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Abstract: Chronic alcohol consumption leads to myocardial injury, ventricle dilation, and cardiac
dysfunction, which is defined as alcoholic cardiomyopathy (ACM). To explore the induced myocardial
injury and underlying mechanism of ACM, the Liber-DeCarli liquid diet was used to establish an
animal model of ACM and histopathology, echocardiography, molecular biology, and metabolomics
were employed. Hematoxylin-eosin and Masson’s trichrome staining revealed disordered myocardial
structure and local fibrosis in the ACM group. Echocardiography revealed thinning wall and dilation
of the left ventricle and decreased cardiac function in the ACM group, with increased serum levels of
brain natriuretic peptide (BNP) and expression of myocardial BNP mRNA measured through enzyme-
linked immunosorbent assay and real-time quantitative polymerase chain reaction (PCR), respectively.
Through metabolomic analysis of myocardium specimens, 297 differentially expressed metabolites
were identified which were involved in KEGG pathways related to the biosynthesis of unsaturated
fatty acids, vitamin digestion and absorption, oxidative phosphorylation, pentose phosphate, and
purine and pyrimidine metabolism. The present study demonstrated chronic alcohol consumption
caused disordered cardiomyocyte structure, thinning and dilation of the left ventricle, and decreased
cardiac function. Metabolomic analysis of myocardium specimens and KEGG enrichment analysis
further demonstrated that several differentially expressed metabolites and pathways were involved
in the ACM group, which suggests potential causes of myocardial injury due to chronic alcohol
exposure and provides insight for further research elucidating the underlying mechanisms of ACM.

Keywords: alcoholic cardiomyopathy; metabolomics; differentially expressed metabolites; KEGG
pathway; brain natriuretic peptide; myocardial injury; cardiac dysfunction

1. Introduction

With the development of the social economy, increased alcohol consumption has led to
serious problems worldwide [1]. Alcoholic cardiomyopathy (ACM), the most common form
of myocardial injury caused by chronic alcohol consumption, manifests as a progressive
decrease in myocardial contractility and ventricular dilatation, leading to heart failure
and arrhythmia [2]. ACM is the leading cause of nonischemic dilated cardiomyopathy
in the United States and its prevalence in alcoholics is estimated to be approximately
21–32% [3]. Once heart failure occurs, the 4-year mortality rate is close to 50% if ACM
patients continue to consume alcohol [4]. Although numerous studies on ACM have been
conducted, the pathogenesis of ACM remains unclear.

Metabolomics is a new method of studying biological systems developed after ge-
nomics and proteomics. By analyzing small molecular substances in biological fluids
and tissues, metabolomics reveals metabolic patterns and provides insight into the mech-
anisms underlying physiological conditions and diseases [5]. Considerable numbers of
metabolomic studies have been conducted on cardiovascular diseases [6]. However, there
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are currently no metabolomic reports on myocardial injury due to chronic alcohol consump-
tion. Therefore, the present study employed histopathology, echocardiography, molecular
biology, and metabolomics to explore the myocardial injury induced by chronic alcohol
consumption and the underlying mechanism of ACM.

2. Results
2.1. Morphological Changes in the Heart of ACM Model Mice

As shown in Figure S1 (Supplementary Materials), the heart/body weight ratio of
mice in the ACM group (0.004260 ± 0.0001365) was statistically higher that in the control
group (0.003729 ± 0.0001729) (p = 0.001).

Hematoxylin-eosin (H&E) staining of the myocardium revealed that the ventricles of
mice in the ACM group were slightly dilated (Figure 1A,B), the cardiomyocytes showed
slight hypertrophy, and the arrangement was locally disordered (Figure 1C,D) compared
with the control group. Masson’s trichrome staining demonstrated a small number of
collagen fibers around the vessels and myocardial interstitium in the myocardial tissue
of mice in the ACM group, but these changes were not observed in the control group
(Figure 1E,F). Sirius red staining revealed similar results with Masson’s trichrome staining
(Figure S2).

2.2. Assessment of Cardiac Function

The results of echocardiographic analysis revealed that mice in the ACM group
exhibited changes in cardiac dilatation and decreased cardiac function (Figure 2A,B). As
shown in Table 1, the thicknesses of the anterior and posterior walls of the left ventricle at
end-diastole and end-systole were significantly lower in the ACM group than in the control
group. Additionally, the inner diameter and volume of the left ventricle at end-systole
were significantly larger in the ACM group than in the control group. The cardiac ejection
fraction (EF%) and fractional shortening (FS%) of the ACM group mice were significantly
lower than those of the control group mice.

Serum brain natriuretic peptide (BNP) level and BNP mRNA expression in myocar-
dial tissue were also used to assess cardiac function. Compared with the control group,
serum BNP levels and myocardial BNP mRNA expression in the ACM group mice were
significantly increased (Figure 2C,D).

Table 1. The results of echocardiography.

Parameters Control Group ACM Group

LVAW; d (mm) 0.844 ± 0.044 0.595 ± 0.085 #
LVAW; s (mm) 0.877 ± 0.016 0.616 ± 0.042 #
LVPW; d (mm) 0.805 ± 0.085 0.601 ± 0.041 #
LVPW; s (mm) 0.999 ± 0.060 0.758 ± 0.044 *
LVID; d (mm) 4.165 ± 0.223 4.480 ± 0.226
LVID; s (mm) 3.164 ± 0.200 3.588 ± 0.142 *
LV Vol; d (uL) 77.290 ± 9.664 91.756 ± 11.157
LV Vol; s (uL) 40.032 ± 6.160 54.098 ± 5.234 *

EF% 48.244 ± 3.833 40.915 ± 1.713 *
FS% 24.049 ± 2.331 19.883 ± 1.041 *

# p < 0.01; * p < 0.05.

2.3. Metabolic Pattern in the Myocardium of ACM Model Mice
2.3.1. Sample Quality Control (QC)

The QC samples produced good Pearson’s correlation coefficients, indicating good
stability of the test process and high data quality (Figure S3). The peaks extracted from all
test and QC samples were processed by univariate scaling and then subjected to princi-
pal components analysis (PCA) analysis. The small difference between QC samples also
indicated high data quality (Figure S4).
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2.3.2. PCA and Partial Least Squares Discriminant Analysis (PLS-DA) Results of the ACM
and Control Groups

The PCA and PLS-DA plots demonstrated satisfactory separation between the ACM
and control groups (Figures 3 and 4). Permutation tests of both positive and negative modes
revealed that all Q2 values to the left were lower than the original points to the right, and
the regression line of the Q2 points intersected the vertical axis below zero, which indicated
no overfitting and good reliability of the PLS-DA models according to the validity criteria
(Figure S5).

2.3.3. Volcano Plot and Heatmaps of Differentially Expressed Metabolites

A total of 297 differentially expressed metabolites were screened, of which 164 metabo-
lites were downregulated and 133 metabolites were upregulated. The differentially ex-
pressed metabolites are displayed in a volcano plot (Figure 5), in which the gray dots
represent indifferent metabolites, while the upregulated and downregulated metabolites
are represented by red and green dots, respectively. Metabolic patterns are illustrated in
the metabolite heatmaps (Figure 6).
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Figure 1. Morphological changes in the myocardium in the control and alcoholic cardiomyopathy
(ACM) groups. (A) Representative hematoxylin-eosin (H&E) staining for the control group; (B) rep-
resentative H&E staining for the ACM group; (C) representative H&E staining for the control group
(400×); (D) representative H&E staining for the ACM group (400×); (E) representative Masson’s
trichrome staining for the control group (400×); (F) representative Masson’s trichrome staining for
the ACM group (400×).
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myocardial BNP mRNA expression. # p < 0.01.
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Figure 3. Principal components analysis (PCA) between the control and ACM groups. (A) Positive mode; (B) negative mode.

