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Abstract

Background: Acylcamitine is an intermediate product of fatty acid oxidation. It is reported to be closely associated
with the occurrence of diabetic cardiomyopathy (DCM). However, the mechanism of acylcarnitine affecting
myocardial disorders is yet to be explored. This current research explores the different chain lengths of
acylcarnitines as biomarkers for the early diagnosis of DCM and the mechanism of acylcarnitines for the
development of DCM in-vitro.

Methods: In a retrospective non-interventional study, 50 simple type 2 diabetes mellitus patients and 50 DCM
patients were recruited. Plasma samples from both groups were analyzed by high throughput metabolomics and
cluster heat map using mass spectrometry. Principal component analysis was used to compare the changes
occurring in the studied 25 acylcarnitines. Multivariable binary logistic regression was used to analyze the odds ratio
of each group for factors and the 95% confidence interval in DCM. Myristoylcarnitine (C14) exogenous intervention
was given to H9c2 cells to verify the expression of lipid metabolism-related protein, inflammation-related protein
expression, apoptosis-related protein expression, and cardiomyocyte hypertrophy and fibrosis-related protein
expression.

Results: Factor 1 (C14, lauroylcarnitine, tetradecanoyldiacylcarnitine, 3-hydroxyl-tetradecanoylcarnitine, arachidic carnitine,
octadecanoylcarnitine, 3-hydroxypalmitoleylcarnitine) and factor 4 (octanoylcarnitine, hexanoylcarnitine, decanoylcarnitine)
were positively correlated with the risk of DCM. Exogenous C14 supplementation to cardiomyocytes led to increased lipid
deposition in cardiomyocytes along with the obstacles in adenosine 5-monophosphate (AMP)-activated protein kinase
(AMPK) signaling pathways and affecting fatty acid oxidation. This further caused myocardial lipotoxicity, ultimately leading to
cardiomyocyte hypertrophy, fibrotic remodeling, and increased apoptosis. However, this effect was mitigated by the AMPK
agonist acadesine.
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fibrosis were alleviated by the acadesine.

Conclusions: The increased plasma levels in medium and long-chain acylcarnitine extracted from factors 1 and
4 are closely related to the risk of DCM, indicating that these factors can be an important tool for DCM risk
assessment. C14 supplementation associated lipid accumulation by inhibiting the AMPK/ACC/CPT1 signaling
pathway, aggravated myocardial lipotoxicity, increased apoptosis apart from cardiomyocyte hypertrophy and
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Introduction

The incidence of diabetes is increasing year by year [1].
However, with the ever-growing number of diabetes, the
macro-complications of diabetes such as diabetic cardio-
myopathy (DCM) are also increasing. DCM remains the
leading cause of death associated with diabetes [2, 3].
DCM is an abnormality of specific myocardial structure
with loss of function in diabetic patients, independent of
cardiomyopathy or other cardiovascular diseases such as
coronary artery disease, hypertension, and so on [4, 5].
At present, the pathogenesis of DCM has not been fully
clarified. However, the disease progression of DCM has
mainly been divided into three stages: 1) the early stage
of cell and metabolic dysfunction, with no apparent ef-
fect on systolic dysfunction; 2) the middle stage, where
cell apoptosis initiates with a slight increase in left ven-
tricular size, diastolic dysfunction, and left ventricular
ejection fraction < 50%; 3) the late-stage, which is gener-
ally characterized by the systolic and diastolic dysfunc-
tion, microvascular injury, cardiovascular autonomic
neuropathy, and eventually heart failure [6].

Energy metabolism inactivation in DCM patients is
manifested as lipotoxicity and decreased metabolic flexi-
bility associated with the early development of type 2
diabetes mellitus (T2DM) [7, 8]. The accumulation of
cellular lipids and free fatty acids causes organic cardiac
dysfunction in the middle and late stages as well as in
the early phase of DCM, which is an early event of dia-
betic heart function deterioration [9, 10]. Cardiac lipo-
toxicity is caused by the damage of fatty acid  oxidative,
particularly mitochondria overload disorders [11, 12].
Fatty acids are catalyzed by the endoplasmic co-enzyme
network and the acyl-CoA synthase at the outer mito-
chondrial membrane to form acyl-CoA before being
transported for oxidation and energy supply to the mito-
chondria through carnitine [13]. Abnormal fatty acid
oxidation can be assessed by acylcarnitines, which are
the intermediate oxidative metabolites consisting of es-
terified fatty acid of carnitine molecule.

Recently, the metabolic characteristics of amino acids
and acylcarnitines are linked with the occurrence and the
development of T2DM [14]. However, the relationship be-
tween acylcarnitine and DCM is still uncertain. Although
a reliable biomarker has not yet been determined, acylcar-
nitine can be used as a potential biomarker in DCM

development. However, the acylcarnitine effects on myo-
cardial disorders during the development of DCM are not
sufficiently clear. Therefore, the present study was carried
out, based on mass spectrometry targeted and high-
throughput metabolomics analysis on the plasma samples
of T2DM, to explore the metabolic changes of acylcarni-
tine for its potentials as a biomarker for early diagnosis of
DCM. In addition, this study also examined the acylcarni-
tine and its differential metabolites mechanism of action
in the development of DCM on myocardial cells, further
studying the correlation of acylcarnitine with myocardial
lipid metabolism disorders myocardial hypertrophy, and
fibrosis.

