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Abstract

The common aldehyde dehydrogenase 2 (ALDH2) alcohol flushing variant known as ALDH2*2
affects ~8% of the world’s population. Even in heterozygous carriers, this missense variant leads
to a severe loss of ALDH2 enzymatic activity and has been linked to an increased risk of coronary
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artery disease (CAD). Endothelial cell (EC) dysfunction plays a determining role in all stages of
CAD pathogenesis, including early-onset CAD. However, the contribution of ALDHZ2*2to EC
dysfunction and its relation to CAD are not fully understood. In a large genome-wide association
study (GWAS) from Biobank Japan, ALDHZ2#*2was found to be one of the strongest single
nucleotide polymorphisms associated with CAD. Clinical assessment of endothelial function
showed that human participants carrying ALDHZ2*2 exhibited impaired vasodilation after light
alcohol drinking. Using human induced pluripotent stem cell-derived ECs (iPSC-ECs) and
CRISPR/Cas9-corrected ALDHZ2*2iPSC-ECs, we modeled ALDHZ2*2-induced EC dysfunction
in vitro, demonstrating an increase in oxidative stress and inflammatory markers and a decrease
in nitric oxide (NO) production and tube formation capacity, which was further exacerbated by
ethanol exposure. We subsequently found that sodium/glucose cotransporter-2 inhibitors (SGLT2i)
such as empagliflozin mitigated ALDH2*2-associated EC dysfunction. Studies in ALDH2*2
knock-in mice further demonstrated that empagliflozin attenuated AL DH2*2-mediated vascular
dysfunction in vivo. Mechanistically, empagliflozin inhibited Na*/H*-exchanger 1 (NHE-1) and
activated AKT kinase and endothelial nitric oxide synthase (eNOS) pathways to ameliorate
ALDHZ2*2-induced EC dysfunction. Taken together, our results suggest that ALDHZ2*2induces
EC dysfunction and that SGLT2i may potentially be used as a preventative measure against CAD
for ALDHZ2*2 carriers.

One Sentence Summary:

ALDHZ2*2iPSC-ECs recapitulate endothelial dysfunction in ALDHZ2*2 carriers, and SGLT2i
could be a preventative therapy.

INTRODUCTION

Coronary artery disease (CAD) is the leading cause of global mortality, accounting for an
estimated 9 million annual deaths, according to the World Health Organization (WHO) (1).
The global prevalence of CAD is rising due to an aging population and the lack of novel
strategies to effectively prevent and treat CAD (1). Precision medicine for CAD patients
with genetic variants holds promise as a new approach toward more effective prevention and
treatment by understanding their physiological mechanisms and causal relevance (2).

CAD is a complex disease caused by the interplay among multiple genetic and
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environmental factors (3). Hundreds of genomic loci have previously been associated with
CAD by genome-wide association studies (GWAS) (4). A single nucleotide polymorphism
(SNP) in the aldehyde dehydrogenase 2 (ALDHZ2) gene, ALDH2*2, also named rs671,
causes a substitution of glutamate to lysine at position 504 (E504K) that alters the access of
substrates to the catalytically active site of ALDH2 compared to the normal ALDHZ2*1
allele (5). ALDH2 is a critical enzyme in the second step of alcohol metabolism. It

is vital in detoxifying toxic aldehydes such as oxidative stress-derived aldehydes and
alcohol-derived acetaldehyde. ALDHZ2#*2 carriers have diminished ALDH2 enzymatic
activity, and this deficiency is associated with a variety of neurologic, cardiovascular, and
dermatologic disorders, aberrant drug metabolism, and different types of cancers (6). A
recent meta-analysis of 12 case-control studies with 3,305 cases and 5,016 controls shows
that ALDHZ2*2is associated with a 48% increased risk of CAD (7). To date, however,
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the underlying mechanisms for the association between ALDHZ2*2and the onset of CAD
remain unclear, which creates a barrier to the prevention and treatment of ALDHZ2*2-related
CAD. In addition, alcohol consumption is a well-known risk factor for CAD (8). Although
ethanol is not a primary contributor to CAD in studies of non-Asian subjects, it may have

a substantial effect on ALDHZ*2 carriers of Asian descent (9, 10). Thus, it is important to
determine the combined effect of ALDH2*2and alcohol consumption on CAD to develop
preventative strategies to reduce CAD risk among ALDHZ2*2 carriers.

Endothelial cells (ECs), important constituents of blood vessel walls, play a critical role

in maintaining cardiovascular homeostasis by regulating vascular tone and structure. EC
dysfunction is implicated in a wide variety of human cardiovascular diseases (11). Coronary
EC dysfunction occurs early in the development of CAD and can impact all phases of

the disease from initiation to atherothrombotic complication (12). ALDHZ2*2 has been
associated with EC dysfunction by increasing inflammation via nuclear factor kappa B (NF-
xB), ¢-Jun, and mitogen-activated protein kinases (MAPK) pathways (13), decreasing nitric
oxide (NO) production via the dimethylarginine dimethylaminohydrolase-1 (DDAH1) and
asymmetric dimethylarginine (ADMA) pathway (14), and elevating oxidative damage via
reactive oxygen species (ROS) and toxic aldehydes such as 4-hydroxynonenal (4-HNE) (15).
However, the detailed mechanism underlying ALDH2*2-induced EC dysfunction remains
unclear. Here, we focused on elucidating the molecular and cellular mechanisms underlying
ALDHZ2*2-related EC dysfunction in human cells and identifying strategies to mitigate EC
dysfunction in patients with this genetic variant.

ALDH2*2 is strongly associated with coronary artery disease in East Asians

ALDH2#*2 (rs671) has been associated with an increased risk of CAD in case-control studies
in East Asians (7). However, these studies have small sample sizes. To further understand
the effect of ALDHZ2*20on CAD, we performed a more extensive GWAS analysis in 29,319
CAD cases and 183,134 controls from Biobank Japan. ALDH2*2and 8730 other SNPs (fig.
S1A, table S1) passed the genome-wide significance threshold (P < 5x1078). Among these
SNPs, rs78069066 in the intron of MAPK-activated protein kinase 5 (MAPKAPKDS) (P=
1.9x10792), rs4646776 in the intron of ALDHZ2 (P =3.7x10792), and ALDH2*2in the exon
12 of ALDHZ2 (P = 1.1x10791) were the most significant SNPs associated with CAD (Fig.
1A). To identify other functionally relevant variants with high linkage disequilibrium (LD)
with ALDH2*2, we generated a regional association plot of variants located around + 50 kb
region of ALDHZ gene loci (fig. S1B). Only one SNP, rs4646776, which was identified by
our initial GWAS analysis, showed a high LD relationship with ALDH2*2.