2.3.4. Enrichment of KEGG Pathway Analysis

KEGG pathway analysis was applied to determine biochemical metabolic pathways
and signal transduction pathways related to the differentially expressed metabolites be-
tween the ACM and control groups (Figure 7, Tables S1 and S2). The main KEGG pathways
based on the differentially expressed metabolites are shown in Table 2. According to the
enrichment results, ACM caused changes in the biosynthesis of the unsaturated fatty acids
pathway, with downregulated levels of adrenic acid, docosapentaenoic acid (DPA), docosa-
hexaenoic acid (DHA), and arachidonic acid and upregulated levels of alpha-linolenic acid,
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stearic acid, arachidic acid, and palmitic acid in the ACM group compared with the control
group. Changes in the vitamin digestion and absorption pathways were also observed,
corresponding to downregulated levels of thiamine monophosphate, pantothenic acid,
nicotinamide, and riboflavin. The oxidative phosphorylation pathway, pentose phosphate
pathway, and purine and pyrimidine metabolic pathways were also enriched. In addition,
levels of some lipid metabolites were altered in the ACM group, including phosphatidyl-
cholines (PCs), lysophosphatidylcholines (LysoPCs), and fatty acid esters of hydroxy fatty
acids (FAHFAs).
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Table 2. The main KEGG pathways based on the differentially expressed metabolites.

KEGG Pathway Screened Metabolite FC p Value ROC VIP Trend Mode

Biosynthesis of
unsaturated fatty acids

Docosapentaenoic acid 0.451 0.000 1.000 2.054 down negative
Adrenic acid 0.465 0.000 1.000 1.936 down positive

Docosahexaenoic acid 0.514 0.000 1.000 1.910 down negative
Arachidonic acid 0.603 0.000 1.000 1.807 down negative

Stearic acid 1.225 0.000 0.970 1.646 up negative
Arachidic acid 1.454 0.001 0.900 1.461 up negative
α-Linolenic acid 1.493 0.001 0.880 1.587 up positive

Palmitic Acid 1.529 0.048 0.760 1.046 up negative

Vitamin digestion and
absorption

Thiamine monophosphate 0.519 0.000 1.000 1.883 down positive
Pantothenic acid 0.585 0.000 0.990 2.015 down positive

Nicotinamide 0.753 0.000 0.950 1.768 down positive
Riboflavin 0.788 0.001 0.920 1.588 down positive

Metabolism of
pyrimidines and purines

Xanthine 0.595 0.000 0.960 1.799 down positive
Thymine 0.708 0.032 0.940 1.194 down positive
Cytidine 0.756 0.000 0.990 1.819 down positive

Adenylosuccinic acid 0.820 0.017 0.790 1.238 down negative
D-Ribulose 5-phosphate 0.786 0.001 0.890 1.574 down negative

D-Sedoheptulose 7-phosphate 0.787 0.003 0.880 1.382 down negative
Uridine diphosphate 1.470 0.001 0.920 1.605 up positive

3. Discussion

With improvements in socioeconomic status, the consumption of alcohol and incidence
of ACM have gradually increased. In view of the morbidity and mortality of ACM, many
studies have explored the pathogenesis of ACM in recent years. Although previous studies
have reported metabolomics profiles after alcohol consumption, most studies have chosen
serum or plasma as the research object [7]. However, systematic factors in a living organism
may affect blood circulation, and the observed metabolic changes in circulating serum
or plasma may not only be due to the myocardial injury induced by chronic alcohol
consumption [8,9]. To the best of our knowledge, this is the first metabolomic study of
myocardial injury due to chronic alcohol consumption.

In the present study, morphological changes induced in myocardial tissues of ACM
model mice were explored through H&E, Masson’s trichrome, and Sirius red staining, indi-
cating disordered myocardial structure and local fibrosis. Echocardiography confirmed that
the hearts of ACM mice were dilated with decreased cardiac function. Additionally, BNP, a
widely used biomarker to diagnose heart failure in clinical practice, was also employed to
assess cardiac function in ACM mice. Increased serum BNP levels and myocardial BNP
mRNA expression in ACM mice verified decreased cardiac function. Individual differences
in different batches of animals may lead to the discrepancies in some of the parameters
of echocardiography, serum BNP levels, and BNP mRNA of myocardium compared to
our previous report [1]. Despite all this, based on the results of echocardiography, histol-
ogy, serum BNP levels, and BNP mRNA in myocardium, we can conclude that the ACM
model was successfully established in the present study, which is the basis for further
myocardial metabolomics study. Metabolomic investigation via ultra-high-performance
liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) analysis screened
out 297 differentially expressed metabolites which were involved in several key pathways
through KEGG enrichment analysis. Herein, we discuss some of the major metabolites and
their related KEGG pathways (Figure 8).



Molecules 2021, 26, 2177 8 of 15

Molecules 2021, 26, x FOR PEER REVIEW 8 of 16 
 

 

D-Ribulose 5-phosphate 0.786 0.001 0.890 1.574 down negative 
D-Sedoheptulose 7-phosphate 0.787 0.003 0.880 1.382 down negative 

Uridine diphosphate 1.470  0.001  0.920  1.605  up positive 

3. Discussion 
With improvements in socioeconomic status, the consumption of alcohol and inci-

dence of ACM have gradually increased. In view of the morbidity and mortality of ACM, 
many studies have explored the pathogenesis of ACM in recent years. Although previous 
studies have reported metabolomics profiles after alcohol consumption, most studies have 
chosen serum or plasma as the research object [7]. However, systematic factors in a living 
organism may affect blood circulation, and the observed metabolic changes in circulating 
serum or plasma may not only be due to the myocardial injury induced by chronic alcohol 
consumption [8,9]. To the best of our knowledge, this is the first metabolomic study of 
myocardial injury due to chronic alcohol consumption. 

In the present study, morphological changes induced in myocardial tissues of ACM 
model mice were explored through H&E, Masson’s trichrome, and Sirius red staining, 
indicating disordered myocardial structure and local fibrosis. Echocardiography con-
firmed that the hearts of ACM mice were dilated with decreased cardiac function. Addi-
tionally, BNP, a widely used biomarker to diagnose heart failure in clinical practice, was 
also employed to assess cardiac function in ACM mice. Increased serum BNP levels and 
myocardial BNP mRNA expression in ACM mice verified decreased cardiac function. In-
dividual differences in different batches of animals may lead to the discrepancies in some 
of the parameters of echocardiography, serum BNP levels, and BNP mRNA of myocar-
dium compared to our previous report [1]. Despite all this, based on the results of echo-
cardiography, histology, serum BNP levels, and BNP mRNA in myocardium, we can con-
clude that the ACM model was successfully established in the present study, which is the 
basis for further myocardial metabolomics study. Metabolomic investigation via ultra-
high-performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) 
analysis screened out 297 differentially expressed metabolites which were involved in 
several key pathways through KEGG enrichment analysis. Herein, we discuss some of the 
major metabolites and their related KEGG pathways (Figure 8). 

