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Abstract

Point mutation in alcohol dehydrogenase 2 (ALDHZ2), ALDH2*Zresults in decreased catalytic
enzyme activity and has been found to be associated with different human pathologies. Whether
ALDHZ2*2would induce cardiac remodeling and increase the attack of atrial fibrillation (AF)
remains poorly understood. The present study evaluated the effect of ALDHZ2*2mutation on AF
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susceptibility and unravelled the underlying mechanisms using a multi-omics approach including
whole-genome gene expression and proteomics analysis. The in-vivo electrophysiological study
showed an increase in the incidence and reduction in the threshold of AF for the mutant mice
heterozygous for ALDHZ2#*2as compared to the wild type littermates. The microarray analysis
revealed a reduction in the retinoic acid signals which was accompanied by a downstream
reduction in the expression of voltage-gated Na* channels (SCN5A). The treatment of an
antagonist for retinoic acid receptor resulted in a decrease in SCN5A transcript levels. The
integrated analysis of the transcriptome and proteome data showed a dysregulation of fatty acid -
oxidation, adenosine triphosphate synthesis via electron transport chain, and activated oxidative
responses in the mitochondria. Oral administration of Coenzyme Q10, an essential co-factor
known to meliorate mitochondrial oxidative stress and preserve bioenergetics, conferred a
protection against AF attack in the mutant AL DH2*2 mice. The multi-omics approach showed the
unique pathophysiology mechanisms of concurrent dysregulated SCN5A channel and
mitochondrial bioenergetics in AF. This inspired the development of a personalized therapeutic
agent, Coenzyme Q10, to protect against AF attack in humans characterized by ALDH2*2
genotype.
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Introduction

Mitochondrial isoform of acetaldehyde dehydrogenase (ALDH), ALDH?2, is the key
metabolic enzyme involved in the detoxification of toxic aldehydes, particularly
acetaldehyde [1, 2]. A reduced activity of ALDH2 has been known to cause poor
metabolism of ethanol, which further contributes to alcohol flushing reaction and organ
damage [3, 4]. A coding variant of ALDHZ, ALDHZ2*2, involves a single-nucleotide
polymorphism (SNP) that results in Glu-to-Lys substitution at position 504 (E504K). This
SNP has been found to affect ~8% of the human population worldwide, with major
predominance in East Asia, where it affects ~40% of the population [5]. The ALDH2*2
variant encodes for a protein with decreased catalytic activity and increased turnover rate
[6]. In addition to the ethanol-derived acetaldehyde detoxification, ALDH2 also plays an
important role in the oxidation of cytotoxic lipid aldehydes that are generated from lipid
peroxidation during oxidative stress [2, 3, 7]. This includes 4-hydroxy-2-nonenal (4-HNE),
malondialdehyde (MDA) and environmental aldehydes like acrolein. The polymorphism of
ALDHZ2#*2has also been found to be associated with several cardiovascular diseases,
including coronary artery disease, myocardial infarction, reperfusion-related ventricular
arrhythmia, heart failure, and hypertension [7].

Atrial fibrillation (AF) is the most common cardiac arrhythmia that particularly contributes
to higher risk of stroke, heart failure, and cardiovascular mortality [8]. The presence of
interaction between AF events and ethanol-metabolism is suggestive of a complex link
between ALDHZ2*2and AF [9-11]. The atrial expression of ALDHZin patients with AF

was lower as compared to those with sinus rhythm [9], suggesting that ALDH2 dysfunction
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increased the risk of AF attack. ALDH2 deficiency increased AF incidence in mice exposed
to chronic ethanol intoxication through the accumulation of 4-HNE and increased oxidative
stress [10]. However, the prevalence of dysfunctional ALDHZ2*2 carriers was contrarily
lower in AF patients, as compared to those without AF [11]. The casual link between
ALDH2*2 and AF pathogenesis is needed to established to solve this paradox with
reasonable explanation of underlying pathophysiology mechanisms.

The present study aimed to test the hypothesis that the presence of dysfunctional ALDH2*2
could lead to an increased risk of AF induction and clarify the mechanisms by a multi-omics
approach. In the knock-in murine model for ALDHZ2#*2 (E504K mutation) [12], an increased
susceptibility to AF was observed in ALDHZ2*2 genotype. The multi-omics approach
showed concurrent dysregulation of SCN5A channel and mitochondrial bioenergetics as the
unique pathophysiology mechanisms underlying AF attack in ALDH2 deficiency. A
personalized therapeutic agent, Coenzyme Q10, was identified to protect against AF attack
in humans characterized by ALDHZ2*2 genotype.

Materials and methods

Mouse model for atrial arrhythmia

In the present study, the knock-in mouse model for ALDH2*2was constructed by
homologous recombination mediated replacement of wild type ALDH2#*1 allele with
ALDHZ2*2allele containing E504K substitution [12]. The study included two groups of 12—
15 weeks old mice, the wild type male littermates (referred to as ALDH2*1) and mice
heterozygous for ALDHZ2*2 (referred to as ALDH2*2). For the evaluation of left ventricular
ejection fraction and cardiac structure, electrocardiogram (ECG) was performed prior to
electrophysiology (EP) study. The EP study involved surface ECG recordings and epicardial
stimulation as previously described by Weng et al. [13]. Post EP analysis, the hearts were
removed, weighed, and homogenized to isolate protein and RNA for further analysis.

