study, the decreased GSK3pB
phosphorylation in diabetes, which would disinhibit GSK38-
evoked cardiac remodeling, was abrogated or aggravated by
ALDH2 overexpression or ablation, respectively, accordant with
the finding that the GSK-3p activator LY294002 and the Akt
inhibitor AKTi nullified Alda-1-offered protection against glu-
cose toxicity. These data suggested a role for Akt—-GSK38 and
mitochondrial integrity (possibly through Parkin-mediated mi-
tophagy, Figure 8I) in the pathogenesis of diabetic cardiomy-
opathy (also supported by the results from GSVA analysis)
and ALDH2-offered cardioprotection. ALDH2 also suppressed
diabetes-evoked phosphorylation of PTEN, suggesting a role
for PTEN in ALDH2-rescued Akt activation in diabetic hearts.
Although how ALDH2 turns on mitophagy remains unclear, the
transcription factor Foxo3a is speculated to serve as a spring-

board between ALDH2 and Parkin-mediated mitophagy in dia-
betic hearts. Previous findings from our group and others in-
dicated that Foxo3a plays a role in the governance of Parkin-
mediated mitophagy in diabetes (Yu et al., 2017; Huang et al.,
2022) and ALDH2 regulates Foxo3a signaling through AMPK
phosphorylation (Guo et al., 2015). Further study is warranted
to decipher the Foxo3a—Parkin mitophagy regulation in a seem-
ingly Akt-GSK3p-independent manner (the latter would sup-
press autophagy/mitophagy).

In summary, our study demonstrated a role of ALDH2 in the
protection against diabetic cardiomyopathy, possibly through
Akt-GSK3B-mediated preservation of mitochondrial integrity
and Parkin-dependent mitophagy. Considering the compro-
mised plasma ALDH2 activity and cardiac echocardiographic
properties in patients with diabetes, our findings denote a
unique role for ALDH2 in the prevalence of diabetic car-
diomyopathy as well as therapeutics of diabetic complications.
Nonetheless, many questions still remain unanswered, includ-
ing the control of ‘on-and-off’ switch in diabetic complications
in individuals with ALDH2 polymorphism. Moreover, a close
scrutiny should be geared toward whether epigenetic modifica-
tion is involved in ALDH2-evoked metabolic response in high-
risk human populations.

Materials and methods
Experimental animals, experimental diabetes, and ALDH2
activity

All animal procedures were approved by the Institutional
Animal Care and Use Committee at Zhongshan Hospital Fudan
University (Shanghai, China). In brief, global ALDH2 transgenic
and ALDH2 knockout mice were generated as described before
(Doser et al., 2009; Ma et al., 2010, 2011; Zhang et al., 2013).
To establish experimental diabetes, 5-month-old adult C57BL/6
(used as WT), global ALDH2 transgenic, and global ALDH2 knock-
out mice (male and female at 1:1 ratio) were injected with STZ
(200 mg/kg, i.p.) and kept in a temperature-controlled room
undera 12-h/12-h light/dark cycle with free access to water and
food (Supplementary Figure S4A). Global transgenic and knock-
out mice were employed to evaluate the whole-body metabolic
influence on cardiac responses. Four weeks later, blood glucose
levels were examined and mice with fasting blood glucose levels
>13 mM were deemed diabetic (Zhang et al., 2012). ALDH2
activity was assessed in 33 mM sodium pyrophosphate con-
taining 0.8 mM NAD+, 15 wM propionaldehyde, and 0.1 ml
protein extract. ALDH2 substrate propionaldehyde was oxidized
in propionicacid, while NAD+ was reduced to NADH, determined
by spectrophotometric absorbance at 340 nm to reflect ALDH2
activity (Wang et al., 2018). For in vivo torezolid treatment, WT
control or STZ diabetic mice were administrated with torezolid
(10 mg/kg, i.p., twice daily for 4 weeks; S5278, Selleckchem)
(Sharon et al., 2019). Torezolid was dissolved in DMSO to gener-
ate a stock solution at a concentration of 22.5 mg/ml and then
diluted in 0.9% saline to a final concentration of 1 mg/ml for
injection (Supplementary Figure S4B).
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Differential expression analysis

Two datasets from Gene Expression Omnibus (https://www.
ncbi.nlm.nih.gov/geo/), GSE4745 of gene expression profiling
in response to temporal-correlated pathological changes of my-
ocardium in diabetic rattus norvegicus (Gerber et al., 2006) and
GSE150649 of gene expression profiling in newborn rat hearts
in response to control and maternal diabetes (Preston et al.,
2020), were employed. In this script, differential expression
analysis was performed based on ‘Affy’ package of R software
(Pohl et al., 2009) (version 4.1.3), which was curated by data
processing principles including expression data background-
corrected, log2-transformed data normalization in order to per-
form a linear model analysis (Pohl et al., 2009). Data normal-
ization, missing value procession, and powerful differential ex-
pression analyses were performed by function of RMA, K-nearest
neighbor (KNN), and linear models for microarray data (LIMMA)
algorithms, respectively. DEGs were identified by adjusted
P-value (corrected by the Benjamini-Hochberg method) <0.05
and absolute log2(fold change) (log2FC) >1.0 (Gautier et al.,
2004). Herein, the genes were deemed with significantly in-
creased (log2FC > 1.5) or decreased (log2FC < —1.5) expres-
sion.