 
Figure 8. The main metabolites and their related KEGG pathways. 

  

Figure 8. The main metabolites and their related KEGG pathways.

3.1. Metabolism of Fatty Acids

KEGG enrichment analysis revealed that many differentially expressed metabolites
were associated with pathways related to fatty acid metabolism and biosynthesis of
unsaturated fatty acids. Abnormal regulation of FAs has been frequently reported in
cardiovascular diseases such as myocardial infarction and hypertrophy [6]. Studies of
serum metabolomics have also demonstrated that free fatty acids can damage biological
membranes and are partly responsible for the functional and morphological changes of
alcohol-induced diseases [10,11].

Arachidonic acid reportedly inhibits the inflammatory response by binding to myeloid
differentiation factor-2 (MD2) and preventing MD2/toll-like receptor 4 signaling activation
to attenuate myocardial injury and fibrosis [12]. Similar to arachidonic acid, DHA can also
inhibit saturated fatty acid-induced TLR4 activity and reactive oxygen species, thereby in-
hibiting inflammation [13]. Furthermore, DPA has been widely demonstrated to contribute
to inhibition of platelet activation, anti-inflammatory effects, blood lipid improvement,
and cardiovascular protective effects [14–17]. Conversely, prostaglandins, metabolites
of arachidonic acid, have been widely proven to have proinflammatory effects [18]. Ele-
vated levels of prostaglandin K1 (FC = 1.508, p = 0.005, VIP = 1.406) and K2 (FC = 6.798,
p = 0.000, VIP = 2.021) were found in the present study, indicating proinflammatory effects
on the myocardium caused by chronic alcohol consumption. In addition, palmitic acid,
a saturated acid, can bind to TLR4 coreceptor MD2, induce inflammatory cytokines in
cardiomyocytes, and is positively associated with incident heart failure [19–21]. Therefore,
the downregulation of arachidonic acid, DPA, and DHA levels and the upregulation of
palmitic acid and prostaglandins levels in myocardial tissue might induce inflammation
in mice in the ACM group, which can further lead to fibrosis, myocardial remodeling,
and cardiac dysfunction [22]. When heart function was affected, the mechanical stress on
cardiomyocytes increased, which, in turn, led to increased BNP [23,24]. The disorder of
free fatty acids might be one of the potential mechanisms of myocardial injury caused by
chronic alcohol consumption.

3.2. Metabolism of Lipids

A metabolomics study on serum of rats who suffered from long-term alcohol exposure
showed that alcohol affects mostly the lipid species in the serum of both female and male
rats. The study also found that the glycerophospholipid, sphingolipid, and glycerolipids
metabolism pathways; fatty-acyl profile of lipids; and total degree of unsaturation of fatty
acid are profoundly altered by chronic alcohol exposure [25]. Abnormal lipid metabolism is
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closely related to the development of cardiovascular diseases [26–28]. The present study re-
vealed many differentially expressed lipid metabolites, such as PCs and LysoPCs. However,
many of them exhibited an irregular trend compared to previous studies which focused on
circulating metabolites associated with alcohol intake in humans [29–31]. It is worth noting
that levels of FAHFAs in the myocardial tissue of mice in the ACM group were significantly
downregulated, although the relevant KEGG pathways were not enriched. FAHFAs, a
new class of endogenous lipids derived from DHA, were first discovered in 2014 and
have antidiabetic and anti-inflammatory effects in mammals [32–34]. Additionally, recent
studies have determined that FAHFAs also have cardiovascular protective effects [35].
Although evidence for the direct interaction between alcohol and FAHFAs is deficient,
downregulated FAHFA levels in the ACM group are speculated to be associated with the
pathogenesis of myocardial injury induced by chronic alcohol consumption.

3.3. Metabolism of B Vitamins

Numerous studies have demonstrated that chronic alcohol consumption leads to
B vitamin deficiency [36,37]. Compared with the control group, the myocardial tissue
of mice in the ACM group exhibited decreased levels of several B vitamins, including
thiamine (vitamin B1), riboflavin (vitamin B2), pantothenic acid (vitamin B5), and nicoti-
namide (the metabolite of niacin, vitamin B3). Among all B vitamins, thiamine deficiency
is most associated with cardiovascular disease and cardiac dysfunction in patients with
ACM [38]. Thiamine plays important roles in energy metabolism, antioxidation, and im-
provement of endothelial function, and thiamine deficiency can cause various diseases
and dysfunctions, including heart failure [39,40]. Increased levels of metabolites related to
oxidative phosphorylation were also observed in the ACM group, including nicotinamide
adenine dinucleotide (NAD) and NAD+, which might be related to the downregulated
levels of thiamine. Additionally, chronic alcohol consumption can also lead to riboflavin
deficiency, which is also associated with heart failure [41,42]. Therefore, we speculate that
extensive downregulation of B vitamins in the ACM group might be one of the potential
mechanisms of ACM.

3.4. Metabolism of Pyrimidines and Purines

Compared with the control group, levels of D-ribulose 5-phosphate and D-sedoheptulose
7-phosphate of the pentose phosphate pathway were downregulated in the ACM group.
One of the physiological significances of the pentose phosphate pathway is to supply im-
portant precursor substrates for purine and pyrimidine nucleotide synthesis [43]. Similarly,
levels of metabolites involved in purine and pyrimidine metabolism, such as xanthine,
thymine, cytidine, uridine diphosphate, and adenylosuccinic acid, were also decreased in
the ACM group, indicating that alcohol affected nucleic acid synthesis of the cardiomy-
ocytes. A recent study determined that levels of purine and pyrimidine metabolites were
altered in patients with myocardial injury caused by anticancer drugs [44]. Further, levels
of purine and pyrimidine metabolites reportedly changed in mice with acute myocardial
ischemia, indicating that purine and pyrimidine metabolism disorders may be associated
with myocardial injury [5]. Previous metabolomics studies have reported that alcohol
exposure changed the level of hypoxanthine, but different studies have reported different
trends [45–47]. Although the present study did not determine changes in hypoxanthine
levels, a decrease in xanthine levels was observed. Combined with the above metabolites,
we can determine that chronic alcohol consumption will change metabolism of pyrim-
idines and purines. However, the association between metabolism of pyrimidines and
purines with myocardial hypertrophy and myocardial fibrosis in ACM individuals needs
further study.

There were some limitations to the present study. First, the metabolites screened
through metabolomics were not further verified. Second, only 10 myocardial specimens
were used for metabolomics analysis, which only met the minimum requirements. In
addition, studies have shown that alcoholism can affect the synthesis of fatty acids, thereby
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increasing the lipid infiltration of the cardiomyocytes [48,49]. However, in our study, no
obvious myocardial lipid infiltration was observed by H&E staining. Unfortunately, due to
the limitation of experimental conditions, we did not perform special staining for evaluating
the fat infiltration of cardiomyocytes, such as oil-red O staining, which should be explored
in future studies. Therefore, these results can be considered a pilot metabolomic study on
myocardial injury after chronic alcohol exposure.