Materials and Methos

Patient data and research methods

Patient data

This prospective study included patients attending the
First Affiliated Hospital of Jinzhou Medical University
from January 2017 to January 2021. The Clinical Re-
search Ethics Committee approved this study of the First
Affiliated Hospital of Jinzhou Medical University. The
participants were divided into simple type 2 diabetes
mellitus (ST2DM) and DCM groups. Eligibility criteria
for patients with DCM in this study were: (1) Age > 18
years; (2) diagnosis of T2DM; (3) more than 5 years dur-
ation of T2DM; (3) cardiac expansion with contraction
or diastolic dysfunction as detected by cardiac color
Doppler ultrasound; (4) heart failure; and (5) early to late
diastolic trans mitral flow velocity < 1. Exclusion criteria
of the study were: (1) diagnosed as type 1 diabetes; (2)
pregnancy; (3) heart failure due to coronary heart dis-
ease, hypertension, myocarditis, rheumatic heart disease,
and/or other types of cardiomyopathies; and (4) acute
infection, malignant tumor & cognitive impairment.
Meantime, the clinical data including demographic index
such as age, gender, body mass index (BMI), fasting
blood glucose (FPG), systolic blood pressure (SBP), dia-
stolic blood pressure (DBP), triglycerides (TG), total
cholesterol (TC), low-density lipoprotein cholesterol
(LDL-C), high-density lipoprotein cholesterol (HDL-C),
glycated hemoglobin (HbAlc), postprandial blood glu-
cose (PBG), and acylcarnitine metabolites of the enrol-
lees were retrieved from the hospital’s electronic
database.
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Acylcarnitine metabolites were detected by metabolo-
mics. The detailed detection methods are described in the
previous studies [15]. Under fasting conditions, blood
from the fingertip was collected from all subjects and
placed onto the special filter paper plate and after that,
evenly distributed dried blood spots were subjected for
metabolomics analysis after the detection by the tandem
mass spectrometer (AB Sciex, Framingham, MA, USA).

Cell culture

HO9c2 cells, which are rat cardiomyoblast cell lines, were
obtained from the Newgainbio company. The cells were
grown at 37 °C, and 5% CO2 in the atmosphere using
Dulbecco’s modification of Eagle’s medium Dulbecco
(DMEM) (4.5 g/L, D-Glucose, Gibco, Grand Island, NY,
USA) supplemented with 10% fetal bovine serum, peni-
cillin (100 units/ml), and streptomycin (100 ugs/ml)
(Gibco, Grand Island, NY, USA). For establishing a
model of myocardial insulin resistance and to simulate
the pathogenesis of DCM in-vivo, the H9¢c2 cells were
exposed to palmitic acid (PA) and DMEM [16]. The cells
were grouped as the control, the PA, the C14, the C14 +
Oxfenicine, and the Cl14+ acadesine (AICAR) group.
Control group: no treatments were performed; PA group:
incubation of H9¢2 cells with 0.3 mM PA and high glu-
cose medium for 24 h; C14 group: co-incubation of H9c2
cells with 25 uM C14 and high glucose medium for 24 h;
C14 + Oxfenicine group: co-incubation of H9¢2 cells with
25puM C14 and 3mM Oxfenicine with high glucose
medium for 24h [17]; CI14+AICAR group: co-
incubation of H9c2 cells with 25uM Cl14 and 1 mM
AICAR with high glucose medium for 24 h [18].

Preparation of PA

Fatty acid-free bovine serum albumin (BSA) and three-
distilled water prepared 40% BSA mother liquor. Then
PA was prepared in 0.01 mol/L. NaOH solution to pre-
pare a 40 mM PA storage solution in a water bath at
75°C for 30 min. The 40 mM PA solution was quickly
added to the 40% BSA solution, and after that, the solu-
tion was solubilized at 55°C for 30 min. The dissolved
solution was filtered at the workbench to obtain a 20
mM PA stock solution. For the experiments, the work-
ing concentration of PA was diluted with DMEM con-
taining 10% fetal bovine serum. In contrast, the NaOH
mixed with 40%BSA at the same concentration was used
as a negative control.

Cell viability assay
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was used to evaluate the cytotox-
icity of H9c2 incubated with PA and C14. At 37 °C and
5% CO, in the atmosphere, the H9¢2 were incubated
with gradient concentration of either PA (0.01, 0.03,
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0.05, 0.2, 0.3, 0.5, 0.6, 0.8, 1.0 mM) or C14 (5, 10, 20, 25,
30, 50, 70, 85,100 uM) for 24 h. Following the incuba-
tion, 20 ul MTT solution (5 mg/mL) was added to cells
for 4h. Afterward, the supernatant was discarded, and
150 pl dimethyl sulfoxide was added to cells for 10 min.
A microplate reader was taken to record the absorbance
at 490 nm.

Measurement of glucose intake

According to the manufacturer’s instructions, glucose
uptake was measured using 2-NBDG (N13195, Thermo
Fisher Scientific, USA). 0.3 mM PA was added to cells
for 24 h, following the treatment with 50 pm 2-NBDG in
a glucose-free medium for 30 min. Finally, the micro-
plate reader was used to record the fluorescence inten-
sity absorbance.

Western blotting

Western blotting analysis was performed [19], and bands in-
tensity was calculated using Image] software. Anti-Bcl-2
(AF6139), anti-pan-AKT1/2/3 (AF6261), anti-phospho-pan-
AKT1/2/3(Ser473) (AF0016), anti-IL-1 (AF5103), anti-
Cleaved-Caspase3 (AF7022), anti-TNF-a (AF7014), anti-Bax
(AF0120), anti-MMP9 (AF5228), anti-CPT1b (AF3094) anti-
bodies were purchased from Affinity biosciences in Jiangsu,
China. Whereas anti-Collagen 1 (ab260043) antibody was
purchased from Abcam in Shanghai, China. Anti-AMPK«
(2532S), anti-TGEp (3711S), anti-ACC (3662S), anti-p-ACC
(Ser79) (3661S), and anti-p-AMPKa (Thr172) (2535S) were
purchased from Cell Signaling Technology in Shanghai,
China. Anti-MYHC (sc-376,157) was purchased from Santa
Cruz in Shanghai, China. Finally, an imaging system (Tanon,
Shanghai, China) was used to detect and visualize the signal.