Mouse EP study

The mice were anesthetized by the inhalation administration of isoflurane. Post
anesthetization, the mice were mechanically ventilated at a controlled temperature of 37°C £
0.5°C. ECG recordings were performed prior to EP study. The surface ECG (channel I, 11,
and aVF) was recorded by needle electrodes inserted subcutaneously in the limbs. A mini-
thoracotomy was performed in the right parasternal area. Following this, the epicardial
recording and stimulation electrodes were positioned on the right atrium and the cardiac
rhythm was continuously recorded. For each animal, all the frontal axes (P and QRS) and
time intervals (PR, QRS, QT, and RR) of ECG were calculated. The pacing thresholds (in
milliamperes) were determined for right atrial stimulation using 1 ms pulse widths at twice
the diastolic capture threshold. AF was induced by burst atrial pacing (S1S1), from 50 ms
down to a minimum coupling interval of 10 ms, repeated for five cycles in each mouse [13].
The longest atrial burst pacing interval that induced AF was defined as the induction
threshold. Longer pacing intervals required for the induction of AF correlated with a greater
ease of AF induction. The incidence of AF attack (AF incidence), number of AF attack/burst
pacing cycles (AF vulnerability), and duration of induced AF episodes were calculated.
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The effect of the treatment with Coenzyme Q10 was studied in 12-15 weeks old ALDH2*2
mice. The mutant mice were randomly divided into two groups, treatment group and control
group. Mice in the treatment group received oral treatment of 45mg/kg/day dose of
Coenzyme Q10 (NDM-02680, Nature Made, West Hills, CA, USA) dissolved in olive oil as
vehicle (dose of olive oil 10ml/kg/day) via nasogastric tube every day for 4 weeks. For the
control group, only control vehicle i.e. olive oil was administered in the same volume as
mentioned for the treatment group. The EP study was performed 4 weeks post the oral
administration of Coenzyme Q10. The animal studies were performed according to the NIH
guidelines (Guide for the Care and Use of Laboratory Animals) and all the experimental
procedures were approved by the Institutional Animal Use and Care Committee at Taipei
Veterans General Hospital.

2.3. Western blot analysis

The western blots analysis was performed according to the previously described protocol
[13]. Mouse atrial tissues were homogenized in 1X CHAPS lysis buffer (57705, Millipore,
Billerica, MA, USA) supplemented with protease and phosphatase inhibitors (78442,
Thermo Fisher Scientific). The atrial tissue homogenates were centrifuged at 13,000 rpm for
20 min at 4°C. The resulting supernatants were collected and protein concentration was
determined by BCA protein estimation assay (23225, Thermo Fisher Scientific) according to
the manufacturer’s instructions. The denatured proteins (30 pg/lane) were separated on a
NUPAGE 4%-12% Bis-Tris protein gels (NP0335BOX, Invitrogen). The resulting protein
bands were transferred on to polyvinylidene difluoride (PVVDF) membranes (Millipore,
Billerica, MA, USA). For immunodetection, PVDF membranes were blocked with 5% non-
fat dry milk and incubated overnight with primary antibodies, including rabbit anti-MDA
(1:1000, ab6463, Abcam), mouse anti-4-HNE (1:1000, ab48506, Abcam), mouse anti-
ALDH2 (1:1000, sc-48837, Santa Cruz), and mouse anti-GAPDH (1:5000, MA5-15738,
Thermo Fisher Scientific). Further, the membranes were incubated with HRP-conjugated
secondary anti-mouse (1:10000, AP124P, Millipore) and anti-rabbit (1:10000, 211-032-171,
Jackson ImmunoResearch, Pennsylvania, USA) antibodies for 1 hour at room temperature.
The unbound secondary antibodies were removed by washing with PBST and PBS as
mentioned above. Chemiluminescent detection of protein expression by western blot
analysis was performed using ECL western blot detection reagents (WBKLS0500,
Millipore, Billerica, MA, USA) and analyzed using AlphaEaseFC 4.0 (Alpha Innotech, San
Leandro, CA, USA).

2.4. Purification and proteomics analysis for mitochondrial proteins

The mitochondrial proteins present in the left atrium of mice from both the groups, the wild
type group containing ALDHZ2*1 allele and mutant group with ALDH2#*2allele, were
isolated and purified using Qproteome® Mitochondria isolation kit (Qiagen, Hilden,
Germany) [14]. Briefly, atrial tissue was freshly excised from 2-3 mice for each proteomics
sample, and washed with 1 ml of 0.9% (w/v) sodium chloride solution. Following this, the
tissue was cut into small pieces of size 1-2 mm3 and lysed using 500 pl lysis buffer
supplemented with protease inhibitors. The resulting samples were homogenized using the
Tissue Ruptor rotor-stator homogenizer set at lowest possible speed for 10 s. To this, 1.5 ml
of lysis buffer supplemented with protease inhibitor solution was added further. The

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hu et al.

Page 5

resulting homogenates were incubated on an end-over-end shaker at 4°C for 10 min. Further,
the samples were the centrifuged at 1000 x g for 10 min at 4°C. The supernatant was
carefully removed and the resulting cell pellet was resuspended in 1.5 ml of ice-cold
disruption buffer. The samples were properly mixed by pipetting up and down using a 1 ml
pipette tip. To ensure proper resuspension of the pellet, the samples were further mixed
using a blunt-end needle and a syringe. The resulting cell lysate was centrifuged at 1000 x g
for 10 min at 4°C. The supernatant was collected in fresh tube and centrifuged again at 6000
x g for 10 min at 4°C. The final pellet containing mitochondrial proteins was collected and
stored at —20°C until used for proteomics analysis.

