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Abstract
Background: Mitochondrial aldehyde dehydrogenase 2 (ALDH2) is a key enzyme in 
alcohol metabolism. The ALDH2*2 mutations are found in approximately 45% of East 
Asians, with 40% being heterozygous (HE) ALDH2*1/*2 and 5% homozygous (HO) 
ALDH2*2/*2. Studies have shown that HO mice lack cardioprotective effects induced 
by moderate alcohol consumption. However, the impact of moderate alcohol con-
sumption on cardiac function in HE mice is unknown.
Methods: In this study, HO, HE, and wild- type (WT) mice were subjected to a 6- week 
moderate alcohol drinking protocol, following which myocardial tissue and cardio-
myocytes of the mice were extracted.
Results: We found that moderate alcohol exposure did not increase mortality, my-
ocardial fibrosis, apoptosis, or inflammation in HE mice, which differs from the ef-
fects observed in HO mice. After exposure to the 6- week alcohol drinking protocol, 
there was impaired cardiac function, cardiomyocyte contractility, and intracellular 
Ca2+ homeostasis and mitochondrial function in both HE and HO mice as compared 
to WT mice. Moreover, these animals showed overt oxidative stress production and 
increased levels of the activated forms of calmodulin- dependent protein kinase II 
(CaMKII) and ryanodine receptor type 2 (RYR2) phosphorylation protein.
Conclusion: We found that moderate alcohol exposure impaired cardiac function in HE 
mice, possibly by increasing reactive oxygen species (ROS)/CaMKII/RYR2- mediated 
Ca2+ handling abnormalities. Hence, we advocate that people with ALDH2*1/*2 geno-
types rigorously avoid alcohol consumption to prevent potential cardiovascular harm 
induced by moderate alcohol consumption.
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INTRODUC TION

While alcoholism is considered the most common and detrimental 
lifestyle worldwide, moderate alcohol intake is known to possess 
protective impacts on the risk of cardiovascular diseases (CVDs), 
likely by reducing coronary artery- associated events and heart 
failure, as opposed to nonalcoholic consumption or heavy drink-
ing (Dorans et al., 2015; Hung et al., 2016; Xie et al., 2012). In the 
USA, moderate alcohol intake, which is generally considered a max-
imum of 1 drink per day for women and 2 drinks per day for men (1 
drink = 14 g of pure alcohol), is advised following the 2015 to 2020 
Dietary Guidelines for Americans. In addition, the phrase “precision 
medicine” has been used lately to emphasize the urgent need to pro-
foundly comprehend the importance of personal genetic profiles in 
clinical treatment approaches.

Mitochondrial aldehyde dehydrogenase 2 (ALDH2) has been 
well known to oxidize toxic acetaldehyde, which is derived from the 
catalysis of alcohol by alcohol dehydrogenase (ADH), into nontoxic 
acetic acid. The ALDH2 genetic polymorphism in humans is desig-
nated as ALDH2*2 (ALDH2 point mutation), whereas the wild- type 
(WT) is designated as ALDH2*1. The combination of WT and variant 
alleles forms three types of ALDH2 genotypes: WT (ALDH2*1/*1, 
also known as GG), heterozygous (HE) (ALDH2*1/*2, also known as 
GA), and variant- type homozygous (HO) (ALDH2*2/*2, also known 
as AA; Brooks et al., 2009). ALDH2*2 is the most prevalent variation 
in humans and represents approximately 8% of the total population 
of the world, estimated at 560 million East Asians, including Thai, 
Korean, Japanese, and Han Chinese individuals (Gross et al., 2015). 
A survey of the population distribution of allelic ALDH2 indicated 
that ALDH2*1/*2 constitutes 40%, and ALDH2*2/*2 constitutes 5% 
population among East Asians (Ginsberg et al., 2002).

People with the ALDH2*2 allele exhibit extremely low ALDH2 
enzyme activity and cannot effectively detoxify acetaldehyde, 
leading to a recognizable clinical phenotype that includes the well- 
known Asian alcohol facial flushing response and elevated heart 
rate following alcohol consumption (Brooks et al., 2009). A study 
investigating Taiwanese men with various alcohol dehydrogenase 2 
(ADH2) and ALDH2 genotypes demonstrated that all participants 
with heterozygous ALDH2*2 were significantly sensitive to moder-
ate EtOH, as reflected by the considerable elevation of heart rate 
and facial capillary blood flow (Peng et al., 2002). In addition, an-
other study suggested that there is no safe amount of alcohol con-
sumption for CVDs and health (Wood et al., 2018). However, many 
reports have clarified the beneficial roles of alcohol consumption in 
the cardiovascular system, and the mechanisms appear to be related 
to elevated serum high- density lipoprotein cholesterol (HDL- C) and 
antioxidant effects (Krenz & Korthuis, 2012; Providência, 2006). 
Our previous study demonstrated that moderate alcohol protects 
the heart via increased HDL- C and heme oxygenase- 1(HO- 1), while 
HO mice abolished these cardioprotective benefits (Fan et al., 2014; 
Shen et al., 2017). Therefore, controversy exists regarding whether 
those with the ALDH2*1/*2 genotype gain benefits from moderate 
alcohol consumption or not. Epidemiological research has shown 

individuals with the ALDH2*1/*2 genotype self- reported that the 
rate of alcohol intake and heavy drinking behaviors were lower than 
actual, because there may exist bias in the accuracy of self- report 
(Higuchi et al., 1996; Luczak et al., 2017), so understanding the pre-
cise consequences of moderate alcohol consumption on the hearts 
of people with the ALDH2*1/*2 genotype and the underlying mech-
anism is of importance for guiding their drinking habits. Intracellular 
Ca2+ homeostasis ensures the maintenance of normal cardiac func-
tion. Disorders of calcium homeostasis in myocardial cells can lead 
to dysfunction of cardiac contraction (Shattock et al., 2015; Yeung 
et al., 2007; Zhao et al., 2016). It has been proposed that altered 
intracellular Ca2+ homeostasis underscores the compromised me-
chanical function in alcohol- induced myocardial injury (Ren et al., 
1997). However, it is not well understood whether Ca2+ homeostasis 
mediates the effect of moderate alcohol on HE. The present study 
explored the precise role of moderate alcohol in HE mice and illus-
trated the possible mechanism by focusing on the disordered Ca2+- 
mediated signaling pathway.

MATERIAL S AND METHODS

Animal models and treatment procedures

Male C57BL/6J WT (ALDH2+/+) mice (20 to 25 g, 6 to 8 weeks old) 
were procured from Shanghai Animal Administration Center (Shanghai, 
China). The technique described previously was used to create age-  
and weight- matched C57BL/6J ALDH2 gene HO (ALDH2−/−) mice 
(Sun et al., 2014). C57BL/6J ALDH2 gene HE (ALDH2+/−) mice were 
produced by a cross between male HO mice and female WT mice, 
commissioned and finished by Cavens Biogle Model Animal Research 
Co., Ltd. The genotyping of WT, HO, and HE mice was performed by 
PCR analysis of genomic DNA as described, and representative images 
of ALDH2 genetic identification by nucleic acid gel electrophoresis 
are shown in Figure S1e (Kitagawa et al., 2000). All animals were kept 
in temperature- controlled environments (24°C and relative humid-
ity of 55 ± 5%), with cycles of 12 h of darkness and 12 h of light and 
free access to water and food. The care of the animals, as well as the 
evaluators of the outcomes, was blinded. After a one- week adapta-
tion period, the WT, HE, and HO mice were randomly assigned to the 
moderate ethanol (EtOH) cohort and control (con) cohort. The follow-
ing alcohol administration experiment was conducted: 2.5% (v/v) for 
1 week, 5% (v/v) for 1 week, 10% (v/v) for 1 week, and 18% (v/v) for 
the next 3 weeks; meanwhile, mice in the con cohort were provided 
with untreated water for 6 weeks, as previously described (Fan et al., 
2014; Shen et al., 2017; Zhou et al., 2002). The drinking water of the 
EtOH and con groups was changed every day. EtOH was present until 
harvesting. At six weeks after alcohol intake, the animals were used for 
ventricular myocyte separation or tissue analysis. The animal experi-
mentation techniques adhered to the US National Institutes of Health's 
Guide for the Care and Use of Laboratory Animals (NIH publication no. 
85- 23, updated 1996) and were thoroughly vetted by the Animal Ethics 
Committee of Zhongshan Hospital, Fudan University, China.
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Reagents and antibodies