Due to the association of ALDH2*2 with many human diseases (6), we also conducted

a phenome-wide association study (PheWAS) of ALDH2*2with 47 human diseases from
Biobank Japan. CAD was the most significant disease associated with ALDH2*2 (P=
1.1x10792), followed by other conditions including esophageal cancer (P = 6.2x10725)
(fig. S1C). Epidemiological studies have also shown that AL DH2#*2increases the risk of
esophageal cancer (16), which support our results indicating an association of ALDH2*2
with CAD as well.
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ALDH2*2 carriers exhibit clinical EC dysfunction with alcohol consumption

Due to the pivotal role of ECs in CAD, we hypothesized that the ALDHZ2*2 variant
contributed to EC dysfunction and the development of CAD. To determine whether
ALDH2#*2 carriers exhibited clinical EC dysfunction, an EndoPAT device was used to assess
endothelial vasodilator function in a non-invasive manner. The device records endothelium-
mediated changes in response to brachial artery occlusion and vasodilation, and calculates a
Reactive Hyperemia Index (RHI), which measures NO-dependent changes in vascular tone
and correlates with the measurement of endothelial vasodilator function in the coronary
arteries (17, 18). RHI value positively correlates with endothelial function, and an RHI
value of < 1.67 is associated with endothelial dysfunction and risk of cardiovascular disease,
including CAD (19). EndoPAT analysis was performed on human participants carrying
either ALDHZ2*1 wild-type (WT) (n = 9) or heterozygous ALDHZ variants (ALDH2*1/*2)
(n =9) before or immediately after a single alcoholic beverage (fig. S1, D and E). Although
there was no change of heart rate before or after alcohol consumption in the WT group
(before: 71 + 4 bpm; after: 71 £ 3 bpm), ALDHZ2*1/*2 subjects showed a significantly
increased heart rate after alcohol ingestion (before: 69 + 4 bpm,; after: 86 = 5 bpm; P<
0.0001) (Fig. 1B, fig. S1, D and E, table S2), which was consistent with the results from
previous studies (20-22). Whereas there was an increase in RHI after one drink in the WT
group (before: 1.73 £ 0.15; after: 1.97 + 0.13; P=0.01), the ALDH2*1/*2 group showed the
opposite trend in RHIs (before: 1.79 + 0.16; after: 1.48 + 0.19; £=0.02) (Fig. 1C, fig. S1,
D and E, table S2). The average RHI value was below 1.67 in the ALDHZ2*1/*2 group after
one drink, indicating ALDH2*2 carriers exhibited acute EC dysfunction after one standard
alcoholic beverage.

A recent study in Asians showed that ALDHZ2#*2increased the risk of atrial fibrillation

in habitual drinkers (10), suggesting there may be synergetic effects of ALDH2#*2and
chronic alcohol consumption on cardiac arrhythmias. To investigate whether ALDH2*2 was
associated with higher risk of CAD in chronic drinkers, we examined genetic information
and drinking status of human participants from the UK Biobank (23). The data was analyzed
for the combinatorial effects of alcohol consumption and ALDH2*2on CAD. Among

the 424,507 participants in the UK Biobank who currently consume alcohol, 73,423 were
defined as chronic drinkers by the self-reported criterion that they “drink more nowadays
compared to 10 years ago”. Using logistic regression analysis, we found that chronic alcohol
consumption in ALDHZ2*2 carriers led to an approximately 4-fold greater risk for CAD

than their wild-type ALDHZ2*1 counterparts, suggesting that chronic alcohol consumption
increases the rate of CAD among ALDH2*2 carriers (fig. S1F). Thus, these data suggest that
ALDHZ2*2variant carriers who consume alcohol are more susceptible to EC dysfunction and
CAD.

iPSC-ECs with ALDH2*2 show impaired EC function

To uncover the precise genotype-phenotype relationship, we utilized iPSC-derived
endothelial cells (iPSC-ECs) to model ALDH2*2-associated EC dysfunction in vitro.

We recruited a cohort of 10 age- and sex-matched East Asian individuals who carried
either the WT or ALDH2*1/#*2allele as previously described (n=5 per group, fig. S2A)
(24). The ALDHZ genotype was confirmed with Sanger sequencing (fig. S2B). Following
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a chemically defined and small molecule-based generation of endothelial differentiation
protocol (fig. S2C) (25), iPSCs were differentiated into iPSC-ECs as a monolayer.
Immunostaining assays and fluorescence-activated cell sorting (FACS) showed that both
WT and ALDHZ2*1/*2iPSC-ECs expressed the endothelial marker, CD31, with high purity
(Fig. 2, A and B). To examine whether ALDHZ*2-associated EC dysfunction is associated
with the differential expression of ALDHZ, we performed a Western blot on the 10 WT and
ALDHZ2*1/%2iPSC-EC lines. We observed a decrease in ALDH2 protein in ALDH2*1/%2
iPSC-ECs compared to WT iPSC-ECs (Fig. 2, C and D), consistent with previous studies
showing a reduction in ALDH2 protein expression in the liver of human subjects carrying
ALDH2*2and in AldhZ487X knock-in mice (26, 27). As expected, ALDH2 enzymatic
activity was also reduced in ALDH2*1/#*2 cell lysates relative to WT and human umbilical
vein endothelial cell (HUVEC) controls (Fig. 2E).

We next measured the amount of toxic aldehyde 4-hydroxynonenal (4-HNE) in iPSC-ECs
because enhanced production of toxic aldehydes such as 4-HNE has been shown to increase
inflammation, oxidative stress, and cell death in patients with acute CAD (28, 29). We
found increased 4-HNE (P< 0.05) in ALDH2*1/#2 cell lysates compared to WT controls
(Fig. 2, F and G). We therefore evaluated the functional characteristics of iPSC-ECs

from both WT and ALDHZ2*1/*2 carriers. Compared to WT, ALDH2*1/%2iPSC-ECs had
increased cellular ROS (Fig. 2H and fig. S2D) and a decreased capacity to generate NO
(Fig. 21 and fig. S2E), which are implicated in vascular dysfunction (30, 31). In addition,
ALDHZ2*1/%2iPSC-ECs had increased monocyte adhesion compared to WT iPSC-ECs,
suggesting increased endothelial inflammation in the ALDHZ2*2variant (Fig. 2, J and K).
ALDHZ2*1/%2iPSC-ECs also showed a decreased capacity to form tubular networks versus
WT iPSC-ECs (fig. S2, F and G). Thus, our data suggest a causal effect of ALDHZ2*2on EC
dysfunction.

Ethanol exacerbates ALDH2*2-induced EC dysfunction

As ALDH?2 is the major enzyme for metabolizing acetaldehyde from ethanol, we
hypothesized that ALDHZ2*2 carriers were more susceptible to the deleterious effect of
ethanol on EC function. First, we determined there were no differences in the mRNA
expression of alcohol-metabolizing enzymes alcohol dehydrogenase 5 (ADH5) and ALDHZ2
in WT and ALDH2*1/*2iPSC-ECs (fig. S3A). We then treated WT and ALDHZ2*1/*2
iPSC-ECs with 5 mM ethanol, the concentration of ethanol in human blood after one
standard alcoholic beverage (32). Consistent with previous findings showing that ALDHZ2*2
alone impairs endothelial function, ethanol further increased the generation of ROS (Fig.
3A), decreased NO production (Fig. 3B), increased monocyte adhesion (Fig. 3, C and

D), and impaired tube formation compared to both WT (vehicle and ethanol-treated) and
vehicle-treated ALDHZ2*2iPSC-ECs (Fig. 3, E and F). These results suggest that ethanol
exacerbates ALDH2*2-induced EC dysfunction.

CRISPR/Cas9-corrected iPSC-ECs reverse ALDH2*2-induced EC dysfunction

To confirm the role of ALDH2*2in EC dysfunction, we next corrected ALDH2*2in
three ALDHZ2*1/*2iPSC lines using CRISPR/Cas9 and compared EC function in three sets
of WT cell lines, ALDHZ2*1/*2-corrected isogenic lines (Iso_GG) and their uncorrected
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counterparts. The missense ALDHZ variant (GA) in ALDHZ2*1/*2 lines was corrected and
confirmed by Sanger sequencing (Fig. 4, A and B). Next, the Iso_GG iPSC lines were
differentiated into ECs, and all showed high EC purity (fig. S3, B and C). As expected,
ALDH2 enzyme activity was restored after gene correction (Fig. 4C). The EC dysfunction
observed in ALDH2*1/*2iPSC-ECs was also reversed in the genome-edited Iso_GG iPSC-
ECs, as evidenced by reduced ROS concentrations (Fig. 4D) and monocyte adhesion (Fig.
4, E and F), and increased NO production (Fig. 4G) and tube formation (fig. S3, D to G).
Ethanol treatment did not affect ALDHZ2 expression in corrected cells (fig. S3, H and I).
Similarly, ethanol-induced exacerbation of EC dysfunction was also mitigated in 1so_GG
iPSC-ECs (Fig. 4, G to I, fig. S3, D to G). These findings indicate a causal role of ALDH2*2
in EC dysfunction.