For proteomics analysis, 50 pg of purified mitochondrial proteins from each sample were
used. Proteomic analysis was performed in repeats of three for independent samples
obtained from both ALDHZ2*1 and ALDHZ2*2mice. The protein lysates were separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Post separation,
the protein bands present on SDS-PAGE gel were visualized by staining with Coomassie
blue (J.T.Baker, USA). These protein bands were divided into 10 parts/fragments (average)
according to the distribution of the stain. Following this, these gel pieces were subjected to
in-gel digestion as previously described by Chi et al. [15]. Briefly, each gel fragment was cut
into small pieces of size 1 mm3 and de-stained with 25 mM ammonium bicarbonate. The de-
stained fragments were further reduced by dithiothreitol (DTT, Sigma, USA) and alkylated
using iodoacetamide (IAA, Sigma, USA). Following this, the samples were subjected to
trypsin (sequencing grade, Promega, USA) digestion. For peptide extraction, the samples
were incubated with 60% acetonitrile and sonicated. This was followed by desalting of
peptides with 0.1% trifluoroacetic acid (TFA, Sigma, USA). The samples were dried using
vacuum centrifuge and analyzed by LC-MS/MS analysis (LTQ-FT LC/MS/MS, Thermo
Electron). For peptide analysis, spectrums were searched against Mascot engine (Matrix
Science) to match protein ID according to UniProt reference proteome database. The non-
labeling protein expression quantification was calculated by Maxquant [16].

2.5. Microarray

RNA was isolated from the left atrium of mouse (ALDHZ2*1, n=3; ALDHZ2*2, n=4) using
RNeasy Mini kit (Qiagen, USA). For transcriptome microarray analysis, 100 ng of total
RNA was used (GeneChip™ Mouse Gene 2.0 ST Assay, Thermo, USA). The reads were
normalized and analyzed by GeneSpring software (Agilent Tech, USA). Statistical inference
was calculated using independent t-test. For the analysis of signaling pathways, a total of
790 differentially expressed genes (fold change = 1.5 times with P-value < 0.05) between
wild type and ALDHZ2*2 mutant mice were used (Supplementary data 1). The differentially
expressed genes were sorted and analyzed using ingenuity pathway analysis (IPA, Qiagen,
USA).

2.6. Thetranscriptomics and network analysis of ALDH2 dysfunction

The canonical pathways for 790 differentially expressed genes were analyzed using IPA for
both ALDH2*1 wild type and ALDHZ2*2 mutant animals. The cardiac toxicity signals
correlating to arrhythmia were also collected from IPA database. For the co-expression
networks for cardiac toxicity signals, Pearson correlation coefficients (PCC) were calculated
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for the expressions of retinoic acid receptors (RARS), retinoid X receptors (RXRs), and
relevant cardiac toxicity genes associated with ALDH2*1 and ALDHZ2*2 mice. The protein-
protein interaction [14] networks for cardiac toxicity signals were constructed using PPI
database STRING [14, 17].

2.7. Retinoic acid (RA) concentration in serum

RA concentration in mice serum samples was determined using the RA ELISA Kit
(MBS705877, MyBioSource, USA). The blood sample collection from mouse orbital sinus
was performed using cotton, anesthetic agent, blood sample collection tubes, and capillary
tube [18]. The samples were centrifugated at 1000 x g for 15 minutes and diluted at the ratio
of 1:500 using Sample Diluent before the experiment. All the reagents and working
standards were prepared according to the manufacturer’s instructions. A microtiter plate pre-
coated with RA specific antibody was provided in the kit. To each well, 50 pl of standards or
diluted samples were added. This was immediately followed by the addition of 50 pl
Horseradish Peroxidase-conjugated RA (1x), except to the Blank well. For luminescent
reaction, 90 ul TMB Substrate was added to each well and incubated at 37°C for 20 minutes
in dark. The concentration of RA in each sample was measured in terms of absorbance at
450 nm using a microplate reader. The absorbance was measured within 5 minutes of the
addition of stop solution.

2.8. Multi-omics and network analysis for the mitochondrial gene expression in mice atria

According to the DAVID database [19], 86 of the 790 differentially expressed genes
obtained from the microarray analysis and 102 of the 170 differentially expressed proteins
(fold change = 1.5 times or < 0.5 times) obtained from the proteomics analysis were
annotated mainly to localize in the mitochondria (Supplementary data 2 and 3). These were
further subjected to gene ontology (GO) functionality enrichment analysis.

For both the cellular component and biological process, the DAVID gene enrichment
analysis was carried out on 182 mitochondrial genes/proteins. These 182 genes/proteins
included differentially expressed genes and proteins identified in the transcriptomics and
proteomics experiments, respectively, as mentioned above. The resulting enriched GO terms
for cellular components (CC) were visualized using cytoscape app “ClusGO” [20]. The
enriched functions (GO CC) for clusters with similar functions were shown in different
colors. A total of nine clusters, characterized by at least two functional terms (i.e. cluster
members), were generated. For cluster #1, the term present at the lowest GO level was
chosen as the cluster representative, whereas the functional term with the smallest P-value
was chosen as the cluster representative for other clusters. The 59 genes/proteins annotated
with the cluster-representative GO term were further subjected to PPI network analysis.