4. Materials and Methods
4.1. Chemical Reagents

Both liquid diets of 4% EtOH and non-EtOH Lieber–DeCarli were purchased from
Trophic Animal Feed High-tech Co. Ltd. (Nanjing, China). Masson’s trichrome staining
kits and H&E staining kit were from Beijing ZSGB Bio Co., Ltd. (Beijing, China). Sirius
red staining solution was obtained from Beijing Solarbio Science & Technology Co., Ltd.
(Beijing, China). The enzyme-linked immunosorbent assay (ELISA) kit of Mouse B-type
natriuretic peptide (BNP) was from Cusabio Biotech Co., Ltd. (Wuhan, China). RNAiso
Plus, SYBR® Premix Ex Taq II, and the Kit of PrimeScriptTM RT Reagent were purchased
from Takara Bio Inc. (Shiga, Japan). Methanol, liquid chromatography-mass spectrometry
(LC-MS grade water), and formic acid were attained from prepared Thermo Fisher Scientific
(Waltham, MA, USA).

4.2. Animal Model and Sample Collection

The Institutional Animal Care and Use Committee of China Medical University con-
firmed the animal assessments (IACUC Issue No. CMU2019266), which were consistent
with the “Guide for the Care and Use of Laboratory Animals” (NIH Publication No. 86–23,
Revised 1985).

Male mice (C57BL/6) with Specific Pathogen-Free (SPF)-grade (n = 30, 20–25 g,
7 weeks old) were attained from Beijing Vital River Laboratory Animal Technology Co.,
Ltd. (Beijing, China). These animals were randomized into control and ACM groups
(n = 15 each) and accommodated in a facility with climate-controlled property within a
dark/light 12 h cycle (3 mice per cage). The animal model used in this study was estab-
lished as in previous studies [1]. Briefly, mice were acclimated to the alcoholic liquid diet
via a gradient approach over a 1-week period based on provided instructions. Animals in
the ACM group were administered a 4% EtOH (28% w/v of whole calories) Lieber–DeCarli
liquid diet for a 12-week period, while control animals were administered a non-EtOH
liquid diet with an equivalent calorie content over the same period.

Mice were killed after 12 weeks via cervical dislocation and blood specimens were
accumulated through the puncture of cardiac. Serum was obtained by spinning blood for
15 min at 3000 rpm at 4 ◦C, and BNP biochemical analyses were conducted using these
serum samples. In addition, samples of myocardial tissue were collected from 10 mice
per group, rinsed with cold phosphate-buffered saline (PBS), and frozen at −80 ◦C for
metabolomics analyses. The myocardial tissues from the remaining mice were used for
histopathological staining and molecular experiments.

4.3. Histological Staining

Samples of myocardial tissue were fixed for 24 h with 4% paraformaldehyde, dehy-
drated via ethanol gradient, treated with xylene, and paraffin embedded. These tissues
were then cut into the sections of about 5 µm, after which H&E, Masson’s trichrome, and
Sirius red staining were carried out as per provided directions.

4.4. Echocardiography

A Vevo 2100 System with a mouse transducer of about 40 MHz (Visual Sonics, Toronto,
ON, Canada) was used to conduct echocardiographic analyses as described previously [1].
Briefly, mice were anesthetized with a mixture of 100% O2 containing 1.5% isoflurane (flow
rate 0.2 L/min) delivered via mask. The thickness, left ventricular fraction of ejection,
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volumes of end-diastolic and end-systolic, internal diameter of the left ventricle, and
fraction of shortening of left ventricular were then analyzed. Mice were kept warm using a
heating plate on a rail system.

4.5. ELISA

A BNP ELISA kit was used based upon provided directions to measure BNP levels in
50 uL of serum, with an ELX808 microplate reader (BioTek Instruments Inc., Winooski, VT,
USA) being used to assess absorbance at 450 nm.

4.6. Real-Time Quantitative PCR (qPCR)

After snap freezing in liquid nitrogen, 40 mg samples of myocardial tissues were
ground into a powder, and RNA was separated from these samples with the RNAiso Plus
reagent. The PrimeScript™ RT kit was then used to prepare cDNA using 10 µL containing
0.5 µL of PrimeScript RT Enzyme MixI, 0.5 µL of OligodT Primer (50 µM), 0.5 µL of Random
6 mers (100 µM), 2 µL of PrimeScript Buffer (5×), 4.5 µL of dH2O, and 2 µL of whole RNA
(400 ng). A GeneAmp® 9700 PCR system (Applied Biosystems, Foster City, CA, USA) was
utilized for PCR amplification according to the thermocycler settings: 85 ◦C for 5 s, 37 ◦C
for 15 min, and 4 ◦C for 5 min. All qPCR reactions were then conducted utilizing SYBR®

Premix Ex TaqTM II, as well as a system of 7500 Real-time PCR (Applied Biosystems, Foster
City, CA, USA), with all mixtures of reaction comprising 10 µL of SYBR®Premix Ex TaqTM
II (2×), 6 µL of dH2O, 0.4 µL of ROX Reference Dye II (50×), 0.8 µL of individual primers
(10 µM), and 2 µL of cDNA. Thermocycler settings were as follows: 40 cycles at 95 ◦C
for 5 s, 95 ◦C for 30 s, and 60 ◦C for 34 s. Primer sequences of BNP were: Forward 5′-
AATTCAAGATGCAGAAGCTG-3′, reverse 5′-GAATTTTGAGGTCTCTGCTG-3′. Primer
sequences of GAPDH were: Forward 5′-CTTTGTCAAGCTCATTTCCTGG-3′, reverse 5′-
TCTTGCTCAGTGTCCTTGC-3′. The ∆∆CT was used to quantify relative BNP expression,
with GAPDH serving as a normalization control.

4.7. Metabolite Extraction

Myocardial tissue specimens were pulverized in liquid nitrogen, after which they were
mixed with 500 µL of 0.1% formic acid and cold 80% methanol and vortexed. Specimens
were then spun down at 4 ◦C for 20 min at 15,000× g, and the dilution of supernatants
was performed to an ultimate concentration of methanol of about 53% with LC-MS-grade
water. Specimens were then spun down again at 4 ◦C for 20 min at 15,000× g, after which
supernatants were utilized for LC-MS/MS analyses [50].

4.8. Metabolomic Analysis QC

Equivalent myocardial homogenate samples were combined together to yield QC
samples, 3 of which were used to initially evaluate system performance. These QC samples
were then regularly run between test samples to monitor variability and to facilitate QC
data analysis. Following sample analysis, QC samples were analyzed in segments and
the secondary spectra obtained for both test and QC samples were utilized for qualitative
metabolite analyses, with test samples being analyzed in a random order to avoid batch
effects [51].

The performance of the model of PLS-DA was evaluated by conducting 200 permu-
tation tests, with overfitting of this model being assessed based upon R2 and Q2 values,
which, respectively, corresponded to the goodness of fit and predictive power [52]. Validity
was contingent upon total Q2 values to the left being lesser compared to the original on to
the right, with the line of regression for these Q2 points intersecting the vertical axis below
or at zero [53,54].