Transcriptional profiling reveals downregulation of the AKT/eNOS pathway in ALDH2*2

ECs

To elucidate the molecular mechanisms of EC dysfunction, we performed bulk RNA
sequencing (RNA-seq) on two ALDHZ2*2-corrected isogenic iPSC-EC lines (Iso_GG) and
their uncorrected counterparts (ALDHZ2*1/*2). A direct comparison of total RNA expression
between ALDH2*1/*2iPSC-ECs and Iso_GG controls revealed 1,460 differentially
expressed genes (DEGS), of which 803 were upregulated and 657 were downregulated
(Fig. 5A and table S3). Among these DEGs, 14 were related to angiogenesis genes such

as secreted frizzled-related protein 1 (SFRPI) and protein tyrosine kinase 2 (PTK2), 21
were related to antioxidants or oxidants such as glutathione S-transferase pi 1 (GSTPI)
and thioredoxin reductase 2 (7XNRD2), and 147 were related to inflammatory genes

such as interleukin-18 (/L18) and intercellular adhesion molecule-1 (/CAMI) (Fig. 5B

and table S4). ICAML1 is essential in mediating monocyte adhesion to endothelial cells
(33). IL18 belongs to interleukin-1 family and is a prospective and independent marker of
CAD risk (34). gPCR analysis confirmed expression of /CAMI1 and /L18was upregulated
in ALDH2*1/*2 compared to Iso_GG iPSC-ECs. In addition, ethanol further increased

the expression of /CAM-1and /L18in ALDHZ2*1/*2iPSC-ECs, but not Iso_GG iPSC-
ECs, suggesting /CAMI1 and /L 18 may contribute to the inflammatory phenotype in
ALDHZ2*1/%2iPSC-ECs (Fig. 5C). GSTP1 is a critical enzyme in reducing oxidative stress
through increasing glutathione availability, and mutations in this gene have been associated
with greater susceptibility to CAD (35, 36). The expression of GSTPI was downregulated
in ALDHZ*1/*2iPSC-ECs and further decreased in ethanol-treated ALDH2*1/*2iPSC-
ECs, indicating GSTP1 may play a role in the ALDHZ2*2-mediated increase in oxidative
stress (Fig. 5C). SFRP1, an endogenous modulator of canonical wingless and int-1 (Wnt)
signaling pathway with implications in cardiac neovascularization after injury (37), was
also downregulated in ALDH2*1/*2iPSC-ECs, and further decreased in ethanol-treated
ALDH2*1/*2iPSC-ECs (Fig. 5C), indicating that SFRP1 may be involved in ALDHZ2*2-
dependent angiogenesis defects.

Gene ontology analysis of DEGs showed multiple dysregulated pathways in ALDHZ2*1/*2
iPSC-ECs compared to Iso_GG iPSC-ECs (Fig. 5D). For example, genes associated with
extracellular matrix (ECM)-receptor interaction, phosphoinositide 3-kinase (PI13K)-AKT
signaling, relaxin signaling, MAPK signaling, and AMP-activated protein kinase (AMPK)
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signaling pathways were downregulated, whereas genes associated with nucleotide-binding
oligomerization domain (NOD)-like receptor signaling, cellular senescence, calcium
signaling, FoxO signaling, p53, and NF-kB signaling pathways were upregulated in
ALDHZ2*1/%2iPSC-ECs (Fig. 5D and table S5). AKT plays a vital role in vascular
homeostasis and pathogenesis by mediating EC death, migration, and production or
degradation of extracellular matrix (38). Our results further confirmed that the abundance
of the active form of AKT, p-AKT (phosphorylation at serine 473), rather than total AKT,
was decreased in ALDHZ2*1/*2iPSC-ECs (Fig. 5, E and F). The abundance of p-AKT

was further reduced by ethanol treatment in ALDH2*1/*2iPSC-ECs, indicating that both
the ALDHZ2*2variant and ethanol could limit AKT activity. Because endothelial nitric
oxide synthase (eNOS) is activated by AKT-dependent phosphorylation in endothelial cells
(39), we used Western blot analysis to demonstrate that the active form of eNOS, p-eNOS
(phosphorylation at serine 1177) was decreased in ALDH2*1/*2iPSC-ECs, and further
decreased by ethanol treatment (Fig. 5, E and F). We confirmed the relevance of this
pathway by treating cells with SC79, a pan-AKT activator that specifically enhances AKT
phosphorylation and activation (40). We found that increased AKT activity led to increased
NO production and decreased ROS generation in both Iso_ GG and ALDH2*1/%2iPSC-ECs
(Fig. 5G). Thus, these findings suggest that inhibition of the AKT/eNOS pathway mediates
ALDHZ2*2-induced EC dysfunction.

SGTL2i counteracts ALDH2*2-associated EC dysfunction

Human iPSC-derived cells provide a unique platform to screen for compounds that have
human-specific drug responsiveness (41). With ROS, NO, and inflammation as primary
targets, we searched cardiovascular drugs approved by the Food and Drug Administration
(FDA) and identified seven drugs that regulate these pathways (Fig. 6A). Three of these
were sodium-glucose cotransporter-2 (SGTL2) inhibitors (empagliflozin, canagliflozin, and
dapagliflozin), which have previously been shown to induce NO production and reduce
ROS generation in ECs (42, 43). We used Alda-1, an activator of both WT ALDH2 and

of ALDH2*2 (44), as a positive control. Our analysis revealed that all SGLT2i showed a
dose-dependent decrease in ROS generation and increase in NO production in ALDH2*1/%2
iPSC-ECs (Fig. 6, B and C). Aspirin and metformin promoted NO generation, but they
also increased ROS production. Meanwhile, fenofibrate and Alda-1 required a large dose to
effectively reduce ROS. Alda-1 did not have a beneficial effect in Iso_GG iPSC-ECs, which
was likely due to the high dose of Alda-1, as shown by a decrease of NO in Iso_GG iPSC-
ECs (Fig. 6, B and C). Empagliflozin was selected for use in all subsequent experiments as
it was efficacious for increasing NO production and reducing ROS generation at the lowest
dose. A dose of 5 uM of empagliflozin was selected based on the cellular experiments for
rescuing capacity. We then treated iPSC-ECs with 5 uM empagliflozin in the presence of
ethanol (5 mM) and found empagliflozin not only decreased ROS (fig. S4A) and increased
NO production (fig. S4B), but also reduced monocyte adhesion (fig. S4, C and D) and
increased EC tube formation in ALDHZ2*1/*2samples (fig. S4, E and F). Empagliflozin
also reduced monocyte adhesion in Iso_GG iPSC-ECs (fig. S4, C and D), indicating that
empagliflozin may reduce the pro-inflammatory phenotype even in the absence of the
ALDH2*2variant. Taken together, these results suggested that empagliflozin improves EC
dysfunction in ALDH2*1/#*2iPSC-ECs.
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Empagliflozin rescues endothelial dysfunction in ALDH2*2 mice