Reagents required for the isolation and culture of adult cardiomy-
ocytes, including collagenase type 2 (LS004176) and collagenase 
type 4 (LS004188), were obtained from Worthington Biochemical 
Corporation; medium 199 (12340- 030) and chemically defined 
lipid concentrations (11905- 031) were obtained from Gibco; 
protease type XIV (P5147), ITS liquid media supplement (100×) 
(I3146), laminin (11243217001), and 2,3- butanedione monoxime 
(BDM) (B0753) were obtained from Sigma. Anti- CaMKII anti-
body (ab134041), anti- SOD2/MnSOD antibody (ab68155), anti- 
heme oxygenase 1 antibody (ab13243), and anti- Bcl- 2 antibody 
(ab182858) were obtained from Abcam. Anti- phospho- CaMKII 
(Thr286) antibody (12716) and anti- Bax antibody (2772) were ob-
tained from Cell Signaling Technology. The anti- SERCA2 antibody 
(A1097) was procured from ABclonal. The anti- CaMKII (oxidized) 
antibody (GTX36254) was obtained from GeneTex. Anti- ALDH2 
antibody (15310- 1- AP), anti- cleaved caspase 3 antibody (19677- 
1- AP), and anti- NCX1 antibody (55075- 1AP) were obtained from 
Proteintech. The anti- phospho- RYR2 (Ser2808) antibody (PA5- 
104444) was obtained from Invitrogen. The anti- cardiac troponin 
T antibody (ab8259) was obtained from Servicebio. The anti- 4- 
hydroxynonenal antibody (MAB3249) was obtained from R&D 
Systems.

Echocardiographic and hemodynamic measurements

Following a 6- week research duration, heart function was meas-
ured in minimally anesthetized mice utilizing isoflurane at 2% 
inducement and 1% maintenance. M- mode pictures of the left 
ventricle (LV) were obtained using the Vevo 770 imaging system 
(VisualSonics) to evaluate LV anatomical and functional char-
acteristics during systolic and diastolic heart contractions. The 
heart rate (HR), left ventricular posterior wall thickness in dias-
tole (LVPWD), left ventricular anterior wall thickness in diastole 
(LVAWD), left ventricular end- systolic diameter (LVESD), left 
ventricular end- diastolic diameter (LVEDD), and left ventricular 
ejection fraction(LVEF) were all measured, and the mean value of 
five cardiac cycles was utilized. Left ventricular fractional short-
ening (LVFS) was assessed according to the following formula: 
LVFS = [(LVEDD − LVESD)/LVEDD]  × 100.

Analysis of serum acetaldehyde and lipid level, and 
blood alcohol concentration

Following cardiac functional recordings, blood specimens were 
drawn via retro- orbital hemorrhage while the mice were anes-
thetized with pentobarbital sodium (80 mg/kg, intraperitoneal 
injection, i.p.). Part of the whole blood samples was collected 
into the tubes containing the K2EDTA anticoagulant. The blood 

collection tube was gently mixed by inverting 8 to 10 times 
immediately after collection. A Headspace- Gas Chromatography 
(HS- GC) method was used to assess blood alcohol concentra-
tion. The rest whole blood samples were placed at ambient 
temperatures for 30 min first. The serum was subsequently iso-
lated at 1006 g at a temperature of 4°C for 15 min and kept at 
a temperature of −80°C until analyzed. An acetaldehyde assay 
kit (Megazym, Bray) was utilized for the determination of serum 
acetaldehyde levels. For lipid analysis, commercial kits (Nanjing 
Jiancheng Bioengineering Institute, China) were utilized to quan-
tify plasma triglyceride (TG), total cholesterol (TC), low- density 
lipoprotein cholesterol (LDL- C), and high- density lipoprotein 
cholesterol (HDL- C).

Isolation of adult mouse cardiomyocytes and 
measurement of mechanical properties

After echocardiographic evaluation, the ventricles were immediately 
removed from the hearts of WT, HE, and HO mice under anesthesia 
and were digested with collagenase buffer. Adult mouse cardiomy-
ocyte isolation was performed by the described methods (Ackers- 
Johnson et al., 2016; Jiang et al., 2020). The only cardiomyocytes 
chosen for usage were those with rod shapes and distinct edges. An 
inverted microscope (IX- 70, Olympus) was utilized to visualize cardi-
omyocytes, and a SoftEdge MyoCam system (IonOptix Corporation) 
was utilized to assess their mechanical characteristics. The following 
indicators were utilized to quantify cardiomyocyte contraction and 
relengthening profiles: resting cell length; peak shortening (PS, nor-
malized to the resting cell length); time- to- PS (TPS); maximal rates 
of shortening (+dL/dt) and relengthening (−dL/dt) and time- to- 90% 
relengthening (TR90).

Intracellular Ca2+ transients

Fura- 2, a recognized ratio- metric dye, was utilized to assess free 
intracellular Ca2+ by recording the emitted fluorescence signals 
at excitation wavelengths of 360 and 380 nm and presented as 
360/380 nm fluorescence. After incubation using fura- 2/AM 
(0.5 μM; Molecular Probes, Thermo Fisher) for 30 to 60 min, the 
fluorescence intensity of cardiomyocytes was measured utilizing 
a dual excitation fluorescence photomultiplier system (IonOptix). 
The myocytes were subsequently loaded onto an Olympus IX- 70 
inverted microscope, and imaging was performed via a Fluor 40× 
oil objective. Cells were induced to contract at 0.5 Hz while being 
subjected to light produced by a 75- W lamp and passing through 
either a 360-  or a 380- nm filter. The FFI ratio of both wavelengths 
(360/380) was used to detect fluorescence emissions between 
480 and 520 nm and for qualitative changes in the FFI. As an indi-
cator of intracellular Ca2+ clearance, the fluorescence degradation 
time was measured.
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Histological staining

Hearts fixed with 4% paraformaldehyde were embedded in paraf-
fin or OCT compound. For routine histological analysis, 5- μm- thick 
segments were subjected to staining using H&E. Sirius red staining 
and Masson's trichrome staining were utilized to evaluate collagen 
deposition. The heart's cross- sectional area was investigated using 
WGA staining. Frozen specimens incubated with dihydroethidium 
(DHE) were used to evaluate the excessive production of myocardial 
reactive oxygen species (ROS).

ALDH2 enzymatic activity and ATP measurement

The activity of ALDH2 was analyzed using a kit for the quantitative 
colorimetric detection of tissue ALDH2 activity per the guidelines 
provided by the manufacturer (GMS50300.2, GENMED Scientifics, 
Inc.). The ATP content was measured utilizing an enhanced ATP test 
kit (Beyotime Biotechnology). Lysis of the tissues was performed in 
ATP lysis buffer followed by centrifugation for 10 min at 16099 g to 
collect the supernatant. The detection working dilution of ATP and 
the supernatant were combined. The ATP content was assessed uti-
lizing a microplate reader (BioTek), followed by normalization of the 
amount to the protein concentration.