2.9. Real-time quantitative polymerase chain reaction (PCR)

The SuperScript® 11 First-Strand Synthesis System (18080051, Invitrogen, Carlsbad, CA,
USA) was used for cDNA synthesis from the extracted RNA samples. Real-time quantitative
PCR was performed using Applied Biosystems™ StepOnePlus real-time PCR system with
TagMan probe assays (4331182, Thermo Fisher Scientific, USA). GAPDH
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(glyceraldehyde-3-phosphate dehydrogenase) was used as an internal control. All the genes
described in the probe assays are listed in Supplementary Table 1.

2.10. Neonatal rat cardiomyocyte isolation and treatment

Neonatal rat ventricular myocytes (NRVMs) were isolated from 1-2 days old neonatal rat
pups as previously described by Kapoor et al. [21]. The isolated NRVMs were cultured in
M199 medium supplemented with 10 mM HEPES, 0.1 mM non-essential amino acids, 3.5
mg/mL glucose, 2 mM L-glutamine, 4 pg/ml vitamin B12, 100 U/ml penicillin, and heat-
inactivated FBS. The cells were treated with 1uM acetaldehyde (402788, Sigma-Aldrich)
and 10uM BMS 493 (B6688, Sigma-Aldrich) for 48 hours using in 2% FBS supplemented
medium. The cells treated with ddH,O or DMSO were used as controls. Total RNA isolation
for real-time PCR analysis was performed using RNeasy® Mini Kit (74106, Qiagen, Venlo,
Netherlands).

2.11. Statistical analysis

Statistical analysis for all the assays was performed using PSAW SPSS 18.0 software. All
the data were presented/expressed as mean = SEM. For the identification of possible
differences present between the two groups, Student’s t-test was used. A chi-square test was
used to evaluate differences in the categorical variables of the two groups. For all the
statistical analysis, a P-value < 0.05 was considered to be statistically significant.

3. Results

3.1. Increased incidence of AF in ALDH2*2 mutant mouse model

Surface ECG analysis for ALDHZ2*2 mutant mice showed that the QRS durations and QT
intervals were increased as compared to the mice from ALDH2*1 group (Fig. 1la—b). No
significant differences were observed in the P-wave duration, P-R interval, body weight, and
weight of left atrium for the mice belonging to the two groups (Fig. S1). Echocardiography
analysis revealed the absence of any significant differences in the cardiac structure and
function for the mice associated with the wild type group and the mutant group. The
parameters that were studied included left ventricular anterior wall thickness, left ventricular
end-systolic diameter (LVESD), left ventricular end-diastolic diameter (LVEDD), and global
cardiac function (Supplementary Fig. 1). As shown in Fig. 1c—d, epicardial atrial
electrophysiological stimulation in ALDH2*2mice resulted in 2.3-fold and 2.6-fold increase
in the frequency and vulnerability, respectively, of AF episodes. The threshold for the
induction of AF was found to be 20% lower in ALDHZ2#*2mice as compared to the wild type
mice (Fig. 1e). No differences were observed in the sustained duration of AF between the
two groups (Fig. 1f). The representative recordings of AF for one of the ALDH2*2mice are
shown in Fig. 1g. In summary, mice from ALDHZ2*2 group were characterized by higher
susceptibility and lower threshold for AF as compared to ALDHZ2*1 mice.

3.2. Microarray transcriptome analysis of ALDH2*2 mice atria

Differential gene expression in the two groups was studied using microarray transcriptome
analysis. Microarray transcriptome studies were performed using whole left atrial tissues of
ALDHZ2*1 and ALDH2*2mice (Fig. 2a, Supplementary data 1). IPA analysis for the
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canonical pathways revealed the involvement of RA signals in the top two pathways (Fig.
2b). Further, the analysis for the physiological function suggested that the differentially
expressed genes were associated with different cardiovascular functions (Supplementary
Table 2). Following this, different RA signaling pathways, including biosynthesis,
metabolism, and RA receptors, were examined. In general, RA is involved in the regulation
of different biological activities in the body via by binding to RARs, RARA, RARB, and
RARG (Fig. 2c). Further, the RA/RAR complex heterodimerizes with RXRs, RXRA,
RXRB, and RXRG. Post heterodimerization, the resulting complex enters the nucleus and
regulates the downstream gene transcripts via retinoic acid response element (RARE) [22].
The expression of RARA, RXRA, RXRB, and RXRG was found to be less in ALDH2*2
mice as compared to ALDHZ2*1 mice. In comparison to this, the enzymes responsible for the
conversion of vitamin A to RA in the biosynthetic pathway, namely RDH10, ALDH1A1,
and ALDH1A2 were found to be upregulated in the atrium of ALDH2*2mice ina
compensatory manner. In addition to this, the serum levels of RA in ALDH2*2 mice were
found to be less as compared to ALDHZ2*1 mice (Fig. 2d). These observations were
consistent with the downregulation of RA/RAR signaling pathways. In summary, RA levels
and its downstream signals were downregulated in the atrium of ALDH2*2 mice.