4.9. Analysis of UHPLC-MS/MS

UHPLC-MS/MS studies were conducted through Novogene Co., Ltd. (Beijing, China)
with a system of Vanquish UHPLC (Thermo Fisher Scientific, Dreieich, Germany) and a
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mass spectrometer of Orbitrap Q ExactiveTM HF-X (Thermo Fisher Scientific, Waltham,
MA, USA). Concisely, the injection of the specimens was executed onto a column of
Hypersil Gold (Thermo Fisher Scientific, Waltham, MA, USA; 1.9 µm, 100× 2.1 mm) with a
linear gradient of 17 min at a flow rate of about 0.2 mL/min. Eluents A and B, namely 0.1%
formic acid in aqueous milieu and methanol, respectively, were utilized. For the negative
ion mode, eluents A and B, namely 5 mM ammonium acetate, pH 9.0, and methanol,
respectively, were utilized. The settings of the elution of gradient were as follows: 2–100%
B for 12.0 min, 2% B for 1.5 min, 100% B for 14.0 min, 100–2% B for 14.1 min, and 2% B for
17 min. The instrument of MS was employed in both positive and negative ion modes with
a voltage of spray of around 3.2 kV, temperature of capillary of about 320 ◦C, flow rate of
sheath gas of about 40 arb, and flow rate of auxiliary gas of about 10 arb.

4.10. Processing of Data and Identification of Metabolite

The Compound Discoverer software v3.1 (Thermo Fisher Scientific, Waltham, MA,
USA) was utilized to analyze raw UHPLC-MS/MS data by conducting peak alignment,
peak picking, and metabolite quantification by using the following criteria: time tolerance
of retention = 0.2 min; actual tolerance of mass = 5 ppm; signal/noise ratio = 3; signal
intensity tolerance = 30%; and minimum intensity = 104. Total intensity of spectrum
was utilized to normalize peak intensities, and additive ion, fragment ion, and molecular
ion peak formulas were predicted based upon normalized data. The mzCloud database
(https://www.mzcloud.org/) (accessed on 31 December 2020), mzVault library, and mass
lists were used for peak matching and obtaining accurate results. CentOS release 6.6,
R v3.4.3, and Python v2.7.6 were applied to analyze the resultant data, with non-normally
distributed data undergoing normal transformation where possible.

4.11. Statistical Analysis

The HMDB (https://hmdb.ca/metabolites) (accessed on 31 December 2020), KEGG
(https://www.genome.jp/kegg/pathway.html) (accessed on 31 December 2020), as well
as LIPID Maps (http://www.lipidmaps.org/) (accessed on 31 December 2020) databases
were employed for metabolite annotation and analysis. PLS-DA and PCA were con-
ducted with the MetaX computer program (http://metax.genomics.cn/) (accessed on
31 December 2020) Data were compared through Student’s t-tests, with metabolites con-
sidered to be differentially expressed if they exhibited an importance of variable for the
projection (VIP) > 1 and a fold change (FC)≥ 1.2, FC≤ 0.83 or p-value < 0.05. Volcano plots
of metabolite log2FC and −log10(p-value) values were generated to identify metabolites of
interest. Z-scores of the areas of intensity related to the differentially expressed metabolites
were used for normalization, and cluster heat maps were generated with the R pheatmap
package. Pearson correlations between metabolites were assessed with the R cor() function,
with significant correlations being identified with the cor.mtest() function. p < 0.05 was
the significance threshold, and the corrplot R package was used to construct correlation
plots. The KEGG database was used to assess the functions of differentially expressed
metabolites and their related pathways, with pathway enrichment being defined as when
x/n > y/N. Such enrichment was deemed significant at a p < 0.05 threshold.

Levels of serum BNP, BNP mRNA, and echocardiographic parameters were repre-
sented as means ± standard deviation (SD) and thoroughly compared via Student’s t-tests
in SPSS 26.0 (IBM Corp., Armonk, NY, USA), with p < 0.05 as the significance threshold.

5. Conclusions

In conclusion, the present study demonstrated that chronic alcohol consumption
caused disordered cardiomyocyte structure, thinning and dilation of the left ventricle, and
decreased cardiac function. Metabolomic analysis of myocardium specimens and KEGG
enrichment analysis further demonstrated that several differentially expressed metabolites
in the ACM group were involved in pathways related to biosynthesis of unsaturated fatty
acids, vitamin digestion and absorption, oxidative phosphorylation, pentose phosphate,

https://www.mzcloud.org/
https://hmdb.ca/metabolites
https://www.genome.jp/kegg/pathway.html
http://www.lipidmaps.org/
http://metax.genomics.cn/


Molecules 2021, 26, 2177 13 of 15

and purine and pyrimidine metabolism. From the perspective of metabolomics, the present
study provides insight into the causes of myocardial injury due to chronic alcohol exposure
and lays a foundation for further research investigating its underlying mechanism.

Supplementary Materials: The following are available online, Figure S1. The heart/body weight
ratio (# p < 0.01). Figure S2. Representative Sirius red staining of myocardium (200×). (A) Control
group (400×); (B) ACM group. Figure S3. Pearson’s correlations between quality control (QC)
samples. (A) Positive mode; (B) Negative mode. Figure S4. Principal components analysis (PCA)
among the control and ACM groups and QC samples. (A) Positive mode; (B) Negative mode.
Figure S5. Permutation tests (200 times) performed in the PLS-DA model. (A) Positive mode;
(B) Negative mode. PLS-DA, partial least squares discriminant analysis. Table S1. The main KEGG
pathways based on the differentially expressed metabolites in positive mode. Table S2. The main
KEGG pathways based on the differentially expressed metabolites in negative mode.

Author Contributions: Conceptualization, Z.C., R.Z. and D.G.; methodology, Z.C., T.W. and W.X.;
software, T.W. and W.X.; validation, Z.C., T.W. and W.X.; formal analysis, Z.C., T.W. and W.X.;
investigation, Z.C., T.W. and W.X.; resources, Z.C.; data curation, T.W. and W.X.; writing—original
draft preparation, Z.C.; writing—review and editing, M.T., R.Z. and D.G.; visualization, M.T. and
Z.C.; supervision, R.Z. and D.G.; project administration, B.Z., R.Z. and D.G.; funding acquisition, Z.C.
and D.G. All authors have read and agreed to the published version of the manuscript.

Funding: This study was financially supported by the National Natural Science Foundation of China
(Grant Number 82002001), the Natural Science Foundation of Liaoning Province (Grant Number
20180530004), and the Open Project of Forensic Pathology Key Laboratory, Ministry of Public Security
of China (Grant Number GABFYBL201804).

Institutional Review Board Statement: All animal experiments were approved by the Institutional
Animal Care and Use Committee of China Medical University (IACUC Issue No. CMU2019266)
and strictly conformed to the “Guide for the Care and Use of Laboratory Animals” prepared by the
Institute of Laboratory Animal Research and published by the National Institutes of Health (NIH
Publication No. 86–23, Revised 1985).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in article and Supple-
mentary Material.

Acknowledgments: We would like to thank Pingping Ren (China Medical University) for her kind
work on animal feeding.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples are available from the authors.