Mitochondrial membrane potential measurement

JC- 1 spontaneously creates J- aggregates that produces red fluores-
cence in the mitochondria of healthy cells with elevated mitochon-
drial membrane potential (MMP). Nevertheless, the MMP decreases, 
and JC- 1 is discharged from the mitochondria of unhealthy cells 
and resides as a green fluorescent monomer in the cytoplasm. A 
JC- 1 staining kit (Beyotime Biotechnology) was utilized to monitor 
the MMP according to the instructions stipulated by the manufac-
turer. Adult mouse cardiomyocytes were stained with JC- 1 (10 μg/
ml) for 20 min at 37°C. A fluorescence microscope (Olympus) was 
utilized to visualize MMP. JC- 1 monomers exhibit green fluores-
cence, indicative of reduced MMP, while the red fluorescence of 
JC- 1 aggregates indicates elevated MMP. The data are displayed as 
the red- to- green fluorescence intensity ratio.

Mitochondrial ROS measurement

MitoSOX Red Superoxide Indicator (Invitrogen) was utilized to de-
tect mitochondrial ROS (mtROS) according to the manufacturer's 
instructions. To produce a 5 mM MitoSOX™ reagent stock solu-
tion, the content (50 μg) of a single vial of MitoSOX™ mitochondrial 
superoxide indicator was dissolved in 13 μl of dimethylsulfoxide 
(DMSO). Subsequently, preparation of the working solution (5 μM) 
was done by diluting 5 mM MitoSOX™ reagent stock solution utiliz-
ing cell culture medium at 1:1000. Then, the cardiomyocytes of the 
adult mice were incubated with the working solution for 10 min at a 

temperature of 37°C in darkness. Finally, a fluorescence microscope 
(Olympus) was utilized to observe the cells.

Determination of the malondialdehyde content and 
caspase 3 activity

The malondialdehyde (MDA) content in heart tissue homogenates 
was determined using a commercial kit by spectrophotometry ac-
cording to the protocols stipulated by the manufacturer (Beyotime 
Biotechnology). The Caspase 3 Activity Assay Kit (Beyotime 
Biotechnology) was utilized to assess the caspase 3 activity. Tissue ho-
mogenates were centrifuged at 20,000 × g for 15 min at a temperature 
of 4°C, followed by lysing of the pellets in lysis buffer for an additional 
5 min on ice. After the tissue was lysed, the assay was performed in 
a 96- well plate. In each of the wells, 50 μl of tissue lysate were added 
to assay buffer (40 μl), followed by an additional 10 μl of the caspase-
 3 colorimetric substrate (Ac- DEVD- pNA). The 96- well plate was in-
cubated for 1 h at a temperature of 37°C, during which the caspase 
in the specimen was able to cleave the chromophore p- NA from the 
substrate. Subsequently, the specimens were examined at 405 nm 
utilizing a microplate reader. The activity of caspase 3 is presented 
as picomoles of pNA produced per microgram of protein per minute.

Protein extraction and western blot analysis

The left ventricular cardiac tissues were homogenized and sonicated 
in RIPA lysis buffer containing a 1% protease- inhibitor cocktail. The 
Bradford assay was employed to quantify the protein content. After 
being extracted from tissues, proteins (normalized to 30 to 60 μg) 
were injected into each well, followed by separation using 10% to 
15% SDS- PAGE and electrotransfer to a PVDF membrane (Bio- Rad). 
One hour before incubating the membranes with specified primary 
antibodies at a temperature of 4°C overnight, they were blocked in 
Tris- buffered saline containing 0.1% Tween 20 (TBST) and 5% bo-
vine serum albumin (BSA; Sigma). Subsequently, horseradish per-
oxidase (HRP)- conjugated secondary antibodies were utilized to 
incubate the membranes for a duration of 2 h at room temperature 
(Abcam). The particular immunoreaction bands were identified by 
Image Lab software, version 3.0, utilizing Pierce ECL western blot-
ting substrate (Thermo Fisher, 32109). Densitometric quantification 
was performed utilizing ImageJ analysis software, followed by nor-
malization to the loading control β- actin.

RNA isolation and RT– qPCR analysis

TRIzol™ Reagent (Invitrogen) was utilized to extract total RNA from 
the myocardial tissue according to the instructions stipulated by the 
manufacturer. A UV absorption assay (NanoDrop® ND- 1000) was 
utilized to assess the purity and concentration of RNA. The cDNA 
was reverse transcribed by purified 1000- ng RNA with an A260/
A280 ratio of 1.8 to 2.0. PCR was performed with RT– PCR detection. 
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Next, PrimeScript™ RT Master Mix (TaKaRa) was utilized to perform 
RT– PCR. The cDNA was obtained by reverse transcription with puri-
fied 1000 ng RNA with an A260/A280 ratio of 1.8 to 2.0. Next, TB 
Green Premix Ex Taq II (TaKaRa) was utilized to perform qPCR. An 
aggregate of a 10 μl reaction system was prepared, which included 
0.8μl DNA template (cDNA), 3.4 μl ddH2O, 0.4 μl forward and re-
verse primers respectively, 5 μl TB Green Premix Ex Taq II. Table 
S3 lists the primers applied in this experiment. The PCR response 
cycles were configured as indicated below: 30 s at a temperature of 
95°C, then 5 s at a temperature of 95°C, and 30 s at a temperature 
of 60°C for 40 cycles. The 2−ΔΔCT method was employed to record 
fluorescent signals, which were normalized to 18S.

Immunostaining and immunofluorescence analysis

For histological analysis, the myocardial tissues were serially sectioned 
at a thickness of 5 μm. For 30 min, the cryosections were fixed in 4% 
paraformaldehyde and then washed three times for 10 min each in 
phosphate- buffered saline (PBS). Then, 0.1% Triton X- 100 (Sigma) was 
applied to permeabilize the plasma membranes for 10 min. Blocking of 
nonspecific binding sites was performed by incubation with 10% BSA 
(Sigma) in PBS for 30 min. Incubation of the slides was performed with 
primary antibodies overnight at a temperature of 4°C. This step was 
followed by washing the slides and incubating them with secondary 
antibodies at ambient temperature in the dark for 2 h. Nuclei were 
stained with DAPI (Thermo Fisher) at room temperature. Finally, the 
slides were covered with a glass slide. The immunofluorescence stain-
ing was viewed and captured using a microscope (Olympus).

Statistical analysis

Prism 8 (GraphPad Software, Inc.) was used to conduct all of the 
statistical analyses. Continuous variables are presented as the 
mean ± standard error of the mean (SEM). The Shapiro– Wilk test 
was employed to determine normal distribution. The distinctions of 
normal variates were evaluated utilizing Student's t- test (within 2 
cohorts) or one- way analysis of variance (ANOVA, among 3 cohorts 
or more), while Tukey's multiple comparisons test was utilized for 
post hoc comparisons. The Kruskal– Wallis H test or Mann– Whitney 
U test was used to analyze nonnormal data. Two- tailed p < 0.05 was 
recognized as statistically significant.