Next, we examined whether empagliflozin rescued endothelial dysfunction in mice in
which a single human variant, E504K, was knocked into one copy of WT mouse A/dh2
allele (heterozygous ALDHZ2*1/*2) (26). The ALDH2*1/*2 mice were divided into three
experimental groups: ALDHZ2*1/*2mice with the daily saline intraperitoneal injection
(vehicle group), ALDHZ2*1/*2 mice with the daily saline intraperitoneal injection (vehicle
group), ALDH2*1/*2 mice challenged with the daily ethanol intraperitoneal injection (20%,
1 g/kg per day) combined with osmotic pump providing polyethylene glycol (PEG) in 50%
dimethyl sulfoxide (DMSO) (EtOH group), and ALDHZ2*1/*2 mice with the daily ethanol
intraperitoneal injection combined with osmotic pump delivering empagliflozin (10 mg/kg
per day) (Empa group) (Fig. 7A). After daily saline or ethanol intraperitoneal injection for
21 days, aortas were isolated from the three groups and from saline-injected WT mice (WT
group) to examine their vascular structure and function. First, we examined the structure
and function of isolated aortas from untreated WT and ALDHZ2*1/*2 mice using Masson’s
trichrome staining. The results showed no differences in aorta area and wall thickness
between WT and ALDHZ2*1/*2mice (Fig. 7, B to D). We next investigated whether
ALDHZ2*1/%2mice had differences in aortic contraction and relaxation compared with WT
mice using a wire myograph (fig. S5A). The aortic rings isolated from the ALDH2*1/%2
mice demonstrated a lower basal endothelial-dependent relaxation response to acetylcholine
and a lower basal contractile response to endothelin-1 (ET-1) compared with the aortic
rings isolated from the WT mice (fig. S5, B and C). The maximal endothelial-dependent
relaxation induced by acetylcholine was 91.8 + 1.4% in the WT group and 81.1 + 4.0%

in the ALDHZ2*1/*2group. The maximal contraction induced by ET-1 was 0.44 + 0.03
mN/mg in the WT group and 0.35 + 0.01 mN/mg in the ALDHZ2*1/*2 group (fig. S5,

B and C). These data showed that the ALDHZ2*1/*2mice have a reduced response to
endothelial-dependent relaxation and contraction at baseline.

We next examined whether ethanol could induce further endothelial-dependent vascular
dysfunction in the ALDH2*1/%2mice (45). We found a 24% increase in aortic area and
83% increase in wall thickness in the EtOH group relative to aortas from the vehicle
group. In contrast, aortas from mice with sustained empagliflozin administration, in
addition to ethanol treatment, limited vascular remodeling and reduced aorta area and wall
thickness (Fig. 7, B to D). Aortic rings from the EtOH group exhibited a 42% decrease

in acetylcholine-induced endothelial-dependent maximal relaxation and an 18% decrease
in ET-1-induced endothelial-modified maximal contraction relative to the vehicle group
(Fig. 7, E and F, and Table 1). Maximal relaxation induced by acetylcholine was 81.1

+ 4.0% in the vehicle group and 47.0 £ 13.2% in the EtOH group, whereas maximal
contraction induced by ET-1 was 0.35 + 0.01 mN/mg in the vehicle group and 0.29

+ 0.02 mN/mg in the EtOH group (Fig. 7, E and F, and Table 1). Sustained treatment

with empagliflozin restored vascular function of the aortic rings in ALDHZ2*1/%2 mice by
enhancing acetylcholine-induced relaxation response (maximal relaxation: 91.2 + 1.7%) and
ET-1-induced contraction response (maximal contraction: 0.45 + 0.04%), similar to WT
mice (Fig. 7, E and F, and Table 1).
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ALDHZ2*2has been associated with a higher incidence of endothelial dysfunction-related
diseases and exacerbates coronary endothelial damage and function in type 1 diabetic mice
(13, 46, 47). We therefore investigated the effect of empagliflozin on vascular function

in ALDHZ2*1/#2 mice with diabetes mellitus induced by streptozotocin (STZ) treatment
(fig. S5D). Four weeks after induction of diabetes mellitus, aortas were isolated, and
endothelial function was examined. Whereas the aortas from diabetic AL DH2*1/*2 mice
(STZ group) demonstrated a 24.1% increase in wall thickness and 16.5% increase in

aortic area, relative to the vehicle group (fig. S5, E and F), empagliflozin administration
diminished the progress of vascular remodeling by reducing wall thickness and area by
~8.7% and ~14.5%, respectively in comparison to the STZ group (fig. S5, E and F).
Functional studies demonstrated that aortas isolated from STZ group had a 29.8% decrease
in acetylcholine-induced endothelial-dependent relaxation relative to the vehicle group
(fig. S5G). Here empagliflozin administration (STZ + Empa group) restored acetylcholine-
induced endothelial-dependent relaxation and further enhanced ET-1-induced endothelial-
modified contraction relative to the STZ group (fig. S5, G and H).

These data showed that at baseline, the aortic contractile response to ET-1 and the
endothelial-dependent relaxation response to acetylcholine were reduced in heterozygous
ALDHZ2*1/%2 mice compared to the WT mice despite having normal vascular structure.
Ethanol exposure or diabetes mellitus induced further endothelial dysfunction by decreasing
the vascular tone and increasing vascular wall thickness and aorta area in ALDH2*1/*2
mice. Sustained co-treatment with empagliflozin restored vascular function and attenuated
vascular remodeling in ethanol-treated or diabetic ALDHZ2*1/*2 mice.

Empagliflozin does not directly activate ALDH2 enzymatic activity

To determine whether empagliflozin improved ALDHZ2*2-related endothelial dysfunction
through direct activation of ALDH2 enzyme, we first performed induced-fit docking studies
of tested drugs on ALDH?2 in silico. We used the co-crystal structure of ALDH2 with a
known activator, Alda-1 (PDB ID: 3INJ) and docked empagliflozin at the same site (fig.

S6, A to C) (48). Alda-1 was previously reported to activate the WT ALDH2 enzyme over
2-fold and increase the activity of ALDH2*1/*2 to WT values (44). In silico analysis
suggested that empagliflozin occupied the Alda-1-binding site in ALDH2 in a similar
manner to Alda-1 (fig. S6, A to C), suggesting that empagliflozin may activate ALDH2
through a mechanism similar to Alda-1.

To verify these results, we assessed ALDH2 enzyme activity in vitro in the presence

of empagliflozin or Alda-1 using recombinant ALDH2 protein isolated from bacteria
containing one copy of ALDHZ2*1/*2variant and one copy of WT variant (ALDH2*1/%2) or
two copies of the WT variant (WT). ALDH2*1/*2 enzyme activity exhibited approximately
45% of WT activity in the absence of activators, with ~1.04 pmol/min/mg of enzyme
activity for ALDH2*1/*2 versus ~2.30 umol/min/mg for WT. Empagliflozin did not enhance
the activity of either WT (P=0.94) or ALDH2*1/*2 (P=0.99) (fig. S6D). These results
suggest that empagliflozin is not a direct ALDH2 activator in vitro.

We have previously shown that Alda-1 can inhibit 4-HNE-induced ALDHZ2 inactivation
(44). We therefore examined whether empagliflozin can also limit 4-HNE inactivation of
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ALDH2. In the presence of 50 uM 4-HNE, both WT and ALDH2*1/*2 were inactivated. As
shown previously (44), 1 uM Alda-1 increased enzyme activity, but 5 uM empagliflozin had
no effect (fig. S6E). Thus, our results indicate that empagliflozin may not directly regulate
ALDH2 activity but may instead improve ALDH2*2-induced endothelial dysfunction
indirectly.