References
1. Cao, Z.; Zhang, T.; Xu, C.; Jia, Y.; Wang, T.; Zhu, B. AIN-93 Diet as an alternative model to Lieber-DeCarli diet for alcoholic

cardiomyopathy. Alcohol Clin. Exp. Res. 2019, 43, 1452–1461. [CrossRef]
2. Fernández-Solà, J. The effects of ethanol on the heart: Alcoholic cardiomyopathy. Nutrients 2020, 12, 572. [CrossRef]
3. Shaaban, A.; Gangwani, M.K.; Pendela, V.S.; Vindhyal, M.R. Alcoholic Cardiomyopathy; StatPearls Publishing LLC.: Treasure Island,

FL, USA, 2021.
4. Wang, W.; Liu, T.; Liu, Y.; Yu, L.; Yan, X.; Weng, W.; Lu, X.; Zhang, C. Astaxanthin attenuates alcoholic cardiomyopathy via

inhibition of endoplasmic reticulum stress-mediated cardiac apoptosis. Toxicol. Appl. Pharmacol. 2021, 412, 115378. [CrossRef]
5. Lai, Q.; Yuan, G.; Wang, H.; Liu, Z.; Kou, J.; Yu, B.; Li, F. Metabolomic profiling of metoprolol-induced cardioprotection in a

murine model of acute myocardial ischemia. Biomed. Pharmacother. 2020, 124, 109820. [CrossRef] [PubMed]
6. Sansbury, B.E.; DeMartino, A.M.; Xie, Z.; Brooks, A.C.; Brainard, R.E.; Watson, L.J.; DeFilippis, A.P.; Cummins, T.D.;

Harbeson, M.A.; Brittian, K.R.; et al. Metabolomic analysis of pressure-overloaded and infarcted mouse hearts. Circ. Heart Fail.
2014, 7, 634–642. [CrossRef] [PubMed]

7. Voutilainen, T.; Karkkainen, O. Changes in the human metabolome associated with alcohol use: A review. Alcohol Alcohol. 2019,
54, 225–234. [CrossRef] [PubMed]

8. Cao, Z.; Xia, W.; Zhang, X.; Yuan, H.; Guan, D.; Gao, L. Hepatotoxicity of nutmeg: A pilot study based on metabolomics. Biomed.
Pharmacother. 2020, 131, 110780. [CrossRef]

http://doi.org/10.1111/acer.14069
http://doi.org/10.3390/nu12020572
http://doi.org/10.1016/j.taap.2020.115378
http://doi.org/10.1016/j.biopha.2020.109820
http://www.ncbi.nlm.nih.gov/pubmed/31972362
http://doi.org/10.1161/CIRCHEARTFAILURE.114.001151
http://www.ncbi.nlm.nih.gov/pubmed/24762972
http://doi.org/10.1093/alcalc/agz030
http://www.ncbi.nlm.nih.gov/pubmed/31087088
http://doi.org/10.1016/j.biopha.2020.110780


Molecules 2021, 26, 2177 14 of 15

9. Wu, S.L.; Wei, T.Y.; Lin, S.W.; Su, K.Y.; Kuo, C.H. Metabolomics investigation of voriconazole-induced hepatotoxicity in mice.
Chem. Res. Toxicol. 2019, 32, 1840–1849. [CrossRef] [PubMed]

10. Choi, R.Y.; Ji, M.; Lee, M.K.; Paik, M.J. Metabolomics study of serum from a chronic alcohol-fed rat model following administration
of defatted Tenebrio molitor larva fermentation extract. Metabolites 2020, 10, 436. [CrossRef] [PubMed]

11. Mavrelis, P.G.; Ammon, H.V.; Gleysteen, J.J.; Komorowski, R.A.; Charaf, U.K. Hepatic free fatty acids in alcoholic liver disease
and morbid obesity. Hepatology 1983, 3, 226–231. [CrossRef] [PubMed]

12. Zhang, Y.; Chen, H.; Zhang, W.; Cai, Y.; Shan, P.; Wu, D.; Zhang, B.; Liu, H.; Khan, Z.A.; Liang, G. Arachidonic acid inhibits
inflammatory responses by binding to myeloid differentiation factor-2 (MD2) and preventing MD2/toll-like receptor 4 signaling
activation. Biochim. Biophys. Acta Mol. Basis Dis. 2020, 1866, 165683. [CrossRef]

13. Wong, S.W.; Kwon, M.J.; Choi, A.M.; Kim, H.P.; Nakahira, K.; Hwang, D.H. Fatty acids modulate toll-like receptor 4 activation
through regulation of receptor dimerization and recruitment into lipid rafts in a reactive oxygen species-dependent manner.
J. Biol. Chem. 2009, 284, 27384–27392. [CrossRef]

14. Shahidi, F.; Ambigaipalan, P. Omega-3 polyunsaturated fatty acids and their health benefits. Annu. Rev. Food Sci. Technol. 2018, 9,
345–381. [CrossRef]

15. Yamaguchi, A.; Stanger, L.; Freedman, C.J.; Standley, M.; Hoang, T.; Adili, R.; Tsai, W.C.; van Hoorebeke, C.; Holman, T.R.;
Holinstat, M. DHA 12-LOX-derived oxylipins regulate platelet activation and thrombus formation through a PKA-dependent
signaling pathway. J. Thromb. Haemost. 2020, 19, 839–851. [CrossRef] [PubMed]

16. Yeung, J.; Adili, R.; Yamaguchi, A.; Freedman, C.J.; Chen, A.; Shami, R.; Das, A.; Holman, T.R.; Holinstat, M. Omega-6 DPA and
its 12-lipoxygenase-oxidized lipids regulate platelet reactivity in a nongenomic PPARalpha-dependent manner. Blood Adv. 2020,
4, 4522–4537. [CrossRef]

17. Drouin, G.; Rioux, V.; Legrand, P. The n-3 docosapentaenoic acid (DPA): A new player in the n-3 long chain polyunsaturated fatty
acid family. Biochimie 2019, 159, 36–48. [CrossRef]

18. Zhu, L.; Zhang, Y.; Guo, Z.; Wang, M. Cardiovascular biology of prostanoids and drug discovery. Arterioscler. Thromb. Vasc. Biol.
2020, 40, 1454–1463. [CrossRef]

19. Wang, Y.; Qian, Y.; Fang, Q.; Zhong, P.; Li, W.; Wang, L.; Fu, W.; Zhang, Y.; Xu, Z.; Li, X.; et al. Saturated palmitic acid induces
myocardial inflammatory injuries through direct binding to TLR4 accessory protein MD2. Nat. Commun. 2017, 8, 13997. [CrossRef]
[PubMed]

20. Rocha, D.M.; Caldas, A.P.; Oliveira, L.L.; Bressan, J.; Hermsdorff, H.H. Saturated fatty acids trigger TLR4-mediated inflammatory
response. Atherosclerosis 2016, 244, 211–215. [CrossRef] [PubMed]

21. Lee, Y.; Lai, H.T.M.; de Oliveira Otto, M.C.; Lemaitre, R.N.; McKnight, B.; King, I.B.; Song, X.; Huggins, G.S.; Vest, A.R.;
Siscovick, D.S.; et al. Serial biomarkers of de novo lipogenesis fatty acids and incident heart failure in older adults: The
cardiovascular health study. J. Am. Heart Assoc. 2020, 9, e014119. [CrossRef] [PubMed]

22. Xie, Z.; Wang, S.; Liang, Z.; Zeng, L.; Lai, R.; Ye, Z.; Liao, P. Impacts of a specific cyclooxygenase-2 inhibitor on pressure
overload-induced myocardial hypertrophy in rats. Heart Surg. Forum 2019, 22, E432–E437. [CrossRef]