Immunofluorescent dual-labeling staining

After H9c2 cells were treated as described in 2.2, perme-
abilized with 0.1% Triton-X at room temperature for 15 min,
and finally washed thrice with phosphate-buffered saline
(PBS). The cells were incubated with goat serum for two
hours at room temperature and then overnight in primary
antibodies at 4°C. The primary antibodies used are as
follows: anti-CPT1b (1:500, Affinity Biosciences, AF3094);
anti-TNF-a  (1:500, Affinity Biosciences, AF7014); anti-
Cleaved-Caspase3 (1:500, Affinity biosciences, AF7022,));
anti-Bcl-2  (1:500, Affinity Biosciences, AF6139); anti-
Collagen I (1:200, Abcam, ab260043); anti-MYHC (1:200,
Santa Cruz, sc-376,157). The following day, the cells were
then incubated with the secondary antibodies. The secondary
antibodies used are as follows: goat anti-rabbit IgG or goat
anti-mouse IgG (1:250, Alexa Fluor 488/594, Thermo Fisher
Science, A- 11034/A-11005). The cells were additionally
stained with 4’6-Diamidino-2-phenylindole (DAPI) for 15
min. Finally, the immune-stained cells were observed with a
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fluorescence microscope, and the fluorescence intensity was
analyzed with ImageJ software.

Oil red O staining analysis

The Cell Oil Red O (ORO) Staining Kit was purchased
from Solarbio Biotechnology (Beijing, China). Briefly, the
cells were incubated with ORO for 20-30 min. Then
60% isopropanol was added, and the cells were soaked
for 5 min. After discarding 60% isopropanol, freshly pre-
pared ORO was added to the cells for 10-20 min for the
disseminated staining. Afterward, the staining solution
was discarded. Then Mayer hematoxylin staining solu-
tion was added to the cells for 1-2 min to stain the nu-
cleus. After the incubation, the staining solution was
discarded, and cells were washed with water 2—5 times.
Afterward, ORO Buffer was added for 1min, and then
the staining solution was discarded. Finally, distilled
water was added to cover the cells and observed under
an optical microscope for imaging. Cells were re-stained
with iso-pharanol, and each well was measured with a
microplate reader at 490 nm for quantifying the lipid de-
position levels. The optical density represents the rela-
tive degree of lipolysis at 490 nm wavelength.

Measurement of free fatty acid and cholesterol

In the H9c2 cells, the free fatty acids and triglycerides
were measured with a commercial kit purchased by
Solarbio Biotechnology (Beijing, China). The manufac-
turer’s instructions and calculation formulas were used
to calculate free fatty acids and cholesterol levels, as pro-
vided by the commercial assay Kkits.

Table 1 Baselines characteristic of subjects

Variables DCM ST2DM P

N 50 (50%) 50 (50%)
Age, years 4742 +743 4408 +532 0.01*
Male, gender 22 (44%) 29 (58%) 0.161**
BMI, kg/m? 2561 +344 2471+1.20 0.082*
SBP, mmHg 129+6.92 127 £57 0.065*
DBP, mmHg 80+ 12.60 79+£641 0.066*

FPG, mmol/L 8.96 +£0.67 8.01+£047 <0.001*

PBG, mmol/L 1743+142 16.60 £ 0.50 <0.001*
HbA1c, % 8.75+0.36 760 £0.39 <0.001*
TG, mmol/L 1.73 £0.65 1.16+0.38 <0.001*
TC, mmol/L 434+062 4.16+0.57 0.129%
LDL-C, mmol/L 240+0.37 2.34+£042 0452*
HDL-C, mmol/L 0.99+0.12 1.02 +0.84 0.166*

All data are represented as n (%), means + standard deviation

*p-values represent differences among groups as compared by Student's t-
test. **p-values represent differences among groups as compared by
Chi-squared test
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Lipid peroxidation test

Amount of lipid peroxidation was detected by BODIPY™
581/591 C11 (C10445; Thermo Fisher). The cells were
directly stimulated with BODIPY™ 581/591 C11 for 30
min, and then the fluorescence was detected by confocal
microscopy. This study used a method to perform Lipid
peroxidation assay as described earlier [19].

Detection of mitochondrial membrane potential and
apoptosis and TUNEL assay

Mitochondrial Membrane Potential and Apoptosis De-
tection Kit One-step TUNEL cell apoptosis detection kit
was used (from the Beyotime Institute of Biotechnology,
Shanghai, China). The fluorescence intensity analysis
was done by Image] software.

Data analysis
Statistical Product and Service Solutions (SPSS) 26.0

software was used to process all the data. The Chi-

Table 2 Acylcarnitine profile in DCM patients

Variables DCM ST2DM P
Median (interquartile) Median (interquartile)