Since AF susceptibility was found to be increased in the case of ALDHZ2*2 mice, IPA was
performed to analyze the signaling pathways associated with cardiac toxicity with respect to
arrhythmia (Fig. 2e). For the mutant ALDH2*2 mice, the ion channels (CACNB2, KCNH2,
KCNJ5, SCN5A, and KCNIP2), desmosomal protein (DSP), and gap junction proteins
(GJADB) expressions were found to be downregulated as compared to the wild type mice.
However, the genes related to cardiac hypertrophy (ACE and MYH6) and fibrosis pathways
(COL3A1, TIMP1, COL1A1, and COL1A2) were upregulated in ALDHZ2*2 mice. These
changes were possibly associated with cardiac electrical and structural remodeling in AF.
The co-expression network analysis showed that RA and its receptors (RAR and RXR) were
highly correlated with the cardiac arrhythmia pathways (Fig. 2f). The ECG changes in
ALDH2*2mice were more relevant with respect to the differential changes in the ion
channels because SCN5A, an ion channel-related gene, emerged as the tightly connecting
node in the PPI network analysis of the cardiac arrhythmia signals (Fig. 2g). In addition to
this, RA and its receptors were strongly associated with positive regulation of SCN5A (Fig.
2f). Real-time PCR was further used to validate the expression of genes associated with ion
channels. As shown in Fig. 2h, only SCN5A transcripts were found to be downregulated
(Fig. 2h). Next, the regulation of RA signals on SCN5A expression was studied in the
NRVMs Jjn vitro. The treatment of the cells with a toxic aldehyde, acetaldehyde (1 uM),
resulted in a decrease in SCN5A transcripts (Fig. 2i). The cells were also treated with an
antagonist of RA/RAR, BMS493, that inhibited the interaction between RA/RAR complex
and RARE. BMS493 treatment also resulted in a 5-fold decrease in SCN5A transcripts (Fig.

2)).
3.3. Multi-omics analysis for mitochondrial dysfunction in the atria derived from ALDH2*2
mice
IPA did not identify any mitochondria-related pathways in the whole transcriptome analysis.
To further explore the mitochondria-related mechanisms involved in AF, mitochondrial
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proteins were isolated from the atrial tissues and proteomics analysis was conducted to
determine the impact of ALDHZ mutation on the mitochondrial dysfunction. The
fractionation and purity of the mitochondrial preparations were confirmed by western blot
analysis (Supplementary Fig. 2). The integrative omics approach was utilized to systemically
analyze the differentially expressed genes and proteins related to the mitochondria. The GO
analysis for cellular component enrichment performed using the integrative multi-omics
approach showed the clustering of enriched mitochondrial structures (mainly 9 clusters),
including respiratory chain complex I, I11, and V, peroxisome, tricarboxylic acid cycle
enzyme complexes, and mitochondrial outer membrane proteins (Fig. 3a, Supplementary
data 4). Further, GO mapping for biological process reflected the impact of ALDH2*2
mutation on fatty acid B-oxidation and ATP synthesis (Fig. 3b). The identification of top
biological processes by GO mapping suggested that these biological processes were
associated with energy production, particularly fatty acid p-oxidation, ATP synthesis, and
metabolic processes (Fig. 3b, Supplementary data 5). The fatty acid-related processes
included oxidation-reduction, fatty acid p-oxidation, fatty acid metabolism, lipid
metabolism, and fatty acid p-oxidation using acyl-CoA dehydrogenase. The ATP
biosynthesis and metabolism-related processes included ATP metabolism, ATP synthesis
coupled proton transport, and ATP biosynthesis. In addition to these, response to oxidative
stress was observed as one of the top GO processes. The results of the study revealed only
minor involvement of amino acid metabolism.

The comparison of the degree of translational and transcriptional changes within the
clustered expressions of mitochondrial structure revealed a simultaneous downregulation of
Cytochrome ¢l (CYCJI), mitochondrial complex V (ATP5A1), and CDGSH iron-sulfur
domain 1 (C/SDJ) in the mutant ALDHZ2*2 mice (Fig. 4a and b, Supplementary data 6). The
downregulation of CYCZ is generally associated with a decrease in electron transport and
ATP production, and increase in reactive oxygen species (ROS) generation. Similarly,
downregulation of C/SD1 has been reported to be associated with an increase in ROS and
lipid peroxidation [23]. The analysis of lipid peroxidation revealed an increase in the levels
of lipid peroxidation end-products, including protein adducts of 4-HNE and MDA in the
atrium of ALDHZ2*2mice (Fig. 4c). These results correlated well with the findings of the
GO analysis and changes associated with transcription and translation processes.

The combined analysis of all the important links for all the signaling pathways (fatty acid -
oxidation, TCA cycle, ATP production, ROS, and lipid peroxidation) revealed a common
intersection point through Coenzyme Q/complex Ill. For ATP synthesis, the electron
transport from either TCA cycle or fatty acid B-oxidation would come across mitochondrial
respiratory complex 111 with electron transfer flavoprotein-ubiquinone oxidoreductase and
Coenzyme Q interaction. In addition to this, Coenzyme Q and complex Il also determine
the production of ROS in the mitochondria and subsequent lipid peroxidation. Thus, the
effect of supplementation with Coenzyme Q on the susceptibility to AF was studied in
ALDHZ2*2mice. The treatment of ALDHZ2*2 mice with Coenzyme Q10 resulted in a 30%
reduction in the incidence of AF attack (AF incidence). This was accompanied by a
significant decrease in the AF threshold (Fig. 5, n = 6 treatment vs. control). However, the
treatment of the mutant mice with Coenzyme Q10 showed no significant effects on AF
duration and vulnerability. This suggested the existence of a critical link between
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mitochondrial dysfunction and AF in the mutant ALDHZ2*2mice. In addition to this, these
results highlighted the suitability of Coenzyme Q10 to be used as a potential
pharmacological agent to reduce the risk of AF.