WGCNA

WGCNA was applied to analyze diabetic cardiomyopathy-
related modules and genes in coexpression modules of
GSE4745. Total genes were selected to construct the interactive
network. The ‘hclust’ algorithm was performed to select
appropriate samples. Transcriptional expression profiles were
included to construct a weighted network based on the soft-
threshold method. The analysis parameters were set as follows:
(i) the gene adjacency of topological overlap matrix (TOM) and
corresponding dissimilarity of coexpression (1 — TOM) were
detected; (ii) suitable soft-threshold power was used to detect
the gene coexpression adjacency; (iii) the dynamic tree cut
method was applied to detect the gene modules with the cut-off
height at 0.25; (iv) genes with gene significance for weight
(IGS]) >0.40 and module membership ((MM[) >0.70 were con-
sidered significant regulators (Langfelder and Horvath, 2008).

Pathway regulation network detection

Genes in hub modules were selected to construct pathway
interactive networks based on the Metascape database
(https://metascape.org/gp/index.html#/main/step1)  (Zhou
et al.,, 2019). The parameters were set as follows: pathway
enrichment score >1.5, a minimal number of overlap at 3, and
P-value > 0.05. Following enrichment, the gene annotation,
functional enrichment, and significant pathway detection
results were downloaded to construct an interactive network
using the Cytoscape software (Hanzelmann et al., 2013; Zhou
et al.,, 2019). In pathway comparison, the GSVA score was
detected using the ssGSEA method based on the transcriptome
profile (Hanzelmann et al., 2013). GSEA was applied to analyze
the pathway variance in pathological changes of diabetic
myocardium (Powers et al., 2018).

Human subjects and echocardiographic assessment

The study received approval from the Institutional Human
Research Committee of Zhongshan Hospital Fudan University
and was in compliant with ethical guidelines set in the
Declaration of Helsinki. A total of 2353 otherwise healthy in-
dividuals >60 years of age were recruited into Shanghai Heart
Health Study (SHHS), and a baseline survey was conducted
including general information using self-administered question-
naire. Serum and urine profiles were constructed. Transthoracic
echocardiography was performed using an Acuson 218 sector
scanner equipped with a 3.5-MHz transducer. Two-dimensional
and Doppler images were obtained in the parasternal long
and short axes from the apical 4- and 2-chamber long-axis
views. M-mode echocardiograms of LV were recorded from the
parasternal long-axis view in at least three cardiac cycles. LVEDD,
LVESD, IVST, and posterior wall thickness (PWT) were measured
using M-mode or 2-D echocardiography from the parasternal
long-axis view. LV mass was calculated as 0.80 x (1.04 x
(IVST + LVEDD + PWT)? — (LVEDD)3?) + 0.6, which was further
divided by body surface area (BSA) for LVMI. LV ejection fraction
was calculated from LV end-systolic and end-diastolic volumes
measured from the apical 4- and 2-chamber views, using the
modified biplane Simpson’s method. Left atrial volume was
measured using the same method and indexed to BSA as left
atrial volume index. Doppler echocardiographic recordings were
performed using pulsed wave Doppler with the sample volume
atthe tips of the mitral valve in the apical 4-chamberview. Both E
and Avelocities and the E/Aratio were measured as indicators of
LV end-diastolic pressure. Assessment of septal e’ velocity was
performed by pulsed wave Doppler imaging of the lateral wall in
the apical 4-chamber view (Wang et al., 2018).

Blood and plasma profiles

Plasma insulin and FFAs were measured 3 h following removal
of diet from animals, using insulin and FFA assay kits (Cayman
Chemical). Blood glucose levels were measured using an
Accu-Chek glucose analyzer (Hoffmann-La Roche Inc.) (Zhang
etal., 2017).

Metabolic measurement

Indirect calorimetry and total physical activity were measured
using the Oxymax/CLAMS. VO,, VCO,, RER, and physical activity
were measured every 10 min. The result recorded in the first or
last half hour were not used (Zhang et al., 2012).

Virtual screening of ALDH2 agonists

The crystal structure of ALDH2 (PDB ID: 3INJ) was obtained
from the PDB database and further processed using Discovery
Studio V4.5, such as hydrogenation, removal of heteroatoms
and water molecules, and repairofincomplete amino acid. Then,
an FDA-approved compound library from Targetmol, containing
a total of 1436 substances, was used for virtual screening.
The ligands were processed, and active sites of protein were
obtained through the Prepare ligands and Define site modules of
Discovery Studio, respectively. The LibDock module was used for
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docking, and the results were sorted according to LibDockScore.
PyRx V0.8 software was also employed for virtual screening.
The Open Babel module of PyRx was applied to optimize the
ligand conformations, and active site of protein was acquired
through the AutoDock Wizard module. Finally, the docking was
proceeded using the Vina Wizard module, and results were
sorted according to binding energy scores. The candidate ago-
nists were finally picked according to the rank of LibDockScore
and PyRx binding energy scores.

Molecular docking of ALDH2

The structure of Aldh2 protein (PDB ID: 1002) was obtained
from the PDB database. The water molecules and heteroatoms
were removed. The sdf file of Torezolid molecule (CAS Registry
Number: 856866-72-3) required for the docking was obtained
from the Pubchem database and converted into mol2 structure.
After hydrogenation and charge pretreatment of small molecules
and proteins, AutoDockTool-1.5.6 was applied for molecular
docking. Semi-flexible docking and Lamarck Genetic Algorithm
were used, and the number of dockings was set to 50. Gridbox
coordinates and size were set based on the information of pro-
tein active pockets, generated from POCASA1.1 website (http:
//altair.sci.hokudai.ac.jp/g6/service/pocasa/). Other parame-
ters were set to the default values. Finally, results of molecular
docking were visualized through Discovery Studio V4.5.

Data analysis

Data are presented as mean =+ standard error of the mean
(SEM). All in vivo mouse data represent average of both sexes
(with little sex difference noted). Statistical comparison was
performed using one-way analysis of variance (ANOVA) (or two-
way ANOVA for RER and physical activity studies) followed by the
Tukey post hoc test. Significance was set as P < 0.05.

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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