C0, uM 30.95 (24.77-36.84) 24.59 (2045-31.54) 0.002
C2, uM 1293 (1043-16.40) 10.76 (8.87-15.36) 0.039
3, uM 1.87 (1.43-2.30) 165 (1.1 18) 0.119
C4, uM 0.23 (0.16-0.34) 9 (0.15-0.24) 0.058
C4-OH, uM 0.05 (0.03-0.10) 0.05 (0.03-0.07) 0275
C4DC, uM 1(0.21-0.85) 0.30 (0.24-041) 0.088
C5, uM .13 (0.09-0.16) 4(0.11-0.19) 0.042
C5-OH, pM .19 (0.13-0.28) 8 (0.14-0.26) 0923
C5:1, uM .03 (0.02-0.07) 0.04 (0.02-0.06) 0.774
6, uM .07 (0.06-0.09) 0.07 (0.05-0.08) 0.236
8, uM 1(0.07-0.1 0.06 (0.04-0.08) <0.001
C10, uM 6 (0.08-0.27) 0.05 (0.03-0.07) <0.001
C12, uM 0.08 (0.06-0.10) 0.05 (0.03-0.07) <0.001
C14, uM 0.08 (0.05-0.1 0.06 (0.04-0.08) 0.002
C14-OH, M 0.04 (0.02-0.07) 0.03 (0.02-0.04) 0.016
C14DC, uM 0.03 (0.02-0.05) 0.02 (0.02-0.04) 0362
C16, uM 1.02 (0.76-142) 0.78 (0.62-0.92) <0.001
C16-OH, M 0.02 (0.02-0.03) 0.02 (0.02-0.03) 0.668
C16:1-OH, uM  0.05 (0.03-0.07) 0.04 (0.03-0.05) 0.030
C18, uM 0.54 (0.38-0.71) 048 (0.36-0.59) 0.133
C20, uM 0.03 (0.02-0.05) 0.02 (0.02-0.03) 0.012
C22, uM 0.06 (0.03-0.08) 0.05 (0.04-0.07) 0319
C24, uM 0.04 (0.03-0.06) 0.03 (0.02-0.04) 0.036
€26, uM 0.03 (0.02-0.04) 0.03 (0.02-0.04) <0.001
C14:1, uM 0 (0.06-0.16) 0.06 (0.03-0.08) <0.001

The content of 25 acylcarnitines data, presented with a median with IQR and
compared between groups using the Wilcoxon signed-rank test
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Fig. 1 The heat map showing the changes in 25 acylcaritines and their differences between the two groups. Group A represents the ST2DM
group, and group B represents the DCM group. The heat map shows the expression of medium and long-chain acylcaritine in group B
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square test or Fisher’s exact test was used to compare
Categorical data between two groups. At the same time,
the P-P plot tested the continuous variables for the nor-
mality tests. Continuous variables were first tested for
normal distribution. If the data fit a normal distribution,
they were presented as Means + Standard deviation (SD)
and compared using student’s t-test. However, If the
data did not follow the normal distribution, it was pre-
sented with a median with interquartile range (IQR) and
compared using the Wilcoxon signed-rank test. More
than two groups of data were analyzed using one-way
ANOVA. The data was also tested for homogeneity of
variance. If the variances were equal, the Bonferroni post
hoc test was performed. But in the case where the vari-
ance of the data was not equal, Mann- Whitney U-test
was used for data analysis. Finally, factor analysis was
used to compare the acylcarnitines. Multivariable binary
logistic regression was applied to analyze odds ratios
(OR) and 95% confidence intervals (CI) of the acylcarni-
tine factors extracted from groups. The value of P < 0.05
was considered statistically significant.

Results

Clinical data of patients

This study included 100 participants, divided into the
DCM (50 patients) and the ST2DM group (50 patients).

The demographic description of the patients is shown in
Table 1. Compared with the patients in the ST2DM, the
patients in the DCM group were older and had higher
FPG, PBG, HbAlc, and TG. However, no apparent dis-
crepancies in BMI, SBP, DBP, TC, HDL-C, and LDL-C
were observed between both groups. In the DCM group,
Co, C2, C8, C10, C12, C14, C14-OH, C14DC, C14:1,
C16, C16:1-0H, C20, C24, and C26 were higher than in
the ST2DM group, while C5 levels were lower. However,
other acylcarnitines were comparable in the two groups
(Table 2). The heat map in Fig. 1 represents the trends
and the detected difference observed for all metabolites
in the two groups.

Extracted factors of Acylcarnitines

The high Kaiser-Meyer-Olkin coefficient of 0.898 and
the P-value of Bartlett’s sphericity test < 0.0001 were sig-
nificant for the extracted factors, confirming the accept-
ability of the factor analysis results is acceptable.
Eigenvalue, community, and gravel plots were used to
decide the number of acylcarnitine factors. The specific
requirements for making the distinctions were as fol-
lows: eigenvalue > 1, community >50%, and factor num-
ber on the steep slope of gravel map. The eigenvalues of
factors 1-5 were more significant than 1 and showed
steep slope of the pebble map (Fig. 2). Therefore, this
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research extracted six factors and listed the acylcarnitine
loadings on the five factors after varimax rotation, as
listed in Table 3. Factor 1 comprised C14, C12, C14DC,
C14-OH, C20, C18, C16:1-OH; factor 2 comprised C26,
Cl14:1, C24, C22, C4-OH; factor 3 comprised C2, C3,
C4, C16; factor4d comprised C8, C6, C10; factor 5 in-
cluded C5-OH, C4DC, C0; and factor 6 comprised C5,
C16-OH. All the studied six factors were explained
76.40% of the total variance.