3.4. Independent signaling between transcriptomics and proteomics data

The information of all the possible interactions was extracted from the PPI database for 59
differentially expressed genes/proteins in mitochondria in the cluster analysis (Fig. 3) and 14
genes of cardiac toxicity signals obtained from IPA (Fig. 2). As observed from
mitochondria-related and cardiac toxicity-related PPI networks, the PPI networks of
mitochondria-related and cardiac toxicity-related genes were devoid of any overlap or
crosstalk (Fig. 6), suggesting no interaction between these networks. These results suggested
an independent regulation of the mitochondrial dysfunction and RA/RAR-SCN5A pathway.

4. Discussion

4.1. Whole
mice

The present study demonstrated that ALDHZ2*2 mutation in murine model resulted in an
increase in the AF susceptibility and reduction in the threshold for AF induction. The
comprehensive multi-omics approach revealed ALDHZ deficiency simultaneously induced
electrical remodeling (Fig. 7, reduced SCN5A channels, mitochondria-independent) and
decreased bioenergetics of cardiomyocytes (mitochondria-dependent). These results
suggested of unique pathophysiology mechanisms to initiate AF in the patients characterized
by ALDHZ2*2 genotype. According to ALDHZ2*2 genotype, a personalized target therapy of
Coenzyme Q10 could be used as a future therapeutic agent.

cell transcriptome analysis: the dysregulation of ion channels in ALDH2*2

The results of the /n vivo experiment revealed that the mutation in ALDHZ2 gene, ALDH2*2,
imposed a significant risk for AF attack as more than 80% of the mice in the mutant group
ALDHZ2#*2 developed AF. This indicated a detrimental role of ALDH2*2mutation in the
development of AF, and established its causality. Several previous studies have reported a
relevant role of ALDHZ2 activation in arrhythmia. In particular, ALDH2 activation has been
shown to prevent reperfusion ventricular arrhythmia by inhibiting reactive aldehydes-
induced release of renin in mast cells [24]. The pathogenic role of the RA/RAR pathways to
regulate SCN5A identified in the present study has not been previously reported in AF or
ALDHZ-related signal pathways. The signaling pathways involving RA/RAR are known to
be critical for the cardiac development and morphogenesis, especially for atrium, during the
embryonic stage [25]. The deficiency of RA has been previously reported to cause cardiac
teratogenesis [25, 26]. Besides this, it might also induce varying cardiac structural
remodeling patterns in normal rats or post myocardial infarction [27, 28]. In the present
study, we observed the link between RA/RAR signaling and electrical remodeling through
the transcriptional regulation of voltage-gated sodium channels (SCN5A) and electrical
instability. The reduction in sodium current is previously known to decrease velocity of
cardiac conduction. This decrease in intra-atrial conduction could in turn initiate AF without
any structural remodeling [29]. Several clinical studies have previously reported an
association between the loss-of-function mutations in SCA5A and increased incidences of
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AF [30]. Thus, the present study provided new insights into the mechanisms involved in
ALDHZ2*2mutation and AF, that might be instrumental in devising a promising clinical
treatment for the prevention of AF in humans carrying this mutant ALDH2*2allele.

4.2. Multi-omics analysis for mitochondrial dysfunction

In general, ALDH2 enzyme is located in the mitochondrial matrix. ALDH2#*2enzyme
deficiency is known to be associated with higher susceptibility to oxidative stress owing to
the accumulation of toxic aldehydes [3]. ALDHZ2#2, causes an increase in the production of
ROS and accumulation of toxic aldehydes during ischemia or reperfusion, which further
results in cardiac injury. A similar mechanism has been also reported in case of alcoholic
cardiomyopathy [31, 32]. In addition to this, ALDH2 deficiency also results in increased
mitochondrial permeability, altered mitochondrial membrane potential, increased DNA
damage, and reduced oxidative phosphorylation [3]. However, the alterations in the
mitochondrial molecular networks in relation to ALDH2 deficiency has not been studied in
detail. In addition, most of the previously reported studies have majorly focused on the
analysis of ventricles, instead of atria. The genes encoding for mitochondrial proteins and
those involved in the functional regulation have not been well characterized owing to lower
expression in pan-transcriptome analysis. Thus, an integrated analysis of whole cell
microarray in conjunction with mitochondrial proteomics analysis would be more useful in
getting detailed insights into the underlying pathogenic mechanisms. In addition to
comprehensively delineate mitochondria-related pathways, a critical dysregulation hub that
converged at Coenzyme Q and complex I11 was identified. This particularly mediated a
crosstalk between reduced fatty acid f-oxidation mediated ATP production from electron
transport chain (oxidative phosphorylation) and increased oxidative stress. The use of
Coenzyme Q10 supplemented diet in the /7 vivo murine model to compensate for the
mitochondrial dysregulation and reduce AF attack supported the proposed mechanism. The
supplement of Coenzyme Q could be used as a personalized therapeutic agent, which could
effectively reduce AF in the transgenic murine model for ALDH2*2, and possibly in the
patients with ALDH2*2 genotypes. The changes in the glutathione-redox cycle is an
alternative pathway that might be induced by mitochondrial aldehyde stress and increase in
oxidative stress [33]. However, this pathway was not found to be associated with increased
oxidative stress in the present study. Future studies are warranted to further dissect the
interaction between mitochondrial metabolic adaptation and other cellular responses [34].