Empagliflozin improves ALDH2*2-related EC dysfunction via NHE-1/AKT/eNOS pathway

Many studies have shown that the target of empagliflozin, SGLT2, is not expressed

in cardiac cells, and that empagliflozin exhibits its beneficial effects on cardiovascular
disease via off-target mechanisms (49). We also confirmed that mRNA for SGLT genes
SGLT1and SGLTZwere not detected in either ethanol-free or ethanol-treated Iso_GG and
ALDH2*1/*2iPSC-ECs (fig. S7A), suggesting that the benefits of empagliflozin treatment
for ALDH2*2-induced endothelial dysfunction may be via off-target effects. The Na*t/H*
exchanger isoform-1 (NHE-1), sodium voltage-gated channel alpha subunit 5 (SCN5A),
and L-type Ca?* channels, are three targets through which empagliflozin may exert its
beneficial effects on cardiovascular cells (50). We first examined the expression of these
channels in iPSC-ECs. The Ct values of SCN5A, and L-type Ca2* channel genes such

as calcium voltage-gated channel subunit alphal C (CACANIC), calcium voltage-gated
channel subunit alphal D (CACANID) are greater than 33, indicating expression of the
SCN5A, and L-type Ca2* channel genes are low in iPSC-ECs. In contrast, the Ct value for
NHE1T is approximately 25, indicating higher expression (fig. S7B). Thus, we focused on the
NHE-1 channel for further studies.

NHE-1 is a membrane protein that exchanges intracellular H* and extracellular Na*

and plays critical roles in regulating intracellular pH and volume homeostasis. Previous
studies showed that activated NHE-1 drove ROS formation in human ECs (51), suggesting
that NHE-1 could be involved in ALDHZ2*2-related endothelial dysfunction. To test this
hypothesis, we examined NHE activity (A[H*]/s) and cytoplasmic Na* in Iso_GG and
ALDHZ2*1/%2iPSC-ECs. NHE-1 activity in ALDHZ2*1/*2iPSC-ECs was higher compared
with Iso_GG iPSC-ECs (Iso_GG: -0.55 + 0.02; ALDH2*1/*2. -0.66 * 0.02) (Fig. 8A). In
addition, the concentration of cytoplasmic Na* in ALDHZ2*1/*2iPSC-ECs higher than in
the Iso_GG group (Iso_GG: 0.79 £ 0.01 versus ALDH2*1/%2. 0.87 + 0.002), which also
indicated higher NHE-1 activity (Fig. 8B). Empagliflozin decreased A[H*]/s (Empa: —0.56
+0.02) and cytoplasmic Na* (Empa: 0.80 + 0.03) in ALDH2*1/*2iPSC-ECs, suggesting
that empagliflozin may regulate endothelial NHE-1 activity (Fig. 8, A and B). Furthermore,
cariporide, an NHE-1 inhibitor, was applied to iPSC-ECs in the presence or absence of
empagliflozin. As expected, cariporide reduced NHE-1 activity (Car: —0.55 + 0.02), and
cytoplasmic Na* (Car: 0.78 + 0.02) in ALDHZ2*1/*2iPSC-ECs (Fig. 8, A and B). However,
there was no further reduction of NHE-1 activity in ALDHZ2*1/*2iPSC-ECs (Car + Empa:
-0.54 + 0.01) and Na* (Car + Empa: 0.76 + 0.03) when empagliflozin and cariporide were
combined, suggesting that empagliflozin directly targets NHE-1 (Fig. 8, A and B, fig. S7, C
to E).

Next, in silico induced-fit docking studies were performed and the ability of empagliflozin
to bind NHE-1 was assessed based on a comparison of the docking score and ligand stability
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to cariporide (52). The results showed that empagliflozin bound well to NHE-1 in its most
stable binding pose (docking score was —5.20 for Empa and —5.58 for Car) (Fig. 8C).
However, empagliflozin had a more stable interaction compared to cariporide. The total
interaction energy was —200 kJ/mol for empagliflozin and —160 kJ/mol for Car based on a
100 ns simulation with a 10 ps sampling-rate (fig. S7, F and G, Movies S1-2). Thus, the
data suggest that empagliflozin improves ALDH2*2-related EC dysfunction via targeting
NHE-1.

Next, the effects of empagliflozin on ROS and NO production were examined in Iso_GG
and ALDHZ2*1/*2iPSC-ECs in the presence of cariporide. Whereas cariporide increased
NO production and decreased ROS generation in ALDH2*1/*2iPSC-ECs, there were no
further changes with the addition of empagliflozin, suggesting empagliflozin ameliorates
ALDHZ2*2-related NO reduction and oxidative stress by inhibiting NHE-1 activity (fig.

8, D and E). In addition, we determined whether empagliflozin can regulate AKT in
ALDHZ2*1/%2iPSC-ECs via NHE-1. Western blot analysis showed that the total AKT
protein and the active form of AKT, p-AKT (phosphorylation at serine 473), were increased
in both empagliflozin and cariporide-treated ALDHZ2*1/*2iPSC-ECs (Fig. 8, F and G).
Cariporide increased AKT activity more than empagliflozin, however, there was no further
improvement of AKT activity in co-treatment of cariporide and empagliflozin, suggesting
that empagliflozin regulates AKT activity by inhibiting NHE-1 (Fig. 8, F and G). We also
found eNOS activity (p-eNOS/eNOS ratio) in ALDH2*1/*2iPSC-ECs was significantly
increased with empagliflozin or cariporide treatment (£ < 0.0001 for Empa and ~= 0.002
for Car) (Fig. 8H). The effect of eNOS activity and NO production was stronger with
empagliflozin, which may be due to additional off-target effects of empagliflozin on eNOS
(53). These findings suggested that empagliflozin alleviates AL DHZ2*2-induced oxidative
stress and NO reduction via the NHE-1/AKT/eNOS pathway.

DISCUSSION

As the most common enzymopathy caused by a single SNP in humans, the ALDHZ2#*2
variant has been linked to a broad spectrum of human diseases, including CAD, cancer,
diabetes mellitus, and atherosclerosis (54). Most of these diseases are associated with
vascular dysfunction (55). The endothelium is a delicate monolayer of cells lining all blood
vessels and plays a pivotal role in the physiologic regulation of vascular tone and function
(55). However, the role of endothelium in these diseases, especially in ALDHZ2*2-related
CAD, remains unclear (56). In this study, we discovered that one standard drink of alcohol
impaired endothelial vasodilator function in human subjects with the ALDH2*2 variant, but
not in wild-type carriers. We did not observe baseline differences in EC function between
WT and ALDHZ2*1/%2human subjects, but this may be due to the complex mechanisms

of homeostasis in the human body (57). Data from iPSC-ECs derived from human subjects
revealed EC dysfunction in ALDHZ2*2 carriers by increased ROS and proinflammation

and reduced NO production and tube formation, which have been linked to the onset and
development of CAD (12). Our data also demonstrated the adverse effects of ALDHZ2*2
and alcohol consumption on EC dysfunction and CAD. Given the prevalence of CAD in
ALDHZ2#*2 carriers (58, 59), identification of ALDHZ2*2in patients with CAD may be used
to educate individuals and provide guidance regarding alcohol consumption.
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We used transcriptome profiling to identify downregulation of the AKT pathway in
ALDHZ2*2iPSC-ECs and found it may play a crucial role in ALDH2*2-related EC
dysfunction. We also found that impaired ALDH2 enzyme activity in the ALDH2*2
genotype led to elevated ROS and decreased NO through AKT and eNOS signaling,
suggesting these pathways could also be targeted for intervention (28). One study has
demonstrated that ALDH2 rescues myocardial ischemia/reperfusion injury by activating the
AKT pathway (60). Our data also suggested that AKT activation by SC-79 may be an
intervention to limit ALDHZ2*2-related CAD. However, overexpression of AKT has also
been shown to have adverse effects on endothelial cells through the development of vascular
malformations (61). Therefore, downstream factors of AKT will need to be identified to
more precisely target its pathological role in ALDHZ2*2-related CAD.