Associations between extracted factors and DCM risk in
T2DM

In the univariate analysis, factors 1, 2, 3, and 4 were
positively correlated with DCM, however, factor 6 was
negatively correlated with DCM. Model 2 demonstrates
the analysis and adjustment of all aspects, but only

Table 3 Factor and their loadings derived by 25 acylcarnitine
metabolites

Variables Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6

C14 0.945 -0.098 -0.070 0.066 0.019 0.002
c12 0.881 0.036 0.029 0335 0.003 -0.010
C14DC 0.735 0.357 0.114 -0.109  0-.051 0.229
C14-OH  0.729 0.374 0.028 0.207 0.223 0.011
C20 0.687 0515 0.047 0.123 0.192 0.047
18 0.624 0.271 0416 -0046 0137 -0.183
C16:1-OH 0.603 0372 0.389 -0.067 0276 0.159
C26 0.251 0.739 0.235 0420 0.065 —-0.156
C14:1 0.268 0.735 0.227 0422 0.049 -0.133
24 0.324 0.706 0.065 0.107 0.141 0.094
€22 0219 0.696 0.070 -0003  0.251 0.284
C4-OH 0.030 0.667 0485 0.038 0.209 0.167
(@] 0.040 0.105 0.837 0.180 0.121 -0.023
a3 0.122 0.025 0.777 0.058 0.250 0.134
C4 -0.093 0349 0.741 0.169 0.159 0.222
C16 0462 0.289 0.605 0.062 0.146 —-0.264
c8 0.126 0.215 0.091 0.905 0.130 —-0.044
6 0.027 -0.031 0136 0.842 -0.077 0277
C10 0.147 0.357 0.169 0.782 0.240 -0.229
C5-OH 0.105 0.215 0.156 0013 0.849 0.076
C4DC 0.086 0.331 0.213 0073 0.747 =0.177
0 0.082 -0.110 0452 0.170 0.681 0.051
C5:1 0.049 0.466 0.082 0.076 0476 0.306
(@) -0022 0125 0493 0.094 0.109 0.645
C16-OH 0490 0.211 -0.045 —-0045 -0055 0.529

Principal component analysis of extracted factors from 25 acylcarnitines
according to eigenvalue > 1, lithotripsy, and cumulative variance. To maximize
the variance difference of each factor, varimax rotation is used. Each black
labeled acylcarnitine in each column defines a factor in the corresponding
column (factor 1: C14, C12, C14DC, C14-OH, C20, C18, C16:1-OH; factor 2: C26,
C14:1, C24, C22, C4-OH; factor 3: C2, C3, C4, C16; factor4: C8, C6, C10; factor 5:
C5-OH, C4DC, CO; and factor 6: C5, C16-OH)
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factors 1 and 4 showed a significant positive relationship
with DCM, with factor 6 negatively correlated with
DCM. Other parameters such as sex, age, BMI, SBP,
DBP, TC, HDL-C, LDL-C, PBG, and HbAlc were fur-
ther adjusted in Model 3. The present study found that
only factors 1 and 4 were significantly positively corre-
lated to DCM, while factor 6 was negatively related to
DCM (Table 4).

Tandem mass spectrometry results for the medium and
Long-chain Acylcarnitine levels

The results of MTT analysis showed that following
24 h, the survival rate of H9c2 cells was significantly
inhibited, with the 50% reduction in the cell survival
ability, with the treatment of PA at a concentration
more than 300 uM. Therefore, 300 uM PA was se-
lected to intervene in H9c2 cells to establish the insu-
lin resistance model for the subsequent experiments
(Fig. 3A). As shown in Fig. 3B, with respect to the
control group, the glucose uptake in the PA group
was markedly decreased. In line, p-AKT/AKT protein
level in the PA group was also reduced, as observed
through western blotting analysis (Fig. 3C-D), suggest-
ing the successful establishment of the cellular insulin
resistance model. The tandem mass spectrometry

Table 4 Univariable and multivariable association of factors

with DCM

Model Factor OR 95%Cl P

Model 1 Factor 1 573 2.53-12.96 <0.001
Factor 2 1.36 1.01-1.82 0.042
Factor 3 142 1.06-1.90 0.018
Factor 4 443 2.32-846 <0.001
Factor 5 0.98 0.74-1.29 0.877
Factor 6 0.28 0.17-045 <0.001

Model 2 Factor 1 7.08 1.73-28.96 0.007
Factor 2 1.65 0.80-34 0.178
Factor 3 1.32 0.81-2.16 0.268
Factor 4 1059 4.36-25.71 <0.001
Factor 5 0.89 0.58-1.36 0.581
Factor 6 0.11 0.53-0.24 <0.001

Model 3 Factor 1 10.09 2.78-36.58 0.01
Factor 2 142 0.96-2.11 0.08
Factor 3 147 0.99-2.18 0.056
Factor 4 333 1.45-7.67 0.004
Factor 5 0.73 048-1.12 0.152
Factor 6 0.23 0.12-047 <0.001

Model 1: Univariable model; Model 2: Multivariable model, adjusted for other
Acylcarnitine factors; Model 3: Multivariable model, further adjusted for sex,
body mass index, systolic blood pressure, diastolic blood pressure, total
cholesterol, low density lipoprotein cholesterol, high density lipoprotein
cholesterol, age, and postprandial blood glucose
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analysis of the cells showed that C0, C10, C14, C16,
C16-OH, C18, C20, and C22 were significantly higher
in the PA group compared with the control group.
Among all of them, the Cl14 levels increased the
most, however, decreases in the C3 and C5 levels
were observed (Fig. 3E).