5. Conclusions

The stepwise multi-omics analysis revealed the concurrent pathophysiology mechanisms of
AF, including reduction in SCN5A and dysregulation of mitochondrial bioenergetics in

ALDHZ2*2 genotype. The Coenzyme Q10 could be used as a personalized therapeutic agent
to provide protection against AF in patients characterized by a popular ALDH2*2 genotype.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. ALDH2*2 mediated increasein atrial arrhythmiain transgenic mouse model for
ALDH2*2.

(a) The surface ECG measurements, including P-wave, P-R interval, QRS duration, and QT
interval, for ALDHZ2*1 and ALDH2*2mice. ALDH2*1 wild type group is represented in
black (n = 10) and mutant ALDHZ2*2 group is shown in red (n = 12). (b) Representative
ECG morphology for both the groups post atrial burst stimulation. Bar graphs representing
(c) AF incidence, the incidence of AF attack, in ALDHZ2*1 and ALDHZ2*2mice; (d) AF
vulnerability, the number of AF attack/burst pacing cycles; (e) AF induction threshold. Here,
the longest atrial burst pacing interval that induced AF was defined as induction threshold.

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2022 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Hu et al.

Page 17

Longer pacing intervals required for the induction of AF correlated with a greater ease of AF
induction; (f) The sustained durations of AF. (g) The representative tracing of AF in an
ALDH2*2mouse. Both intracardiac signals and surface ECG were presented. The burst
epicardial pacing was followed by AF attack. The highly fractionated signals occurring in
the intracardiac recordings correlated with the fibrillatory atrial waves on the surface ECG
and irregular conduction of QRS complex. All these features were compatible with the
diagnosis of AF. AF terminated spontaneously in to sinus rhythm, while discrete P wave and
QRS complex were observed along with corresponding intracardiac deflection signals. For
Fig. 1c—f, ALDH2*1 (n = 11) and ALDH2Z*2mice (n = 15). * P-value < 0.05 for was
determined by two-tailed t-test for Fig. 1a, d, and e, and for Fig. 1c by chi-square test.
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Fig. 2. Themicroarray transcriptome analysisfor atrial tissue isolated from mutant ALDH2*2
mice.

(a) Heat map showing differential gene expression for the atrial tissue obtained from mice
belonging to ALDH2#*2 (n=4) and ALDHZ2*1 (n=3) groups. ALDH2*1 group was used as
control, while ALDH2*2 as test group. The details of the gene expressions are provided in
Supplementary data 1. The scaled expression values (Z-scores) for different genes were
color-coded (represented as a bar on the right side of the map) to generate the heat map. (b)
The top 5 canonical pathways identified using IPA. Two pathways (shown in red bar) were
related to RA/RAR signaling. (c) Microarray analysis for gene expression involving RA
biosynthesis, degradation, and its associated downstream pathways. (d) Bar graph
representing serum levels of RA for ALDH2*2and ALDHZ2*1 mice. (e) Transcripts of
arrhythmia-related genes identified using cardiotoxicity analysis. These genes were selected
by IPA and classified into to four subgroups, namely ion channels, junction proteins, cardiac
hypertrophy, and fibrosis pathways. (f) The PCC between the expression of RARs, including
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RARA and RXRA, and arrhythmia-related genes. A positive correlation is represented by
red lines, while green lines denote a negative correlation. The width of the line indicates the
absolute value of the correlation. The blue nodes indicate downregulated genes in the atrial
tissue of ALDHZ2*2 mice as compared to ALDHZ2*1. The red nodes represent the
upregulated genes. The RA/RAR pathway was characterized by a complex interaction with
SCN5A, DSP, MYH6, TIMP1, and COL1A2. (g) PPI network constructed for arrhythmia-
related genes using the STRING database. SCN5A, the hub/central protein which is highly
connected with other proteins, was circled by red dots. This indicated the central role of
SCN5A in the RA/RAR pathway. (h) Quantitative PCR analysis for the expression of
transcripts of arrhythmia-related ion channels. The downregulation of SCNV5A was observed
in the atrial tissues obtained from ALDH2*2mice (n = 9) as comparted to the wild type
ALDH2*1 mice (n = 10). (i) Quantitative PCR analysis for the expression of SCN5A in the
mice treated with toxic aldehydes (acetaldehyde, 1uM, n = 7). The treatment of mice with
acetaldehyde resulted in a decrease in the expression of SCN5A as compared to the control
group receiving only vehicle (n = 7). * Pvalue < 0.05 was calculated using two-tailed t-test.
(j) Quantitative PCR analysis for mice treated with an antagonist of RAR (BMS493, 10uM,
n =7). Control vs. BMS493; 0.9 £ 0.1 vs. 0.2 £ 0.05, P-value <0.05,n=7 and 7,
respectively. * P-value < 0.05 was calculated by two-tailed t-test for all the tests reported
above.
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b GO biological process

Fig. 3. Theintegrated analysis of proteomicsand transcriptomics data for differentially
expressed mitochondrial genes/proteinsin ALDH2*2 mice.