23. Cao, Z.; Jia, Y.; Zhu, B. BNP and NT-proBNP as diagnostic biomarkers for cardiac dysfunction in both clinical and forensic
medicine. Int. J. Mol. Sci. 2019, 20, 1820. [CrossRef]

24. Tian, M.; Xiao, Y.; Xue, J.; Zhang, Y.; Jia, Y.; Luo, X.; Wang, T.; Zhu, B.; Cao, Z. The expression of BNP, ET-1, and TGF-beta1 in
myocardium of rats with ventricular arrhythmias. Int. J. Mol. Sci. 2019, 20, 5845. [CrossRef]

25. Li, H.; Xu, W.; Jiang, L.; Gu, H.; Li, M.; Zhang, J.; Guo, W.; Deng, P.; Long, H.; Bu, Q.; et al. Lipidomic signature of serum from the
rats exposed to alcohol for one year. Toxicol. Lett. 2018, 294, 166–176. [CrossRef] [PubMed]

26. Engelbrecht, E.; MacRae, C.A.; Hla, T. Lysolipids in vascular development, biology, and disease. Arterioscler. Thromb. Vasc. Biol.
2020, 41, 564–584. [CrossRef]

27. Tan, S.T.; Ramesh, T.; Toh, X.R.; Nguyen, L.N. Emerging roles of lysophospholipids in health and disease. Prog. Lipid Res. 2020,
80, 101068. [CrossRef] [PubMed]

28. Tomczyk, M.M.; Dolinsky, V.W. The cardiac lipidome in models of cardiovascular disease. Metabolites 2020, 10, 254. [CrossRef]
[PubMed]

29. Jaremek, M.; Yu, Z.; Mangino, M.; Mittelstrass, K.; Prehn, C.; Singmann, P.; Xu, T.; Dahmen, N.; Weinberger, K.M.; Suhre, K.; et al.
Alcohol-Induced metabolomic differences in humans. Transl. Psychiatry 2013, 3, e276. [CrossRef]

30. Lacruz, M.E.; Kluttig, A.; Tiller, D.; Medenwald, D.; Giegling, I.; Rujescu, D.; Prehn, C.; Adamski, J.; Frantz, S.; Greiser, K.H.; et al.
Cardiovascular risk factors associated with blood metabolite concentrations and their alterations during a 4-year period in a
population-based cohort. Circ. Cardiovasc. Genet. 2016, 9, 487–494. [CrossRef]

31. Van Roekel, E.H.; Trijsburg, L.; Assi, N.; Carayol, M.; Achaintre, D.; Murphy, N.; Rinaldi, S.; Schmidt, J.A.; Stepien, M.;
Kaaks, R.; et al. Circulating metabolites associated with alcohol intake in the European Prospective investigation into cancer and
nutrition cohort. Nutrients 2018, 10, 654. [CrossRef]

32. Yore, M.M.; Syed, I.; Moraes-Vieira, P.M.; Zhang, T.; Herman, M.A.; Homan, E.A.; Patel, R.T.; Lee, J.; Chen, S.; Peroni, O.D.; et al.
Discovery of a class of endogenous mammalian lipids with anti-diabetic and anti-inflammatory effects. Cell 2014, 159, 318–332.
[CrossRef]

http://doi.org/10.1021/acs.chemrestox.9b00176
http://www.ncbi.nlm.nih.gov/pubmed/31411454
http://doi.org/10.3390/metabo10110436
http://www.ncbi.nlm.nih.gov/pubmed/33138187
http://doi.org/10.1002/hep.1840030215
http://www.ncbi.nlm.nih.gov/pubmed/6832713
http://doi.org/10.1016/j.bbadis.2020.165683
http://doi.org/10.1074/jbc.M109.044065
http://doi.org/10.1146/annurev-food-111317-095850
http://doi.org/10.1111/jth.15184
http://www.ncbi.nlm.nih.gov/pubmed/33222370
http://doi.org/10.1182/bloodadvances.2020002493
http://doi.org/10.1016/j.biochi.2019.01.022
http://doi.org/10.1161/ATVBAHA.119.313234
http://doi.org/10.1038/ncomms13997
http://www.ncbi.nlm.nih.gov/pubmed/28045026
http://doi.org/10.1016/j.atherosclerosis.2015.11.015
http://www.ncbi.nlm.nih.gov/pubmed/26687466
http://doi.org/10.1161/JAHA.119.014119
http://www.ncbi.nlm.nih.gov/pubmed/32020839
http://doi.org/10.1532/hsf.1971
http://doi.org/10.3390/ijms20081820
http://doi.org/10.3390/ijms20235845
http://doi.org/10.1016/j.toxlet.2018.05.011
http://www.ncbi.nlm.nih.gov/pubmed/29758358
http://doi.org/10.1161/ATVBAHA.120.305565
http://doi.org/10.1016/j.plipres.2020.101068
http://www.ncbi.nlm.nih.gov/pubmed/33068601
http://doi.org/10.3390/metabo10060254
http://www.ncbi.nlm.nih.gov/pubmed/32560541
http://doi.org/10.1038/tp.2013.55
http://doi.org/10.1161/CIRCGENETICS.116.001444
http://doi.org/10.3390/nu10050654
http://doi.org/10.1016/j.cell.2014.09.035


Molecules 2021, 26, 2177 15 of 15

33. Zhu, Q.F.; Yan, J.W.; Gao, Y.; Zhang, J.W.; Yuan, B.F.; Feng, Y.Q. Highly sensitive determination of fatty acid esters of hydroxyl
fatty acids by liquid chromatography-mass spectrometry. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2017, 1061–1062, 34–40.
[CrossRef] [PubMed]

34. Kuda, O.; Brezinova, M.; Rombaldova, M.; Slavikova, B.; Posta, M.; Beier, P.; Janovska, P.; Veleba, J.; Kopecky, J., Jr.;
Kudova, E.; et al. Docosahexaenoic acid-derived fatty acid esters of hydroxy fatty acids (FAHFAs) with anti-inflammatory
properties. Diabetes 2016, 65, 2580–2590. [CrossRef]

35. Dongoran, R.A.; Lin, T.J.; Byekyet, A.; Tang, S.C.; Yang, J.H.; Liu, C.H. Determination of major endogenous FAHFAs in healthy
human circulation: The correlations with several circulating cardiovascular-related biomarkers and anti-inflammatory effects on
RAW 264.7 cells. Biomolecules 2020, 10, 1689. [CrossRef] [PubMed]

36. Dastur, D.K.; Santhadevi, N.; Quadros, E.V.; Avari, F.C.; Wadia, N.H.; Desai, M.N.; Bharucha, E.P. The B-vitamins in malnutrition
with alcoholism. A model of intervitamin relationships. Br. J. Nutr. 1976, 36, 143–159. [CrossRef] [PubMed]

37. Sechi, G.; Sechi, E.; Fois, C.; Kumar, N. Advances in clinical determinants and neurological manifestations of B vitamin deficiency
in adults. Nutr. Rev. 2016, 74, 281–300. [CrossRef]

38. Jiawan, A.; Tandjung, K. New-Onset heart failure. JAMA Cardiol. 2019, 4, 592–593. [CrossRef]
39. DiNicolantonio, J.J.; Liu, J.; O’Keefe, J.H. Thiamine and cardiovascular disease: A literature review. Prog. Cardiovasc. Dis. 2018, 61,