C14 causes accumulation of lipids in cardiomyocytes with
induction pro-inflammatory reactions to increase cell
apoptosis

The MTT analysis showed that after 24 h, the survival
rate of H9c2 cells was significantly inhibited, with the
50% reduction in the cell survival ability, with the treat-
ment of C14 at a concentration of more than 25 pM.
Therefore 25 uM C14 was selected to intervene in H9c2
cells for the subsequent experiments (Fig. 3F). With re-
spect to the control group, the intracellular lipid depos-
ition in the PA and the C14 group increased variably,

Page 8 of 19

but here again, the PA group showed increased lipid
deposition than the C14 group as analyzed through
ORO staining (Fig. 4A-B). Further, compared to the
control group, the levels of TNFa, IL-1, and Cleaved-
caspase3 in the PA and C14 groups increased signifi-
cantly (Fig. 4C-D). The free fatty acids of H9c2 cells
in each group were measured, and the results showed
that the NEFA level of the PA group and the Cl4
group increased variably. However, the PA group had
a significant increase than the C14 group (Fig. 4E).
Immunofluorescence analysis revealed that TNFa and
Cleaved-caspase3 expression was much higher in the
PA and C14 group comparing with the control group
(Fig. 4G-H). Comparing with the control group, the
number of positive cells in the PA and C14 groups
were increased significantly. However, the number of
positive staining cells in the PA group was higher
than in the C14 group (Fig. 4F).
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Fig. 3 The results of tandem mass spectrometry showing the increased levels of medium and long-chain acylcarnitine. A MTT method was used to
detect the survival rate of H9c2 after PA (0.01, 0.03, 0.05, 0.2, 0.3, 0.5, 06, 0.8, 1.0 mM) treatment for 24 h to verify the virulence of PA (n =6). B
Measurement of glucose uptake using 2-NBDG (n = 6). C The expressions of p-AKT, AKT in each group (n = 6). D The analysis results of p-Akt and Akt
expression (n = 6). E Tandem mass spectrometry analysis was used to analyze the cells (n =7, data is presented with a median and compared using
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(See figure on previous page.)

Fig. 4 C14 caused the accumulation of lipids in cardiomyocytes and induced the pro-inflammatory mediators to increase the cell apoptosis. A
ORO staining was used to observe the lipid deposition (n =6, Scale bar =50 um, 100 um). B Quantitative analysis of intracellular lipid droplets. C
The expressions of TNFa, IL-1, and Cleaved-caspase3 in control, PA, and C14 group (n =6), as detected using western blotting. D The results of
TNFa, IL-1, and Cleaved-caspase3 expression. E The free fatty acids of H9c2 cells in each group was measured (n=6) and compared with the
treated and control group. F The data revealed positive expression of TNFa and cleaved-caspase 3 in H9¢2. (G-H) Immunofluorescence staining
results showing the levels of TNF-a and Cleaved-caspase3 in H9c2 (n =6, Scale bar =100 um). Data are represented as means + SD, where two-
way ANOVA followed by Tukey's post hoc test employed. *P < 0.05, **P < 0.01, and ***P < 0.001

C14 inhibit the AMPK/ACC/CPT1-b signaling pathway and  the PA group and C14 group were significantly de-
lipid accumulation creased, as shown by western blotting analysis (Fig. 5A-
To study the mechanism of Cl4 affecting H9¢2 cells, D). Upon immunofluorescence examination, the expres-
this research analyzed the expression of fat metabolism-  sion of cptl-b in the control group was higher than PA
related proteins in H9c2 cells. Compared to the control  and C14 groups. Additionally, cptl-b positive cells were
group, p-AMPK/AMPK, p-ACC/ACC, and CPT1-b in also significantly higher in control than PA and C14
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groups (Fig. 5E, G). Next, to explore if C14 acylcarnitine
requires entering mitochondria to get metabolized, H9c2
cells were intervened with CPT1 inhibitor oxfenicine in-
vitro. TUNEL staining analysis showed that C14 + oxfe-
nicine group showed more TUNEL-positive cells in re-
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C14, the levels of Bax and cleaved caspase 3 in the
C14 + oxfenicine group were significantly increased,
whereas the expression of Bcl-2 was decreased.

AICAR reduce lipotoxicity caused by C14

The experimental results showed that C14 could inhibit
the activity of AMPK (Fig. 5). AICAR, an adenosine

spect to Cl4 (Fig. 5F, H). Further, western blotting
analysis also showed that (Fig. 5I-]), in comparison with
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Fig. 6 AICAR can reduce lipotoxicity mediated by C14. A ORO staining was used to quantify the lipid deposition (scale bar =50 um, 100 um). B
Quantitative analysis of intracellular lipid droplets (n=6). C H9c2 cells in each group were tested for triglyceride (n=6). D Laser scanning confocal
microscopy (LSCM) showed the non-oxidized lipid (shown as red) and oxidized lipid (shown as green), HOc2 cells in pretreated with either PA
(0.3 mM), C14 (25 uM), or AICAR (1 mM) (Scale bar =100 um). E Statistical analysis of the fluorescence intensity of oxidized lipid expression from
each group (n = 6). Data are represented as means + SD, two-way ANOVA followed by Tukey's post hoc test was used. *P < 0.05, **P < 0.01,

and ***P < 0.001
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Fig. 7 AICAR reduces lipid accumulation by alleviates the C14 mediated inhibition of the AMPK/ACC/CPT1 signaling pathway. A Western blotting
was used to detect the expressions of P-AMPK, AMPK, P-ACC, ACC, and CPT1-b in each group (n = 6). B-D Quantification of p-AMPK, AMPK, p-
ACC, ACC, and CPT1-b expressions. E The levels of CPT1-b in H9c2 were explored by immunofluorescence staining (n =6, Scale bar =100 um). F
The statistical analysis represents the positive expression of CPT1-b in H9c2. Data are represented as means + SD, where two-way ANOVA
followed by Tukey's post hoc test was used. *P < 0.05, **P < 0.01, and ***P < 0.001

analogue, also activates AMPK and thus regulates glu-
cose and lipid metabolism and inhibits the production of
proinflammatory cytokines [20]. Therefore, in this study,
AICAR was used, as it can penetrate cell membrane
AMPK and might neutralize the effect of C14 by revers-
ing the inhibition of AMPK. Oil red staining of cells
showed increased lipid deposition in cells in the PA and
C14 group increased in varying degrees, whereas the in-
crease in the PA group was higher than the C14 group
(Fig. 6A-B). Compared with the C14 group, a reduction
in intracellular lipid deposition was observed in the
C14 + AICAR group. Statistical analysis showed that
intracellular triglyceride content in the PA and Cl4
groups was significantly enhanced compared to the con-
trol group (Fig. 6C). Comparing with the C14 group,
intracellular triglyceride content was reduced in the
C14 + AICAR group. Additionally, the lipid peroxide
content in the control group was lower than the PA and
C14 group, while in the C14 + AICAR group, it was
lower than the C14 group (Fig. 6D-E).