RESULTS

Analysis of the general parameters of mice

After 6 weeks of moderate EtOH treatment, no mice died in the WT- 
EtOH and HE- EtOH groups, but the survival rate was only 46.67% 
in HO- EtOH mice (p < 0.05) (Figure 1A). At the study end, the 
body weight of HO- EtOH mice was significantly lower than that of 
WT- EtOH and HE- EtOH mice (18.23 ± 0.5046 vs. 25.06 ± 0.4397, 

24.83 ± 0.4993), while the baseline body weight of the mouse was 
similar among six groups (WT- con: 22.26 ± 0.2603; WT- EtOH: 
23.04 ± 0.3106; HE- con: 23.25 ± 0.4032; HE- EtOH: 22.77 ± 0.2539; 
HE- con: 22.49 ± 0.2539; HO- EtOH: 23 ± 0.3461). The body weight at 
baseline and the study end demonstrated that the incremental step-
 up in EtOH concentration with moderate with six weeks led to a sig-
nificant decline in body weight of HO- EtOH mice compared to that 
of WT- EtOH mice and HE- EtOH mice (Figure 1B). The above result 
was consistent with the previous studies (Fan et al., 2014; Shen et al., 
2017; Zhou et al., 2002). The results might be a consequence of pro-
viding EtOH in drinking water, which is a major limitation of the study, 
particularly when the EtOH concentration reached 18% (v/v). With 
such a high EtOH concentration from week 4 to week 6, the animals 
in the HO- EtOH group drank less water and consumed less food than 
animals in the WT- EtOH and HE- EtOH groups (Table S1), which might 
be responsible for the lower body weight observed in HO- EtOH mice. 
It remains unknown why the drinking and eating behavior were only 
significantly affected in HO mice but not in WT and HE mice, which 
needs to be clarified in future studies. The heart weight/body weight 
(HW/BW) ratio after alcohol treatment was similar among six groups 
(Figure 1C). And the ratios of lung wet weight/body weight (LWW/
BW) were considerably elevated in HE- EtOH and HO- EtOH mice 
compared to that in WT- EtOH mice (Figure 1D). Improved dyslipi-
demia might be associated with the cardioprotective impacts of mod-
erate alcohol ingestion according to previous studies (Fan et al., 2014; 
Gardner & Mouton, 2015; Gaziano et al., 1993). Therefore, we meas-
ured the levels of lipids in mice after 6 weeks. WT, HE, and HO mice 
had similar basic values of blood lipids, including TG, TC, and LDL- C. 
However, after moderate alcohol intake for 6 weeks, the levels of TG, 
TC, and LDL- C in HE- EtOH mice increased significantly compared to 
HE- con mice, and they were analogous to that in WT- EtOH and HO- 
EtOH mice (Figure 1E to G). However, moderate alcohol markedly ele-
vated the levels of HDL- C in WT- EtOH mice compared to the WT- con 
group, while this effect was not observed in HE- EtOH and HO- EtOH 
mice post 6 weeks EtOH exposure (Figure 1H), similar to our previous 
study (Shen et al., 2017). The whole blood of the mice was collected 
on days 7, 14, 28, 35, 42 to measure their blood alcohol concentration, 
respectively. And the data of blood alcohol concentration per mouse 
were illustrated in Table S2. Blood alcohol concentrations were sig-
nificantly higher in the HO- ETOH group than in the WT- ETOH and 
HE- ETOH group on days 14, 21, 28, 35, and 42. And the acetaldehyde 
level in mice serum from the WT, HE, and HO groups increased obvi-
ously, while the acetaldehyde level in mice serum from HE- EtOH mice 
was significantly higher than that of WT- EtOH mice and was similar 
to that of HO- EtOH mice (Figure S1b). In summary, these outcomes 
illustrated that six weeks of moderate alcohol seemed to have no ob-
vious impact on the survival, body weight, or HW/BW in HE mice. We 
further detected the heart function of mice with echocardiography.

Moderate alcohol harmed cardiac function in HE mice

Echocardiography was conducted to monitor the progression of 
heart structural and functional changes and the representative 
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M- mode echocardiographic images were shown in Figure 2A. LVEF 
in the HE- EtOH group (52.46 ± 1.107, p < 0.0001) and the HO- EtOH 
group (52.14 ± 1.219, p < 0.0001) were both decreased significantly 
compared to that in the WT- EtOH group (68.01 ± 1.344) (Figure 2B). 
And LVFS in the HE- EtOH group (26.63 ± 1.032, p < 0.0001) and 
HO- EtOH group (26.28 ± 0.7139, p < 0.0001) were both reduced 

clearly compared to the WT- EtOH group (37.36 ± 1.046) (Figure 2C). 
Moderate alcohol intake overtly increased the LVESD (Figure 2D) 
but had no serious effect on the LVEDD (Figure 2E) or LVPWD 
(Figure 2G) in HE- EtOH and HO- EtOH mice compared to that in 
WT- EtOH mice. In HE- EtOH and HO- EtOH groups, the LVAWD was 
decreased compared to that in WT- EtOH group, but the difference 

F I G U R E  1  General parameters of WT, HE, and HO mice with or without moderate alcohol exposure. (A) The survival curve of six groups. 
p < 0.05, HO- EtOH versus WT- con, WT- EtOH, HE- con, HE- EtOH, and HO- con, Log- Rank test. n = 15. (B) Quantitative analysis of body 
weight at baseline and the study end. n = 15. (C) Ratio of heart weight (HW) versus body weight (BW). n = 15. (D) Ratio of lung wet weight 
(LWW) versus body weight (BW). n = 15. Quantitative analysis of plasma (E) triglyceride (TG), (F) total cholesterol (TC), (G) low- density 
lipoprotein cholesterol (LDL- C), and (H) high- density lipoprotein cholesterol (HDL- C). n = 6 to 11. The data are presented as the mean ± SEM. 
Statistical comparisons were carried out by one- way ANOVA. *p < 0.05, versus WT- con, #p < 0.05, versus WT- EtOH, &p < 0.05, versus HE- 
con, $p < 0.05, versus HE- EtOH, †p < 0.05, versus HO- con; (b), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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was not statistically significant (Figure 2F). These echocardiographic 
measurements illustrated that moderate alcohol ingestion in HE 
mice resulted in cardiac abnormalities, as shown by the decreased 
LVEF and LVFS, instead of cardioprotective impacts.

Moderate alcohol impaired adult cardiomyocyte 
contractile function in HE mice

Adult mouse cardiomyocytes were isolated after echocardiographic 
evaluation and then their contractile functions were measured. 
After subjecting to moderate alcohol, PS (normalized to the resting 
cell length), also known as the length of cardiomyocytes reduced 
by electrical stimuli, in adult mouse cardiomyocytes from HE- 
EtOH and HO- EtOH mice was markedly reduced compared to that 
in adult mouse cardiomyocytes from WT- EtOH mice (Figure 3B). 
In addition, the −dL/dt and +dL/dt in the HE- EtOH and HE- EtOH 
groups decreased sharply compared to those in the WT- EtOH group 
(Figure 3C,D). The length of the resting cell (Figure 3A), TPS, also 

known as the period to peak shortening (Figure 3E), and TR90 which 
represents the duration of relaxation (Figure 3F) were not altered 
among the six groups. These conclusions were consistent with the 
in vivo echocardiographic findings, indicating that moderate alcohol 
intake markedly suppressed the contractile function of mouse car-
diomyocytes isolated from HE mice.