We previously found that ALDH2*2mice exhibited higher concentrations of pro-
inflammatory cytokines that are further exacerbated with chronic moderate ethanol exposure
of 1 g/kg/day (62) relative to WT mice (63). Here transcriptome profiling revealed that
upregulation of AMPK, MAPK, and NF-xB signaling pathways were associated with
ALDH2*2-related EC dysfunction. These pathways have been shown to mediate ALDHZ-
related inflammation and atherosclerotic plaque formation in mouse and cell models (13,
64), suggesting they may also be targeted to reduce or inhibit ALDH2*2-induced EC
dysfunction.

Another strategy we explored was to directly increase the catalytic activity and stability

of the ALDH2*2 with small molecules. We used the small molecule Alda-1 and showed

a dose-dependent increase in NO and a decrease in ROS in ALDHZ2*1/*2iPSC-ECs.
However, at high dose, it has a toxic effect on ECs in culture. After searching for FDA-
approved drugs with cardiovascular benefit, we found that SGLT2i improved endothelial
dysfunction in ALDH2*1/*2iPSC-ECs. Recently, SGLT2i, including empagliflozin were
found to be beneficial effects for cardiovascular disease, including heart failure, myocardial
infarction, and hypertension (42). In addition, a recent study showed the combined positive
effect of Alda-1 and empagliflozin on diabetes-associated HFpEF in mice, indicating that
empagliflozin could be repurposed for preventing and treating AL DH2*2-related CAD
(65). However, a more comprehensive test in human subjects is needed to confirm that
empagliflozin prevents EC dysfunction in ALDHZ2*2 carriers.

SGLT2 is mainly expressed in the kidney and has not been detected in cardiac cells (66). We
confirmed that SGLT mRNAs were not expressed in iPSC-ECs, suggesting empagliflozin
may improve EC function independently of its action on the sodium-glucose co-transporter.
Although our in silico results and those of others (67) showed that empagliflozin could
potentially activate ALDH2 enzyme activity, our subsequent in vitro data demonstrated

that empagliflozin did not directly activate ALDH2 or limit 4-HNE-induced adducts. The
benefits of empagliflozin on ALDHZ2*2-related endothelial dysfunction may therefore be
due to other off-target effects (68).

Empagliflozin has been shown to activate AMPK (69), promote AKT/eNOS signaling
(70), reduce ROS generation, and restore NO bioavailability in ECs (43). In addition,
empagliflozin was previously found to alleviate TNFa-mediated inflammation in ECs (43).
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However, the direct targets of these beneficial effects of empagliflozin were unknown. Here,
we discovered that empagliflozin rescued endothelial dysfunction by inhibiting NHE-1
activity AKT/eNOS signaling. Although several functional studies have indicated that
empagliflozin can directly target NHE-1, additional experiments are needed to demonstrate
physical binding of empagliflozin to NHE-1 (71-74). We also showed that the NHE-1
inhibitor cariporide could improve ALDHZ2*2-induced EC dysfunction. Earlier pilot studies
have shown the beneficial effects of cariporide on cardiovascular disease including CAD
(75). However, cariporide failed in phase Il clinical trials for CAD patients due to
increased mortality (75). More recently, one study showed that cariporide could improve
vascular function ex vivo in saphenous veins from ALDHZ2*2 carriers (76), suggesting that
NHE-1 may be a potential therapeutic target for follow up studies in either specific patient
populations or with other small molecules.

Our study demonstrated clinical endothelial dysfunction in healthy control participants with
ALDHZ2*2variant and moderate alcohol consumption. We further examined the mechanisms
of ALDH2*2-mediated endothelial dysfunction and found improved ALDH2*2-mediated
endothelial dysfunction with empagliflozin treatment in both in vitro and in vivo models.

In the future, clinical trials should investigate whether the ALDHZ2*2 variant and alcohol
consumption exacerbate endothelial dysfunction in diabetics or those with existing CAD.
More importantly, these studies should also test whether empagliflozin ameliorates
ALDHZ2*2-mediated atherosclerosis in the setting of diabetes or CAD. Lastly, another
limitation of this study is that only male participants were recruited. Future studies are
needed to investigate the effects of the ALDH2#*2variant in females.

In summary, we found that even minimal alcohol consumption impaired endothelial function
in human participants with the ALDH2#*2 allele. Empagliflozin ameliorated this dysfunction
in vitro and in mice by inhibiting NHE-1 activity and restoring the AKT and eNOS
signaling. Given the crucial role of the endothelium in vascular function, these results
suggest that targeting ALDH2*2 activity and its downstream effects may be an effective
strategy to limit vascular disease in ALDHZ2*2 carriers (77).

MATERIALS AND METHODS

Study Design.

To investigate the function of the endothelium in ALDH2*2 carriers, we recruited18 healthy
volunteers carrying WT or heterozygous variant (ALDHZ2*1/*2) at Stanford University
under an Institutional Review Board-approved protocol (ID: 61417). A single hair was
extracted to genotype the ALDHZallele. The human participants were served one beer
(Heineken, 12 fl 0z, 5% ethanol/volume) to consume over a 30-min time period. The
EndoPAT test was performed before and immediately after ethanol consumption. The
sample size was determined to provide >80% power for detecting at least 20% difference of
RHI between before and after ethanol consumption in ALDHZ2*2 carriers at the significance
of 0.05. Volunteers’ endothelial function was assessed by digital plethysmography using the
EndoPAT2000 system (Itamar Medical Ltd.), and a detailed clinical history was recorded
(table S2). The genotype of these human participants was not known during the test, and the
results were analyzed in a blinded fashion.
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To study the molecular mechanisms underlying endothelial dysfunction in the ALDH2*2
carriers, a cohort of 10 age- and sex-matched East Asian individuals who carried either the
WT or ALDHZ2*1/*2allele were recruited as previously described (24) (table S6). These
iPSC lines were obtained from Stanford University Cardiovascular Institute Biobank and
assigned to WT (n =5) or ALDH2*1/*2 (n = 5) groups based on the presence of the
ALDHZvariant. Measurements of endothelial function from both wild-type and subjects
with ALDHZ2*2variant were not blinded. A minimum of two technical replicates were used
for each experiment.

To examine whether empagliflozin rescued endothelial dysfunction in ALDHZ2 mutant mice,
we tested our hypothesis by using: 1) ALDH2*1/%2knock-in mice matched to C57/BL6
wild type ALDH2 mice; 2) ethanol-induced vascular dysfunction by injecting ethanol into
the rodent peritoneum; 3) streptozotocin (STZ)-induced diabetic model by injecting STZ
into the rodent peritoneum; and 4) empagliflozin, an SGLT2i, delivered by osmotic pump.
The knock-in ALDHZ2*2 mice were generated by homologous recombination. A single
nucleotide substitution (G to A) within the ALDHZ2 genomic fragment was introduced by
site-directed mutagenesis corresponding to the position of human E504K mutation. The
construction and phenotype of ALDH2*1/*2 knock-in mice have been described previously
(26). An experimental group size of six or greater animals was used to detect at least a

20% difference in with a power of 95% and P < 0.05. All procedures in this study were
performed in accordance with the animal protocols approved by the Animal Care and Use
Committee of Stanford University (ID: 34047). Wire myograph tests were performed by
observers blinded to the treatment groups. All animals were randomized and the genotypes
test and drug treatments were blinded.

Statistical analysis.

Data were analyzed using Prism (GraphPad) or Excel and reported as mean + SEM.
Comparisons were measured by one-way analysis of variance (ANOVA) or two-way
ANOVA test with Bonferroni correction for experiments with more than two groups, or

by two-tailed Student’s #test for experiments with two groups. A p-value of < 0.05 was
considered statistically significant. For GWAS in Fig. 1A and PheWAS in fig. S1, the
SNP-phenotype association was analyzed using linear or logistic regression models, and age,
gender, and principal components were adjusted as covariates. Further details can be found
in the supplementary materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ALDH2*2 is strongly associated with coronary artery disease (CAD) and induces
endothelial dysfunction.