AICAR reduces lipid accumulation by activating the C14
inhibited AMPK/ACC/CPT1 signaling pathway

The levels of p-AMPK/AMPK, p-ACC/ACC, and CPT1-
b in the C14 + AICAR group were significantly higher
than those in the C14 group (Fig. 7A-D). Also, in the
immunofluorescence analysis, the expression of cptl-b
and positive cells in the C14 + AICAR group was signifi-
cantly increased compared to the C14 group. (Fig. 7E-F).

AICAR reduces apoptosis caused by C14

Immunofluorescence analysis showed that the PA and C14
group had significant cell apoptosis with decreased mito-
chondrial membrane potential and morphological changes
such as cell, nuclear shrinkage, and nuclear membrane nu-
cleolus fragmentation, compared with the control group.
However, upon AICAR treatment to H9¢2 cells in the C14
group, these changes were significantly improved, also the
apoptosis caused by C14 was alleviated (Fig. 8A-B). The Bax
and Cleaved-caspase3 in the PA and C14 groups were sub-
stantially higher than the control group, while the expression
of Bcl-2 was decreased. Comparing with the C14 group, the
levels of Bax and Cleaved-caspase3 in the Cl14 + AICAR
group were significantly reduced, while Bcl-2 levels were
greatly improved (Fig. 8C-D). Further, immunofluorescence
analysis showed that the expression of Bcl-2 in the C14 +
AICAR group was significantly increased than the C14

group, whereas the number of positive cells was also consid-
erably increased than the C14 group (Fig. 8E-F). Altogether,
these results indicate that AICAR reduces the apoptosis
caused by C14.

AICAR reduce C14 caused H9c2 cell fibrosis and
hypertrophy

The levels of MYHC, MMP-9, TGEF-f, and COL-1 in the
PA and C14 groups were significantly higher than those
in the control group, as seen through western blotting.
Comparing with the C14 group, the levels of MYHC,
MMP-9, TGE-B, and COL-1 in the C14 + AICAR group
were significantly reduced (Fig. 9A-B). Further, immuno-
fluorescence analysis revealed the expression of MYHC,
and the number of positive staining cells in the PA
group and C14 group was significantly increased. How-
ever, the expression of MYHC and the number of posi-
tive staining cells decreased considerably in the C14 +
AICAR group compared with the C14 group (Fig. 9C,
E). Meanwhile, this research observed that the cell
morphology of the PA and C14 group changed, and the
expression of COL-1 with the number of positive stain-
ing cells was remarkably increased than the control
group (Fig. 9D). Compared with the C14 group, COL-1
expression and the number of positively stained cells
were significantly decreased in the C14 + AICAR group
(Fig. 9F).

Discussion

DCM is a severe complication associated with diabetes,
which adversely affects a patient’s quality of life [21],
hence an early diagnosis of DCM is essential. This study
investigated the impact of different chain lengths of acyl-
carnitines with potential association with DCM. By un-
derstanding the association of acylcarnitine of varying
chain length between ST2DM and DCM, this study
intended to predict DCM risk in T2DM patients at an
early stage. Therefore, this study analyzed 100 plasma
samples (50 cases of DCM and 50 cases of ST2DM) with
high throughput metabolomics based on MS targeted
metabolomics. This study further explored the potential
effect of exogenous acylcarnitine on lipid deposition
using the H9c2 rat cardiomyoblast cell model. The ana-
lysis showed that factor 1 (C14, C12, C14DC, C14-OH,
C20, C18, c16:1-OH) and factor 4 (C8, C6, C10) were
positively associated with the risk of DCM (Table 4),
which mainly contains the medium- and long-chain
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used. *P < 0.05, **P < 0.01, and ***P < 0.001

Fig. 8 AICAR reduces C14 mediated apoptosis. A A fluorescence microscope was used to explore the mitochondrial membrane potential and
apoptosis (n =6, Scale bar= 100 um). B The statistical analysis represents levels of red and green fluorescence (n =6). C The expressions of Bcl-2,
Bax, and Cleaved-caspase 3 were analyzed by immunoblotting in H9c2 (n =6). D Bcl-2, Bax, and Cleaved-caspase3 expression results are shown
(n=6). E The expressions of Bcl-2 were tested by Immunofluorescence staining (n = 6; Scale bar represents as 100 um). F The statistical analysis
represents the positive expression of Bcl-2 in H9c2. Data are represented as means + SD, two-way ANOVA followed by Tukey's post hoc test was

acylcarnitines. In cell experiments, the results showed
that exogenous C14 supplementation to cardiomyocytes
could enhance lipid deposition and further pose obsta-
cles in AMPK signaling pathways, affecting fatty acid
oxidation and thus causing myocardial lipotoxicity.
These events eventually lead to cardiomyocyte hyper-
trophy, fibrotic remodeling, and increased apoptosis.
Interestingly, these effects were mitigated by the AMPK
agonist AICAR. Through this intervention, intracellular
lipid accumulation decreased, AMPK signaling pathway,
myocardial hypertrophy, and fibrosis were improved,
with the reduced cardiomyocyte apoptosis.