Moderate alcohol had no obvious impact on 
myocardial fibrosis, apoptosis, inflammation, or 
hypertrophy in HE mice

We further explored why moderate EtOH exposure exerted an 
adverse effect on cardiac function in HE mice hearts. Cardiac 
hypertrophy (Hajnóczky et al., 2005), apoptosis (Fernández- Solà 
et al., 2006), fibrosis (Piano et al., 2002), and inflammation (Lang 
& Korzick, 2014; Liu et al., 2011) play important physiopathologi-
cal roles in the deleterious effects of alcohol on the cardiovascu-
lar system. Therefore, we performed hematoxylin and eosin (H&E) 

F I G U R E  2  Cardiac function of WT, HE, and HO mice with or without moderate alcohol challenge. (A) Representative M- mode 
echocardiographic images of each study group. (B) left ventricular ejection fraction (LVEF). n = 15. (C) Left ventricular fractional shortening 
(LVFS). n = 15. (D) Left ventricular end- systolic dimension (LVESD). n = 15. (E) Left ventricular end- diastolic dimension (LVEDD). n = 15. (F) 
Left ventricular anterior wall thickness in diastole (LVAWD). n = 15. (G) Left ventricular posterior wall thickness in diastole (LVPWD). n = 15. 
All measurements were based on similar anesthesia conditions. The data are presented as the mean ± SEM. Statistical comparisons were 
carried out by one- way ANOVA. The data are presented as the mean ± SEM. Statistical comparisons were carried out by one- way ANOVA. 
*p < 0.05, versus WT- con, #p < 0.05, versus WT- EtOH, &p < 0.05, versus HE- con, $p < 0.05, versus HE- EtOH, †p < 0.05, versus HO- con
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staining, Sirius red staining, Masson's trichrome staining, and 
wheat germ agglutinin (WGA)- fluorescein isothiocyanate staining 
of the myocardium, and the representative images were shown in 
Figure 4A. After 6 weeks drinking, compared to those of WT mice, 
the H&E- stained images did not exhibit any pathological changes 
in tissue arrangement in the hearts of HE- EtOH mice, while the 
disordered arrangement was observed in the hearts of HO- EtOH 
mice (Figure 4A). Myocardial fibrosis detected by Sirius red stain-
ing or Masson's trichrome staining was similar between HE- EtOH 
and WT- EtOH groups (Figure 4A and Figure S1b). And the myo-
cardial mRNA levels of the profibrotic genes collagen type I alpha 
1 chain (col1a1), collagen type III alpha 1 chain (col3a1), smooth 
muscle alpha- actin (α- SMA), and transforming growth factor- beta 
1 (TGF- β1) were also similar between HE- EtOH and WT- EtOH 
groups (Figure 4B). At the same time, they were overtly increased 
in HO- EtOH mouse hearts compared to those in WT- EtOH and HE- 
EtOH mice after 6 weeks. Cardiomyocyte hypertrophy by WGA 

staining (Figure 4A and Figure S1c), and the mRNA levels of the 
pro- hypertrophic genes atrial natriuretic peptide (ANP), natriuretic 
peptide B (BNP), and β- myosin heavy chain (β- MyHC) (Figure 4C) 
were similar among the six groups. The protein and mRNA levels of 
the antiapoptotic protein B- cell lymphoma 2 (Bcl2) and the proap-
optotic protein Bcl2- associated X (Bax), as well as the protein levels 
of apoptotic executive protein cleaved caspase 3, also remained un-
changed in the HE- EtOH group compared to those in the WT- EtOH 
group. Nevertheless, the protein and mRNA levels of Bcl2 decreased 
significantly, while the protein and mRNA levels of Bax and the pro-
tein levels of cleaved caspase 3 expression increased significantly 
in the HO- EtOH group compared to those in the WT- EtOH group 
(Figure 4 and Figure S1d). Consistently, compared to those of WT- 
EtOH mice, the activities and mRNA expression of caspase 3 were 
increased in HO- EtOH mice but remained unchanged in HE- EtOH 
mice after alcohol intake (Figure 4G and Figure S1d). RT– qPCR anal-
ysis of inflammatory cytokine levels in myocardial tissue showed 

F I G U R E  3  Contractile properties and intracellular Ca2+ properties of cardiomyocytes isolated from WT, HE, and HO mice with or without 
moderate alcohol challenge. (A to F) showed contractile properties of cardiomyocytes: (A) resting cell length; (B) peak shortening (PS, 
normalized to resting cell length); (C) maximal velocity of shortening (+ dL/dt); (D) maximal velocity of relengthening (− dL/dt); (E) time- to- 
peak shortening (TPS); (F) time- to- 90% relengthening (TR90). n = 82 to 86 cells from 6 to 8 mice per group. (G to I) showed intracellular Ca2+ 
properties of cardiomyocytes: (G) resting Fura- 2 fluorescence intensity (FFI); (H) electrically- stimulated rise in FFI (ΔFFI); (I) intracellular Ca2+ 
decay rate. n = 28 to 30 cells from 6 to 8 mice per group. The data are presented as the mean ± SEM. Statistical comparisons were carried 
out by one- way ANOVA. *p < 0.05, versus WT- con, #p < 0.05, versus WT- EtOH, &p < 0.05, versus HE- con, $p < 0.05, versus HE- EtOH, 
†p < 0.05, versus HO- con
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that, in the HO- EtOH group, the pro- inflammatory factors tumor 
necrosis factor- alpha (TNFα), monocyte chemoattractant protein-
 1 (MCP- 1), interleukin- 6 (IL- 6), and interleukin- 1β (IL- 1β) increased 
significantly, while the anti- inflammatory factor interleukin- 10 
(IL- 10) decreased significantly as compared to those in WT- EtOH 
group. However, these cytokines remained unchanged in the HE- 
EtOH group compared to those in the WT- EtOH group (Figure 4D). 
Altogether, there were no distinct variations in myocardial fibrosis, 
apoptosis, inflammation, or cardiomyocyte hypertrophy in HE mice 
after moderate alcohol exposure for six weeks.

Moderate alcohol elicited mitochondrial dysfunction 
in HE mice

The protein levels of ALDH2 in HE- con mice were considerably de-
creased compared to those in WT- con mice and were significantly 
higher than those in HO- con mice, and moderate alcohol treatment 
did not significantly change their ALDH2 protein expression levels 
compared to their baseline levels (Figure 5A,B). These changes paral-
leled the mRNA levels of ALDH2 (Figure 5C). Moreover, the activity 
of ALDH2 in HE- con mice was considerably decreased compared to 

F I G U R E  4  Myocardial fibrosis, cross- sectional areas, inflammation, and apoptosis in WT, HE, and HO mice with or without moderate 
alcohol drinking. The data indicated that after 6 weeks of moderate alcohol treatment, there were no differences in cross- sectional areas 
among six groups. There were also no significant differences in myocardial fibrosis, inflammation, and apoptosis in HE- EtOH mice compared 
to WT- EtOH mice after 6 weeks of moderate alcohol challenge. (A) Representative images of hematoxylin and eosin (H&E) staining of the 
entire heart in transverse midsection showing the heart structural deficits (images in the first row, Scale bars = 200 μm); representative 
images of Sirius red staining (images in the second row, Scale bars = 200 μm) and Masson's trichrome staining (images in the third row, 
Scale bars = 200 μm) showing the collagen deposition in heart tissues of mice; representative images of wheat germ agglutinin (WGA)- 
fluorescein isothiocyanate staining of heart tissues showing cardiomyocytes hypertrophy (images in the fourth row, Scale bars = 40 μm). 
(B) mRNA expression levels of pro- fibrosis genes col1a1, col3a1, α- SMA, and TGF- β1 in mouse hearts. n = 8. (C) mRNA expression levels of 
pro- hypertrophic genes ANP, BNP, β- MyHC in the hearts of mice. n = 8. (D) mRNA expression levels of inflammatory cytokines IL- 1β, IL- 6, 
IL- 10, MCP- 1, and TNFα levels in the hearts of mice. n = 8. (E) Representative western blots of apoptosis- related Bcl2 (26 KDa), Bax (21 KDa), 
and cleaved caspase 3 (Cleaved- c3) (17 KDa) with β- actin (43 KDa) used as loading control in mouse heart tissues; (F) densitometry values 
(normalized to β- actin) of Bcl2, Bax, and Cleaved- c3. n = 6. (G) myocardial apoptosis was measured using Caspase- 3 activity. n = 4. The data 
are presented as the mean ± SEM. Statistical comparisons were carried out by one- way ANOVA. *p < 0.05, versus WT- con, #p < 0.05, versus 
WT- EtOH, &p < 0.05, versus HE- con, $p < 0.05, versus HE- EtOH, †p < 0.05, versus HO- con
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that in WT- con mice at the basic levels. And the activity of ALDH2 
in HE- con mice was higher than that of HO- con mice, but the dif-
ference did not reach statistically significant (p > 0.05). Meanwhile, 
moderate EtOH drinking did not alter the ALDH2 activity levels in 
WT- EtOH, HE- EtOH, and HO- EtOH mice compared to their con 
group, respectively (Figure 5D). Contraction of the heart is a pro-
cess that demands a high amount of energy, which is supplied in the 
form of ATP generated by mitochondria (Page & McCallister, 2007). 
ATP synthesis, the decrease of which is used as an indicator of mi-
tochondrial damage, is a primary mitochondrial function (Rhoads 
et al., 2006). Reduced ATP generation was found in the HO- EtOH 
cohort and the HE- EtOH cohort compared to that in the WT- EtOH 
cohort (Figure 5E). A decrease in red fluorescence and an increase 
in green fluorescence in the HE- EtOH and HO- EtOH groups were 
observed by inverted fluorescence microscopy compared to the 
WT- EtOH group (Figure 5H). The histograms depicted the ratios of 
red/green fluorescence, which represented the outcomes of the im-
munofluorescence analysis, revealing sharp decreases in MMP in the 
HE- EtOH and HO- EtOH cohorts compared to that in the WT- EtOH 
cohort (Figure 5I). These data demonstrated that moderate alcohol 
could induce mitochondrial dysfunction, manifested as decreased 
ATP generation and MMP in HE mice.