(A) Manhattan plot of GWAS on CAD using the Biobank Japan cohort. CAD cases, n

= 29,319; healthy control, n = 183,134. The different colors of each block are used to
distinguish data from each chromosome. The X-axis indicates each chromosome number (all
autosomal), and the Y-axis shows the —logyg (p-value) of risk loci. The dotted line defines
the significance threshold of P=5 x 1078, The strongest genetic loci associated with CAD
are labeled in the plot. (B—C) Line plots show the individual changes of heart rate (B) and
reactive hyperemia index (C) before and after drinking alcohol in human participants with
WT (Black color) or ALDHZ2*1/*2 (red color) alleles. All data are represented as mean +
SEM, n =9 (WT), n =9 (ALDHZ2*1/*2); “after” data compared to the “before” data, *P <
0.05, ****P< 0.0001. Statistical analyses for B-C were performed using a paired Student’s
ttest.
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Figure 2. ALDH2*2 iPSC-ECs show increased oxidative stress and monocyte adhesion and
decreased NO production at baseline.

(A) Representative brightfield and immunofluorescence images of WT and ALDHZ2*1/*2
iPSC-ECs for endothelial marker CD31 (green). Scale bar: 100 um. (B) Representative
fluorescence-activated cell sorting (FACS) analysis of WT and ALDHZ2*1/*2iPSC-ECs

at passage 1 with CD31 antibody. (C) Representative immunoblot for ALDH2 in WT

and ALDHZ2*1/*21PSC-ECs. GAPDH was used as loading control. (D) Bar graph shows
quantification of ALDH2 protein by immunoblot in WT and ALDHZ2*1/%2iPSC-ECs. Data
are represented as relative fold-change to loading control, GAPDH. (E) Enzymatic activity
of ALDH2 in lysates from WT and ALDH2#*1/*2iPSC-ECs. HUVEC were used as a
positive control. WT vs ALDH2%1/*2. **** P < 0.0001; HUVEC vs ALDH2*1/*2. $$$ $P
< 0.0001. (F) 4-hydroxynonenal (4-HNE) adducts in WT and ALDHZ2*1/*2iPSC-ECs were
assessed by Western blot with GAPDH as loading control. (G) Quantification of 4-HNE
Western blot analysis from two replicate experiments. (H) Total baseline reactive oxygen
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species (ROS) in WT and ALDHZ2*1/%2iPSC-ECs as measured by the fluorogenic dye, CM-
H2DCFDA. (1) Quantification of NO production in WT and ALDH2*1/*2iPSC-ECs using
the fluorogenic dye, DAF-FM. (J) Representative images of adherent THP-1 monocytes
labeled with Calcein AM (green) in WT and ALDHZ2*1/*2iPSC-ECs. (K) Quantification of
monocyte adhesion in WT and ALDH2*1/*2iPSC-ECs. Black bar: WT iPSC-ECs; Red bar:
ALDH2*1/*2iPSC-ECs. All data represent five individual iPSC lines from two technical
replicates per group. Data are expressed as mean + SEM. *P < 0.05, calculated by Student’s
ttest (Fig. 2. E, H, I, J and L) or two-way ANOVA with Bonferroni correction (Fig. 2E).
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Figure 3. Ethanol exacerbates ALDH2* 2-induced endothelial dysfunction.
(A) Measurement of cellular ROS released from WT and ALDHZ2*1/*2iPSC-ECs using

the fluorogenic dye, CM-H2DCFDA, in the presence or absence of 5 mM ethanol. (B)
Nitric oxide (NO) production in WT and ALDHZ2*1/%2iPSC-ECs using the fluorogenic
dye, DAF-FM, in the presence or absence of 5mM ethanol. (C) Representative images of
adherent THP-1 monocytes labeled with Calcein AM (green) to WT and ALDHZ2*1/*2
iPSC-ECs in the presence or absence of 5 mM ethanol. Scale bar: 1mm. (D) Quantification
of monocyte adhesion in WT and ALDHZ2*1/*2iPSC-ECs in the presence or absence of 5
mM ethanol. (E) Representative brightfield images of capillary-like networks formed by WT
and ALDHZ2*1/*21PSC-ECs in the presence or absence of 5 mM ethanol. Scale bar: Imm.
(F) Quantitative data from the tube-formation assay in WT and ALDH2*1/*2iPSc-ECs in
the presence or absence of 5 mM ethanol. Black bar: WT iPSC-ECs; Red bar: ALDH2*1/%2
iPSc-ECs. All data represent five individual iPSC lines from two technical replicates per
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group. Data are expressed as mean + SEM. *P< 0.05, **P< 0.01, ***P< 0.001, ****P<
0.0001, calculated by a two-way ANOVA with Bonferroni correction.
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Figure 4. Genome-corrected isogenic ALDH2 iPSc-ECs rescue EC dysfunction phenotype.
(A) CRISPR/Cas9-mediated genome modification to correct heterozygous ALDHZ2*1/%2

variant (GA) into isogenic WT (Iso_GG) iPSCs using homologous repair (HR). CRISPR/
Cas9 was designed to specifically cleave near the nucleotide position 111803962 at

exon 12 of the ALDHZlocus. The ALDHZ2*1/*2allele (GA) is shown in red. (B)
Sequencing chromatogram showing three 1so_GG iPSC lines generated from their respective
ALDHZ2*1/%2 (GA) iPSC lines. The risk allele A is substituted by G after genome-editing as
shown in the lower panel (indicated by red arrows). (C) Enzymatic activity of ALDH2

in lysates from WT, ALDH2*1/*2, and Iso_GG iPSC-ECs. (D) Cellular ROS in WT,
ALDH2*1/#%2, and Iso_GG iPSC-ECs. Cellular ROS were quantified using CM-H2DCFDA
dye. (E) Representative images of adherent THP-1 monocytes (green) to WT, ALDH2*1/%2,
and Iso_GG iPSC-ECs. Scale bar: Imm. (F) Quantification of monocyte adhesion in WT,
ALDHZ2*1/%2and Iso_GG iPSC-ECs. (G) Nitric oxide (NO) production was determined in
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WT, ALDH2*1/#*2, and Iso_GG iPSC-ECs using DAF-FM in the presence or absence of 5
mM ethanol. (H) Measurement of ROS in WT, ALDH2*1/#2, and Iso_GG iPSC-ECs using
CM-H2DCFDA in the presence or absence of 5 mM ethanol. (1) Quantification of monocyte
adhesion in WT, ALDH2*1/*2, and Iso_GG iPSC-ECs in the presence or absence of 5 mM
ethanol. Black bar: WT iPSC-ECs; Blue bar: ALDH2*1/*2iPSC-ECs; Violet bar: Iso_GG
iPSC-ECs. Data in panel C to I represent two technical replicates from three individual iPSC
lines. All data are expressed as means + SEM. *P< 0.05, **P< 0.01, ***P< 0.001, ****p
< 0.0001, calculated by a one-way (Fig. C, D and F) or two-way ANOVA (Fig. G-I) with
Bonferroni correction.
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Figure 5. Transcriptional profiling of ALDH2 iPSC-ECs implicates AKT/eNOS pathway in EC
dysfunction.
(A) Volcano plot of differentially expressed genes (DEGs) between ALDHZ2*1/#2 and

Iso_GG iPSC-ECs. Upregulated genes are highlighted in red and downregulated genes are
shown in blue. FDR < 0.05 was set as a threshold of significance. (B) Heatmap of DEGs

in oxidative stress, angiogenesis, and inflammatory pathways. Expression of representative
genes is indicated on the bottom the heatmap. SFRPI: secreted frizzled-related protein