27–32. [CrossRef]
40. Page, G.L.; Laight, D.; Cummings, M.H. Thiamine deficiency in diabetes mellitus and the impact of thiamine replacement on

glucose metabolism and vascular disease. Int. J. Clin. Pract. 2011, 65, 684–690. [CrossRef]
41. Subramanian, V.S.; Subramanya, S.B.; Ghosal, A.; Said, H.M. Chronic alcohol feeding inhibits physiological and molecular

parameters of intestinal and renal riboflavin transport. Am. J. Physiol. Cell Physiol. 2013, 305, C539–C546. [CrossRef]
42. Keith, M.E.; Walsh, N.A.; Darling, P.B.; Hanninen, S.A.; Thirugnanam, S.; Leong-Poi, H.; Barr, A.; Sole, M.J. B-Vitamin deficiency

in hospitalized patients with heart failure. J. Am. Diet. Assoc. 2009, 109, 1406–1410. [CrossRef] [PubMed]
43. Zimmer, H.G. The oxidative pentose phosphate pathway in the heart: Regulation, physiological significance, and clinical

implications. Basic Res. Cardiol. 1992, 87, 303–316. [CrossRef] [PubMed]
44. Asnani, A.; Shi, X.; Farrell, L.; Lall, R.; Sebag, I.A.; Plana, J.C.; Gerszten, R.E.; Scherrer-Crosbie, M. Changes in citric acid cycle and

nucleoside metabolism are associated with anthracycline cardiotoxicity in patients with breast cancer. J. Cardiovasc. Transl. Res.
2020, 13, 349–356. [CrossRef]

45. Lian, J.S.; Liu, W.; Hao, S.R.; Guo, Y.Z.; Huang, H.J.; Chen, D.Y.; Xie, Q.; Pan, X.P.; Xu, W.; Yuan, W.X.; et al. A serum metabonomic
study on the difference between alcohol-and HBV-induced liver cirrhosis by ultraperformance liquid chromatography coupled to
mass spectrometry plus quadrupole time-of-flight mass spectrometry. Chin. Med. J. 2011, 124, 1367–1373. [PubMed]

46. Mittal, A.; Dabur, R. Detection of new human metabolic urinary markers in chronic alcoholism and their reversal by aqueous
extract of Tinospora cordifolia stem. Alcohol Alcohol. 2015, 50, 271–281. [CrossRef]

47. Irwin, C.; van Reenen, M.; Mason, S.; Mienie, L.J.; Wevers, R.A.; Westerhuis, J.A.; Reinecke, C.J. The 1H-NMR-based metabolite
profile of acute alcohol consumption: A metabolomics intervention study. PLoS ONE 2018, 13, e0196850. [CrossRef]

48. Vikhert, A.M.; Tsiplenkova, V.G.; Cherpachenko, N.M. Alcoholic cardiomyopathy and sudden cardiac death. J. Am. Coll. Cardiol.
1986, 8, 3A–11A. [CrossRef]

49. Silvestri, F.; Bussani, R. Hypoxic right ventricular cardiomyopathy. A morphological and pathogenetic study on the myocardial
atrophy and fatty infiltration. Pathologica 1990, 82, 593–616.

50. Want, E.J.; Masson, P.; Michopoulos, F.; Wilson, I.D.; Theodoridis, G.; Plumb, R.S.; Shockcor, J.; Loftus, N.; Holmes, E.;
Nicholson, J.K. Global metabolic profiling of animal and human tissues via UPLC-MS. Nat. Protoc. 2013, 8, 17–32. [CrossRef]

51. Wang, X.; Zhang, M.; Ma, J.; Zhang, Y.; Hong, G.; Sun, F.; Lin, G.; Hu, L. Metabolic changes in paraquat poisoned patients and
support vector machine model of discrimination. Biol. Pharm. Bull. 2015, 38, 470–475. [CrossRef]

52. Broadhurst, D.I.; Kell, D.B. Statistical strategies for avoiding false discoveries in metabolomics and related experiments.
Metabolomics 2006, 2, 171–196. [CrossRef]

53. Musharraf, S.G.; Siddiqui, A.J.; Shamsi, T.; Choudhary, M.I.; Rahman, A.U. Serum metabonomics of acute leukemia using nuclear
magnetic resonance spectroscopy. Sci. Rep. 2016, 6, 30693. [CrossRef] [PubMed]

54. Sedghipour, M.R.; Sadeghi-Bazargani, H. Applicability of supervised discriminant analysis models to analyze astigmatism
clinical trial data. Clin. Ophthalmol. 2012, 6, 1499–1506. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jchromb.2017.06.045
http://www.ncbi.nlm.nih.gov/pubmed/28704723
http://doi.org/10.2337/db16-0385
http://doi.org/10.3390/biom10121689
http://www.ncbi.nlm.nih.gov/pubmed/33348748
http://doi.org/10.1017/S0007114500020158
http://www.ncbi.nlm.nih.gov/pubmed/182198
http://doi.org/10.1093/nutrit/nuv107
http://doi.org/10.1001/jamacardio.2019.0187
http://doi.org/10.1016/j.pcad.2018.01.009
http://doi.org/10.1111/j.1742-1241.2011.02680.x
http://doi.org/10.1152/ajpcell.00089.2013
http://doi.org/10.1016/j.jada.2009.05.011
http://www.ncbi.nlm.nih.gov/pubmed/19631047
http://doi.org/10.1007/BF00796517
http://www.ncbi.nlm.nih.gov/pubmed/1384463
http://doi.org/10.1007/s12265-019-09897-y
http://www.ncbi.nlm.nih.gov/pubmed/21740750
http://doi.org/10.1093/alcalc/agv012
http://doi.org/10.1371/journal.pone.0196850
http://doi.org/10.1016/S0735-1097(86)80023-7
http://doi.org/10.1038/nprot.2012.135
http://doi.org/10.1248/bpb.b14-00781
http://doi.org/10.1007/s11306-006-0037-z
http://doi.org/10.1038/srep30693
http://www.ncbi.nlm.nih.gov/pubmed/27480133
http://doi.org/10.2147/OPTH.S34907
http://www.ncbi.nlm.nih.gov/pubmed/23055670

	Introduction 
	Results 
	Morphological Changes in the Heart of ACM Model Mice 
	Assessment of Cardiac Function 
	Metabolic Pattern in the Myocardium of ACM Model Mice 
	Sample Quality Control (QC) 
	PCA and Partial Least Squares Discriminant Analysis (PLS-DA) Results of the ACM and Control Groups 
	Volcano Plot and Heatmaps of Differentially Expressed Metabolites 
	Enrichment of KEGG Pathway Analysis 


	Discussion 
	Metabolism of Fatty Acids 
	Metabolism of Lipids 
	Metabolism of B Vitamins 
	Metabolism of Pyrimidines and Purines 

	Materials and Methods 
	Chemical Reagents 
	Animal Model and Sample Collection 
	Histological Staining 
	Echocardiography 
	ELISA 
	Real-Time Quantitative PCR (qPCR) 
	Metabolite Extraction 
	Metabolomic Analysis QC 
	Analysis of UHPLC-MS/MS 
	Processing of Data and Identification of Metabolite 
	Statistical Analysis 

	Conclusions 
	References