Moderate alcohol increased the generation of 
oxidative stress in HE mice

Deficiency of ALDH2 activity causes disorders in EtOH metabolism, 
leading to an increased ratio of nicotinamide adenine dinucleotide 
hydrogen (NADH)/nicotinamide adenine dinucleotide+ (NAD+), 
thus promoting the production of ROS (Bailey & Cunningham, 2002). 
Most endogenous ROS are produced in the mitochondria, damage 
to which results in subsequent increases in ROS production (Slimen 
et al., 2014; Suematsu et al., 2003). Here, DHE staining was per-
formed to identify increased intracellular ROS levels in HE- EtOH 
and HO- EtOH mouse hearts post alcohol challenge (Figure 6A,B). 
Moreover, MitoSOX red staining in isolated adult mouse cardio-
myocytes was applied to show elevated levels of mtROS in car-
diomyocytes from HE- EtOH and HO- EtOH mice compared to that 
from WT- EtOH mice post EtOH of 6 weeks (Figure 5F,G). Lipid 
peroxidation is a well- recognized process of oxidative degradation 
induced by a chain response of excess ROS, producing highly en-
dogenous reactive lipid peroxidation aldehydes, such as MDA and 
4- hydroxynonenal (4- HNE), which are effectively metabolized by 
ALDH2 (Anderson et al., 2012; Kato & Osawa, 2010; Yoval- Sánchez 
& Rodríguez- Zavala, 2012). Therefore, we inferred that when 
ALDH2 was heterozygous deficient, the levels of 4- HNE and MDA 
were elevated. 4- HNE immunostaining and MDA concentration as-
says were performed to verify our speculation. The results showed 
that the 4- HNE intensity (Figure 6A,C) and the concentration of 
MDA (Figure 6D), a marker of lipid peroxidation, were both markedly 
elevated in the HE- EtOH and HO- EtOH cohorts compared to that in 
the WT- EtOH cohort. It has been well documented that HO- 1, which 

plays an essential role against EtOH- induced protection in cardio-
myocytes, is an important antioxidant enzyme (Shen et al., 2017). 
HO- 1 was found to have overtly increased protein expression in the 
myocardium of WT- EtOH mice post alcohol treatment compared 
to WT- con mice, while no difference was observed in the HE- EtOH 
and HO- EtOH groups compared to their con groups, respectively 
(Figure 6E,F). The protein level of superoxide dismutase 2 (SOD2) 
was strongly reduced in HE- EtOH and HO- EtOH mice compared to 
that in WT- EtOH mice after EtOH intervention (Figure 6G,H). RT– 
qPCR analysis also showed a lower mRNA expression level of SOD2 
in the HE- EtOH and HO- EtOH groups compared to that in the WT- 
EtOH group (Figure 6I). As described above, these findings revealed 
that, on the one hand, moderate alcohol administration increased 
the protein levels of HO- 1 in WT mice; on the other hand, alcohol in-
take increased the generation of ROS and reactive lipid peroxidation 
aldehydes, including 4- HNE and MDA, while significantly decreasing 
the expression of the antioxidant enzymes HO- 1 and SOD2 in HE 
mice.

Moderate alcohol caused defects in calcium 
homeostasis and affected Ca2+- related markers in 
HE mice

To explore the possible mechanisms underlying moderate alcohol 
exposure- stimulated cardiac dysfunction in HE mice, Fura- 2 fluo-
rescence microscopy was applied to evaluate intracellular Ca2+ han-
dling. The cardiomyocytes from the HE- EtOH and HO- EtOH cohorts 
exhibited reduced intracellular Ca2+ production when subjected to 
electrical stimuli (Δfura- 2 fluorescence intensity (FFI)) (Figure 3H) 
and prolonged resting intracellular Ca2+ (resting FFI) (Figure 3G), 
as well as protracted intracellular Ca2+ decay compared to those in 
the cardiomyocytes from the WT- EtOH cohort (Figure 3I), demon-
strating disturbed Ca2+ homeostasis in adult mouse cardiomyocytes 
from HE- EtOH and HO- EtOH mice after alcohol. Subsequently, Ca2+ 
handling- related protein levels were measured. We assessed the ac-
tivation of CaMKII, a Ca2+- related marker, in the mouse myocardium 
using antibodies that detect phosphorylated CaMKII (phosphorylated 
threonine 286; P- CaMKII), oxidized CaMKII (M281- M282 oxidation; 
Ox- CaMKII), or total CaMKII (Tot- CaMKII). The levels of P- CaMKII/
Tot- CaMKII and Ox- CaMKII/Tot- CaMKII were both significantly 
higher while the levels of Tot- CaMKII/β- actin were unchanged in HE- 
EtOH and HO- EtOH mice compared to that in WT- EtOH mice after a 
moderate alcohol challenge of six weeks, suggesting greater CaMKII 
oxidation and phosphorylation in the HE- EtOH and HO- EtOH 
groups (Figure 7A to D). Moreover, other Ca2+- related markers such 
as RYR2, NCX1, and SERCA2 were estimated in our present study. 
Although several research reports have disclosed the involvement of 
SERCA2 and NCX1 in compromised intracellular Ca2+ handling after 
alcohol consumption (Li & Ren, 2006; Oba et al., 2008; Zhang et al., 
2003), we did not detect a measurable difference in the protein lev-
els of NCX1 and SERCA2 among the six groups after moderate alco-
hol consumption (Figure 7E to G). RT– qPCR analysis showed that the 
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mRNA expression of the NCX1 and SERCA2 genes in mouse hearts 
were unchanged among the six groups either (Figure 7H,I). Besides, 
we measured total RYR2 mRNA levels and found that the influence 
of moderate alcohol on the total RYR2 mRNA levels was not sig-
nificantly different among the six groups (Figure7J). However, it has 
been reported that in CVDs, RYR2 phosphorylation at serine 2814 
(RYR2- pS2814) by CaMKII adversely impacts myocardial outcomes 
(van Oort et al., 2010; Respress et al., 2012), so we also measured the 
protein expression levels of phosphorylated S2814 RYR2 (P- RYR2) 
using an immunofluorescence staining assay with cardiac troponin T 

(cTnT), a marker of cardiomyocytes that colocalizes with RYR2 in car-
diomyocytes (Figure 7K). Quantification of P- RYR2 immunofluores-
cence staining illustrated that P- RYR2 levels were greatly elevated 
in HE- EtOH and HO- EtOH mice compared to that in WT- EtOH mice 
after six weeks of moderate EtOH challenge (Figure 7L). Collectively, 
these data revealed that moderate EtOH treatment induced Ca2+ 
defects and elevated levels of the activated forms of CaMKII (Ox- 
CaMKII and P- CaMKII) and RYR2- S2814 phosphorylation in HE mice, 
suggesting the possible contribution of CaMKII- mediated RYR2 to 
abnormal Ca2+ handling in the HE- EtOH group.