1, GSTPI: glutathione S-transferase pi 1; /L18. interleukin 18; /CAMI: intercellular
adhesion molecule-1. (C) Quantitative PCR data from ALDHZ2*1/*2and Iso_GG iPSC-
ECs in the presence or absence of 5 mM ethanol. (D) Top 10 upregulated (red) and
downregulated pathways (blue) in ALDH2*1/*2iPSC-ECs compared to Iso_GG iPSC-ECs
as determined by —log, false discovery rate (FDR) using the KEGG pathway database. (E)
Immunoblots for total AKT, p-AKT (Ser 473), total eNOS, and p-eNOS (Ser 1177) proteins
in ALDHZ2*1/*2and 1so_GG iPSC-ECs in the presence or absence of 5 mM ethanol.
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GAPDH was used as loading control. (F) Bar graph shows quantification of p-AKT/AKT
ratio, p-eNOS/eNOS ratio in WT and ALDHZ2*1/*2iPSC-ECs in the presence or absence of
5 mM ethanol. (G) Measurement of ROS and NO in ethanol-treated WT and ALDHZ2*1/*2
iPSC-ECs in the presence or absence of 4 pg/ml AKT activator, SC79. Vehicle: equal
volume of EC medium. Black bar: WT iPSC-ECs; Red bar: ALDH2*1/*2iPSC-ECs; Violet
bar: Iso_GG iPSC-ECs. Data in panel C, F and G represent two independent technical
replicates from three individual iPSC lines. All data are expressed as means = SEM. *P<
0.05, **P<0.01, ***P< 0.001, ****P< (0.0001, calculated by a two-way ANOVA with
Bonferroni correction.
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Figure 6. Drug screening for treatment of ALDH2*2-induced oxidative stress and NO
impairment using iPSC-ECs.

(A) Table listing the eight compounds assessed and their current uses, including known
effects on inflammation, ROS and NO (left panel). These include seven medications
approved by the Food and Drug Administration (FDA) and the ALDH2 activator Alda-1.
Schematic workflow of the experimental design (right panel). These drugs were assessed for
their impact on ROS and NO production in Iso_GG and ALDH2*1/*2iPSC-ECs. iPSC-ECs
were treated at day one. 5mM ethanol was added the following day, and then NO and ROS
signals were measured at day 3. (B—C) Dose-response curves based on ROS generation,
indicated by CM-H2DCFDA (B), and NO production indicated by DAF-FM (C) in WT and
ALDH2*1/%2iPSC-ECs with drug treatment. Six different dosages were used for each drug,
including a vehicle control (DMSO). Due to a wide range of drug dosage used in WT and
ALDH2*2iPSC-ECs, the power of 10 format was used on the X-axis to plot drug response.
0.01 uM (1072 uM) instead of 0 uM was used to indicate response to vehicle control
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(DMSO) and the concentrations of NO or ROS in Iso_GG or ALDHZ2*1/*2iPSC-ECs
were normalized to vehicle (DMSO) treatment. Data in panel B and C represent three
individual iPSC lines from two technical replicates for each group. Data were expressed as
mean + SEM. Non-linear regression model was applied to plot drug dose-response. 1so_GG
iPSC-ECs with drug treatment compared to Iso_GG with vehicle (DMSO) treatment: $£P
<0.05,$$P<0.01,$$$P<0.001, $$$$P<0.0001. ALDHZ2*1/*2iPSC-ECs with drug
treatment compared to ALDH2*1/*2with vehicle (DMSO) treatment: *P < 0.05, **P<
0.01, ***P < 0.001, ****P < 0.0001, calculated by Student’s #test.
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Figure 7. Empagliflozin alleviates vascular dysfunction in ALDH2*1/*2 heterozygous mice.
(A) Schematic of the experimental design to examine the effects of empagliflozin

on vascular function in ethanol-treated ALDHZ*1/*2 mice. Mice were divided into 4
groups: saline-injected WT mice, saline-injected ALDH2*1/*2 (Mehicle group), ethanol-
and solvent (PEG/DMSO) control-treated ALDHZ2*1/*2 (EtOH group), and ethanol- and
Empa-treated ALDHZ2*1/*2mice (Empa group). (B) Representative brightfield images of
Masson’s trichome staining of mouse aortas from the 4 experimental groups above. (C-D)
Quantification of aortic area and wall thickness. *£ < 0.05, **P< 0.01, ****P < 0.0001,
calculated by a one-way ANOVA with Bonferroni correction. (E-F) Concentration-response
curve for acetylcholine-induced aortic relaxation (E) and ET-1-induced aortic contraction (F)
in WT, Vehicle, EtOH, and Empa groups. Data represent six mice for each group. Data are
expressed as mean £ SEM. In Fig. 7E and F, Vehicle vs WT group: #P< 0.05, ##P< 0.01;
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EtOH vs Vehicle group: $P< 0.05, $$~< 0.01; EtOH vs Empa group: *£< 0.05, **P<
0.01, calculated by Student’s #test.
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Figure 8. Empagliflozin improves ALDH2*2-related endothelial dysfunction through
NHE-1/AKT/eNOS pathway.

(A-B) Bar graphs show quantification of NHE-1 activity (A) and intracellular Na* (B) in
Iso_GG and ALDHZ2*1/*2iPSC-ECs in the presence or absence of Empa (5 uM), Car (10
uUM), or Car (10 uM) plus Empa (5 uM) (Car + Empa). DMSO served as vehicle. (C) In
silico induced-fit docking showing Empa (magenta) bound to NHE-1 with a similar binding
site to Car (orange). (D-E) Cellular NO (D) and ROS (E) in Iso_GG and ALDH2*1/%2
iPSC-ECs in the presence or absence of 5 uM Empa, 10 uM Car, or Car + Empa. (F)
Representative immunoblots show total AKT, p-AKT, total eNOS, and p-eNOS proteins in
Iso_GG and ALDHZ2*1/%2iPSC-ECs in the presence or absence of 5 uM Empa, 10 uM
Car, or Car + Empa. DMSO was used as vehicle. GAPDH was used as loading control.
(G-H) Bar graphs show quantification of p-AKT to total AKT ratios (G) and p-eNOS to
total eNOS ratios (H) in Iso_GG and ALDH2*1/*2iPSC-ECs in the presence or absence of
Empa (5uM), Car (5mM), or Car + Empa. Data represent three individual iPSC lines from
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two technical replicates. Data are expressed as mean + SEM. *P< 0.05, **P< 0.01, ***P<
0.001, ****P < 0.0001, calculated by one-way ANOVA with Bonferroni correction.
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Table 1.

Effects of empagliflozin on vascular function in ALDHZ*2mice using wire myograph.

WT Vehicle EtOH Empa

Maximal Contractile Force (mN/mg) 0.44+0.03  035+0.017 0.29+ 0.02% 0.45 + 0.04% *

Maximal Relaxation (%) 91.8+14% 811+4.0%" 47.0+132%% 91.2+1.7%%

Data correspond to results presented in Fig. 7 (E and F). The maximal contractile force was recorded in response to 1 uM endothelin-1 (ET-1),
and the relaxation maximal relaxation (%) was recorded in response to 1 mM acetylcholine in mouse aortas isolated from WT, vehicle, EtOH,
and Empa groups. WT group, wild-type A/dh2 mice; vehicle group, solvent (PEG/DMSO) control- treated ALDHZ2*1/*2 mice; EtOH group,
alcohol-treated ALDH2*1/*2 mice; Empa group, ethanol- and Empa-treated ALDHZ2*1/#2 mice. Data represent six mice for each group. Data are
expressed as means + SEM.

Vehicle versus WT group: #P < 0.05
EtOH versus vehicle group: $£< 0.05

EtOH versus Empa group: *£ < 0.05, calculated by a one-way ANOVA with Bonferroni correction.
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