(a) The clustered expressions of mitochondrial genes/proteins for corresponding structural
components. GO analysis for cellular component enrichment identified 182 mitochondrial
genes/proteins clustered using “ClusGO” (9 clusters for corresponding structural
components, adjusted P-value < 0.05). GO terms sharing at least one gene were connected.
The GO term with smallest P-value in each cluster was highlighted with a different color and
the cluster representative was indicated by red dotted circles. The edges connecting the
nodes represented PPI. (b) Enriched GO biological process terms (P-value < 0.05) identified
for 182 differentially expressed genes/proteins. These biological terms are ranked in terms of
—log (P-value).
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Fig. 4. Thelink of oxidative stressto differential expressions of mitochondrial transcriptsand
proteins.

(@) and (b) The color-coded fold changes obtained from the differential expressions of
transcriptomics (a) and proteomics analysis (b), respectively. Representative functions (in
GO CC terms) for the 9 highly-connected broad clusters were identified for both proteomics
and transcriptomics analysis (59 genes, Supplementary data 6). The simultaneous
downregulation of CYC1 and CISD1(arrow head) in ALDHZ2*2mice is linked to increased
oxidative stress. The red colored nodes indicate that the expression of the corresponding
gene was higher in ALDH2*2mice as compared to ALDHZ2*1 mice, while the blue colored
nodes indicate a lower expression of the associated gene. The yellow nodes correspond to
the proteins for which no information was available from the proteomics experiments. The
dotted green circles indicated that the trend for the change (i.e. up or down) in the expression
for ALDHZ2#*2and ALDHZ2*1 mice was same for the results obtained from transcriptomics
and proteomics analysis. Further, the thick green circles indicated a significant difference in
the transcriptomics data for ALDH2*2and ALDHZ2*1 mice (P-value < 0.05). The edges
connecting the nodes represented PPI. (c) Western blot analysis for aldehyde-modified
proteins (4-HNE and MDA) isolated from left atrial tissue of ALDHZ2*2and ALDHZ2*1
mice. Increased expressions of 4-HNE and MDA suggest of increased oxidative stress and
lipid peroxidation. Upper panel shows representative blots for 4-HNE and MDA. Lower
panel includes the bar graph showing the expression of 4-HNE and MDA-modified proteins.
Mutant ALDHZ2*2 mice (4-HNE n = 4; MDA n = 4); Wild type ALDH2*1 mice (4-HNE, n
=5; MDA n =4), * Pvalue < 0.05 determined by two-tailed t-test.
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Fig. 5. Thetreatment of ALDH2*2 mutant mice with Coenzyme Q10.
(a) Bar graph representing AF incidence in Coenzyme Q10 treated and control mice. The

incidence of AF attack decreased after treatment with Coenzyme Q10. Bar graphs for (b) AF
vulnerability, (c) AF induction threshold, and (d) sustained duration of AF in mice receiving
olive oil alone or Coenzyme Q10 dissolved in olive oil. No differences were observed in the
AF vulnerability and sustained duration between the mice treatment with the vehicle and
Coenzyme Q10. However, the treatment of mice with Coenzyme Q10 increased the
induction threshold. These results suggested that Coenzyme Q10 provided protection against
AF in ALDH2*2 mutant mice. Vehicle alone (n = 6), and mice receiving Coenzyme Q10 (n
=6). * P-value < 0.05 was calculated using (a) chi-square test and (b—d) two-tailed t-test.
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Fig. 6. The PPI networksfor mitochondria-related genes and arrhythmia-related genes.
Left panel represents the mitochondria-PPI network constructed for the representative 59

differentially expressed genes/proteins in the mitochondria (blue node). The right panel
includes the PPI network for 14 cardiac toxicity genes (red node). The edges connecting the
nodes represented PPIs. There is no edge connecting the blue and red nodes, indicating no
interaction between these mitochondria-related and cardiac toxicity-related PPI networks.
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Fig. 7. The proposed mechanisms of ALDH2*2 to induce atrial fibrillation.
(a) ALDH1AL and ALDH1AZ2 play a main role of retinoic acid biosynthesis and oxidize

retinaldehyde to RA. These two enzymes could also metabolize aldehydes, but their
contribution is minimal as ALDHZ2*1 genotype metabolizes aldehydes in the most efficient
way. (b) ALDHZ2*2is associated with decreased catalytic activity, and therefore,
accumulation of toxic aldehydes would induce mitochondrial dysfunction, including
dysregulated bioenergetics (reduced fatty acid p-oxidation and adenosine triphosphate
synthesis), and increased oxidative stress (4HNE and MDA). In addition, an mitochondria-
independent pathway induces electrical remodeling and AF through the suppression of
SCNB5A expressions. The accumulation of toxic aldehydes would compete retinaldehyde for
catalytic activity of ALDH1A1 and ALDH1A2 (competitive inhibition). Therefore, the
levels of RA and related RA/RAR pathway are further downregulated, which is
accompanied by decreased transcriptional activity of SCN5A. The concurrence of
dysregulated SCN5A channel and mitochondrial bioenergetics contributes to AF attack.
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