F I G U R E  5  The effect of moderate alcohol on the levels of ATP, mitochondrial membrane potential (MMP), mitochondrial ROS (mtROS), 
and ALDH2 expression and activity in WT, HE, and HO mice with or without moderate alcohol treatment. (A) Representative western blots 
of ALDH2(56KDa) with β- actin(43KDa) used as loading control in mouse heart tissues; (B) densitometry values (normalized to β- actin) of 
ALDH2. n = 6. (C) RT- qPCR analysis of ALDH2 gene in mouse heart. n = 8. (D) ALDH2 activity in mouse heart was quantified and expressed 
as fold of WT- con mice. n = 12. (E) ATP generation in mouse heart, normalized to total protein amount and expressed as μmoL/mg protein. 
n = 4. (F) Representative images of MitoSOX red staining determining the mitochondrial superoxide in isolated adult mouse cardiomyocytes 
(Scale bars = 80 μm). (G) The image shows quantification of MitoSOX fluorescence intensity from different visual fields of 6 samples in each 
experimental group. n = 6. (H) Representative images of JC- 1 staining detected the MMP changes in adult mouse cardiomyocytes. The red 
fluorescence indicates the JC- 1 aggregate, while the green fluorescence indicates the JC- 1 monomer (Scale bars = 100 μm). (I) Quantitative 
analysis of the ratio of Red/Green fluorescence in each group from different visual fields of 6 samples in each experimental group. n = 6. The 
data are presented as the mean ± SEM. Statistical comparisons were carried out by one- way ANOVA. *p < 0.05, versus WT- con, #p < 0.05, 
versus WT- EtOH, &p < 0.05, versus HE- con, $p < 0.05, versus HE- EtOH, †p < 0.05, versus HO- con
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DISCUSSION

The key findings from this study are that chronic EtOH administra-
tion at the moderate dose leads to cardiac dysfunction in vivo and 
calcium handling abnormalities in adult cardiomyocytes in vitro 
in HE mice, possibly via the underlying mechanism of increased 
ROS/CaMKII/RYR2. The experimental animal research here elu-
cidates the harmful effects of chronic moderate EtOH on cardiac 
function in HE mice. These findings indicate that people with 
ALDH2*1/*2 genotypes, like people with ALDH2*2/*2 genotypes, 

should thus avoid alcohol, even in moderate amounts, in their daily 
lives.

Previous studies have reported that the levels of apolipoprotein 
A1, adiponectin, and HDL- C increased, but the levels of plasmino-
gen decreased when using moderate alcohol (Brien et al., 2011). The 
most substantial cardioprotective impact of moderate alcohol is the 
influence of alcohol usage on blood lipoproteins, particularly HDL. 
Our research revealed pronounced upregulation of serum HDL- C 
concentrations and the myocardial antioxidant enzyme HO- 1 pro-
tein expression, in line with our previous findings of elevated HDL- C 

F I G U R E  6  The myocardial oxidative stress generation and the antioxidant protein markers levels in WT, HE, and HO mice with or without 
moderate alcohol treatment. (A) Representative images of dihydroethidium (DHE) staining were performed to assess ROS levels in mouse 
heart (Images in the top row, Scale bars = 60μm); representative images of 4- hydroxynonenal (4- HNE) immunohistochemistry detection in 
mouse heart (images in the middle row, Scale bars = 80 μm). (B) Quantification of DHE staining from different visual fields of six samples 
in each experimental group. n = 6. (C) Measurement of the intensity of 4- HNE immunostaining from different visual fields of six samples 
in each experimental group. n = 6. (D) The concentration of MDA in heart tissue homogenates, normalized to total protein amount and 
expressed as μmoL/mg protein. n = 4. (E) Representative western blots of HO- 1 (32 KDa) with β- actin (43 KDa) used as loading control in 
mouse heart tissues. (F) Densitometry values (normalized to β- actin) of HO- 1. n = 6. (G) Representative western blots of SOD2 (25 KDa) with 
β- actin (43 KDa) used as loading control in mouse heart tissues; (H) Densitometry values (normalized to β- actin) of SOD2. n = 6. (I) RT- qPCR 
analysis of SOD2 gene in mouse heart. n = 8. The data are presented as the mean ± SEM. Statistical comparisons were carried out by one- 
way ANOVA. *p < 0.05, versus WT- con, #p < 0.05, versus WT- EtOH, &p < 0.05, versus HE- con, $p < 0.05, versus HE- EtOH, †p < 0.05, versus 
HO- con
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and HO- 1 levels with moderate doses of EtOH in HO mice (Fan et al., 
2014; Shen et al., 2017). Although we did not observe a significantly 
decreased probability of survival, body weight, LVAWD, or LVPWD, 
or increased myocardial fibrosis, apoptosis, and inflammation in HE 
mice, which were exhibited in HO mice after six weeks of alcohol, 
these findings could be explained by the higher activity of ALDH2 in 
HE mice than in HO mice, as our present study demonstrated.

Our data suggested that in HE mice, the levels of acetaldehyde 
increased significantly after moderate alcohol treatment, mainly 
resulting from the decreased activities of ALDH2. When ALDH2 is 
deficient, the oxidative metabolism of EtOH cannot proceed nor-
mally, and thus causing the accumulation of acetaldehyde, finally 

resulting in the generation of ROS (Kumar et al., 2013). Similarly, 
in our study, significantly increased levels of intracellular ROS and 
mtROS were found in the HE- EtOH and HO- EtOH groups. And the 
decreased expression of the antioxidant enzyme SOD2 was found 
in the HE- EtOH and HO- EtOH groups. Excessive generation of ROS 
and failure of antioxidative mechanisms (including SOD2) to remove 
redundant ROS produces oxidative stress. ROS generation promotes 
the formation of toxic aldehydes through lipid peroxidation, and the 
buildup of 4- HNE- like aldehydes might induce the generation of 
ROS, resulting in a negative cycle (Peng et al., 2014). Increased ROS 
accumulation in mitochondria results in mitochondria dysfunction 
(Slimen et al., 2014; Suematsu et al., 2003). Moreover, it has been 

F I G U R E  7  Ca2+- related protein markers in WT, HE, and HO mice with or without moderate alcohol treatment. (A) Representative 
western blots of P- CaMKII (phosphorylated- Thr286 CaMKII) (60 KDa), Ox- CaMKII (oxidized CaMKII) (55 KDa), and Tot- CaMKII (total 
CaMKII) (54 KDa) with β- actin (43 KDa) used as loading control in mouse heart tissues; densitometry values (normalized to β- actin) of 
(B) P- CaMKII, (C) Ox- CaMKII, and (D) Tot- CaMKII. n = 6. (E) Representative western blots of NCX1 (120 KDa) and SERCA2 (115 KDa) 
with β- actin (43 KDa) used as loading control in mouse heart tissues; densitometry values (normalized to β- actin) of (F) NCX1 and (G) 
SERCA2. n = 6. RT- qPCR analysis of (H) NCX1, (I) SERCA2, and (J) RYR2 (ryanodine receptor type 2) gene in mouse heart. n = 8. (K) 
Immunofluorescence staining images of P- RYR2 (phosphorylated- S2814 RYR2) in mouse heart (Scale bars = 200 μm). (L) Quantification of 
P- RYR2 immunofluorescence staining from different visual fields of six samples in each experimental group. n = 6. The data are presented 
as the mean ± SEM. Statistical comparisons were carried out by one- way ANOVA. *p < 0.05, versus WT- con, #p < 0.05, versus WT- EtOH, 
&p < 0.05, versus HE- con, $p < 0.05, versus HE- EtOH, †p < 0.05, versus HO- con 
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well established that, in CVDs, abnormal mitochondrial function is 
often accompanied by an increased generation of ROS (Brown et al., 
2017). In other words, ROS production and mitochondrial dysfunc-
tion produce a negative cycle. It is worth noting that our current 
findings demonstrated that increased endogenous reactive lipid per-
oxidation aldehydes represented by 4- HNE and MDA, and apparent 
mitochondrial dysfunction represented by decreased ATP genera-
tion and MMP disruption, were found in HE and HO mice after six 
weeks of moderate alcohol challenge. All in all, chronic moderate al-
cohol drinking increased the production of ROS in HE and HO mice.

Our present observation favored significantly disturbed Ca2+ 
homeostasis in adult cardiomyocytes from HE and HO mice after 
moderate alcohol exposure, as shown by the decreased intracellu-
lar Ca2+ release in response to electrical stimuli and prolonged in-
tracellular Ca2+ decay, as well as elevated resting intracellular Ca2+. 
Similarly, the research performed by Beuckelmann et al. (1992) 
showed unbalanced calcium homeostasis in human ventricular my-
ocytes with heart failure. CaMKII is a vital kinase in the modulation 
of the activity of multiple Ca2+- handling proteins, including RYR2 
(Erickson et al., 2011; Wehrens et al., 2004). The production of ROS 
has been proposed to be an essential process for the elevation of 
CaMKII activity, manifesting as phosphorylation and oxidation of 
CaMKII (Erickson et al., 2011; Wang et al., 2021). A very recent study 
found that ROS- CaMKII– RYR2 pathway contributed to disordered 
calcium handling and damaged cardiac muscle contraction in Barth 
syndrome (Liu et al., 2021). In both animal models of heart failure 
and failing human hearts, the levels of CaMKII activity and expres-
sion are considerably elevated (Zhang, 2017). Correspondingly, our 
present findings revealed that the generation of ROS were increased 
significantly, as mentioned before, and the protein expression levels 
of activated forms of CaMKII (Ox- CaMKII and P- CaMKII) were both 
elevated in the HE- EtOH and HO- EtOH cohorts. RYR2, which has 
been identified as being affiliated with the RYR family, represents 
the cardiac RYR isoform and is considered to be the CaMKII sub-
strate (Ho et al., 2016). CaMKII phosphorylation is crucial to modu-
lating RYR2 activity, and CaMKII phosphorylates RYR2 at Ser2808 
and Ser2814 (Ho et al., 2016; Respress et al., 2012). The present data 
suggested notably elevated RYR2 phosphorylation at Ser2814, as 
shown by P- RYR2 immunofluorescence staining in HE and HO mice 
after moderate alcohol treatment. The quantity of Ca2+ produced 
from the SR through RYR2 essentially influences the Ca2+- transient 
amplitude, which correlates with systolic heart contraction intensity. 
The general effects of these variations in RYR2 phosphorylation are 
a decrease in Ca2+- transient amplitude, leading to disordered Ca2+ 
handling (Nikolaienko et al., 2018). Redox modification of RYR2 
contributes to abnormal function in heart failure, as reported by 
Terentyev et al. (2008). The present evidence showed that HE- EtOH 
and HO- EtOH mice cardiomyocytes exhibited dampened intracel-
lular Ca2+ transient maximal upstroke velocity. Given that CaMKII 
is highly concentrated near the t- tubules of cardiomyocytes, close 
to L- type calcium channel (LTCC) and RYR2 channels of SR (Zhang, 
2017), we speculated that activated CaMKII- mediated RYR2 phos-
phorylation and thus contributing to dysregulated intracellular Ca2+ 

homeostasis. Although SERCA2 and NCX1 ensure that the concen-
tration of Ca2+ in the cytoplasm of cardiomyocytes is maintained at a 
normal, low level (Dobrev & Wehrens, 2014), the mRNA and protein 
expression levels of SERCA2 and NCX1 were not affected in HE and 
HO mice following moderate alcohol in our study. However, CaMKII 
promotes RYR2 diastolic Ca2+ leak, promotes arrhythmia, and ad-
versely impacts myocardial outcome (van Oort et al., 2010; Respress 
et al., 2012). So, it should be noted that in this study, we have evalu-
ated only increased resting intracellular Ca2+, but SR Ca2+ leak could 
be measured in future research to illustrate whether elevated rest-
ing intracellular Ca2+ was associated with diastolic Ca2+ leak through 
RYR2. Besides, CaMKII was recently found in mitochondria, whose 
CaMKII inhibition has been reported to be beneficial to cardiac func-
tion. And it is well konwn that ALDH2 mainly exists in mitochondria 
where is the main place for alcohol metabolism. (Luczak et al., 2020; 
Swaminathan et al., 2012). Therefore, further studies involved in il-
luminating the roles of mitochondrial CaMKII in moderate alcohol- 
mediated damaging effects on mice with ALDH2 deficiency will 
make sense.

Compared to the model of chronic alcohol consumption which 
causes alcoholic cardiomyopathy (George & Figueredo, 2011; 
Kryzhanovskii et al., 2017), in this experiment, moderate EtOH- 
induced myocardial injury in ALDH2 heterozygous mice did not 
have cardiomyocyte hypertrophy, fibrosis, or apoptosis. The rea-
sons for the above results can be explained by the following three 
points. Firstly, in terms of the dose of alcohol used, we use mod-
erate alcohol in this study, but excessive alcohol was used in the 
chronic alcohol consumption model. Secondly, in terms of the du-
ration of alcohol use, the present experimental model is a short- 
time (6 weeks) alcohol exposure compared to long- time (usually 
≥15 years in humans or ≥12 weeks in mice) necessary to develop 
chronic alcoholic cardiomyopathy. Thirdly, previous studies have 
shown that chronic alcohol abuse causes chronic alcohol cardio-
myopathy in WT mice, whose mechanisms are implicated in the 
generation of fibrosis, apoptotic cell death, and adverse cardiac hy-
pertrophy (Gardner & Mouton, 2015). However, we use the mice 
of ALDH2 heterozygous deficiency in this study, while there is no 
study about the effect of excessive alcohol consumption on cardiac 
function of ALDH2 heterozygous mice. Moreover, further studies 
are needed to determine the impact of high dose or prolonged mod-
erate alcohol consumption on cardiac function of mice with various 
ALDH2 genotypes.

In conclusion, this study revealed that moderate alcohol treat-
ment played a detrimental role in cardiomyocytes and myocardial 
contractility, possibly as a result of disordered cardiomyocytes intra-
cellular Ca2+ homeostasis triggered by upregulation of the activated 
forms of CaMKII (Ox- CaMKII and P- CaMKII) and RYR2- S2814 phos-
phorylation, likely caused by excessive ROS due to ALDH2 hetero-
zygous deficiency in HE mice (Figure 8). Together with the results 
of our present study, these findings supply relevant evidence to 
enhance our understanding of the relationship between ALDH2 ge-
netic polymorphisms and alcohol consumption- induced impact on 
cardiac function. To this end, the initiative that people with ALDH2 
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GA (ALDH2*1/*2) genotypes should avoid alcohol consumption is 
now proposed.
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