Oxidation of fatty acids generally produces acylcarni-
tine [22, 23], and their accumulation may indicate low
[B-oxidation and changes in mitochondrial metabolism.
However, energy metabolism inactivation flexibility in
DCM patients is usually manifested as lipotoxicity. The
heart function majorly gets dependent on the oxidation
of fatty acids for energy, resulting in excessive fatty acid
intake in the body [24, 25]. But mitochondria cannot
process many fatty acids, leading to oxidative stress and
damage to mitochondrial function [26]. This imbalance
of fatty acid uptake with their utilization results in lipid
accumulation in the heart [27, 28], and as a result, the
heart gets subjected to excessive load, resulting in
changes in its structure and function, eventually causing
the DCM [29]. Thereby, assessing the dysregulation of
fatty acid oxidation in DCM may offer its early predic-
tion. The differential changes of acylcarnitine levels may
be used as the potential biomarkers to predict the risk of
early impaired glucose tolerance or other diabetic com-
plications. Another study on nonalcoholic liver disease
found a positive correlation between the disease state
and accumulation of medium and long-chain acylcarni-
tine [30]. Thus, the medium and long-chain acylcarnitine
can be a new screening marker for nonalcoholic fatty
liver disease. A study assessing cardiovascular risk in dia-
betic patients also found that the medium and long-
chain acylcarnitines were elevated in T2DM. Many pre-
vious reports are in concurrence with the results of the
present study, mainly focusing on identifying the differ-
ences between medium and long-chain acylcarnitines,
for establishing a predictive biomarker marker of dia-
betes and its complications.

Although many clinical study data strongly support
that factor 1 and factor 4 are associated with an

increased risk of DCM, however, they did not explore
the direct causal relationship between acylcarnitine and
changes occurring in myocardial lipid metabolism.
Therefore, in the present study, 0.3 mM PA was used to
supplement H9c2 cells to establish a model of myocar-
dial insulin resistance to simulate DCM in-vivo. This
model does not reflect the long-standing changes associ-
ated with diabetes, such as dysglycemia and dyslipid-
emia. A model of insulin resistance was successfully
established as analyzed by measuring the glucose uptake
and p-Akt/Akt levels using 2-NBDG (Fig. 3B-C). The
tandem mass spectrometry analysis on the control and
the PA group showed that the levels of CO, C10, C14,
C16, C18, and C22 were significantly increased in C14
(Fig. 3E). In concurrence with the clinical study data, the
in-vitro data indicated that the medium and long-chain
acylcarnitine were increased in the H9c2 cells with insu-
lin resistance. Next, to further explore the direct causal
relationship between the long chain acylcarnitine with
the lipid metabolism in cardiomyocytes, the H9c2 cells
were stimulated with supplementation of exogenous C14
to examine the role of this acylcarnitine as a potential
contributor to ectopic fat accumulation, myocardial re-
modeling, and increased myocardial apoptosis in cardiac
cells. The results showed that C14 induces an increase
in lipid storage in H9c2 cells, indicating that C14 might
be directly involved in lipid-mediated cardiac dysfunc-
tion. To further explore if C14 acylcarnitine needs to
enter mitochondria for its metabolism, this research
used oxfenicine, a CPT1 inhibitor, to interfere with
H9c2 cells. This research found that C14 acylcarnitine
was more toxic to HO9c2 cells after using oxfenicine,
which indicates that C14 acylcarnitine metabolism pri-
marily happens inside the mitochondria (Fig. 5). Next,
C14 inhibited the activity of p-AMPK, reducing the ac-
tivity of p-ACC, inhibiting the oxidation of the fatty
acids, and increased the TG and free fatty acids contents
in the cells. Finally, increased deposition of lipids in
myocardial cells caused lipid metabolism disorders (Fig.
5). AMPK is an essential regulator of cardiac energy
homeostasis because its activation induces anti-
adipogenesis and promotes fat utilization by regulating
the activity of CPT1 [31]. A study reported that CPT-1b
deficiency led to cardiac lipotoxicity under pathological
stress, causing significant cardiac changes [25, 32]. In
this research, the C14 intervention in cardiomyocytes
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Fig. 9 AICAR reduces C14 induced H9c2 cell fibrosis and hypertrophy. A The expressions of MYHC, MMP-9, TGF-B, and COL-1 were tested by
immunoblotting in H9¢2 (n = 6). B Quantification of MYHC, MMP-9, TGF-(3, and COL-1 expressions (n =6). C-D Laser scanning confocal
microscopy (LSCM) images show the levels of MYHC and COL-1 in H9c2 (n =6; Scale bar represents as 50 um). E-F The statistical analysis
represents the positive expression of MYHC and COL-1 in H9c2. Data are represented as means + SD, two-way ANOVA followed by Tukey's post

hoc test was used. *P < 0.05, **P < 0.01, and ***P < 0.001

resulted in pro-inflammatory responses, such as an in-
crease in TNFa and IL-1 expression (Fig. 4). Meanwhile,
C14 also caused myocardial lipotoxicity, leading to
hypertrophic and fibrotic myocardial cells (Fig. 9). Inter-
estingly, the current study demonstrated that, as men-
tioned earlier, the effect of C14 on cardiomyocytes can
be alleviated using AMPK agonist AICAR.

Comparisons with other studies and addition to the
existing knowledge on DCM

Comparing with the previous reports, this study studied
the human cohort with and without diabetic cardiomy-
opathy by analyzing the difference in circulating acylcar-
nitine by metabolomics. This study found that Cl14
acylcarnitine was one of the most diverse acylcarnitine
species in the diabetic cardiomyopathy cohort. Further,
the mechanism of DCM was studied using an in-vitro
model, where H9c2 ventricular myoblasts were treated
C14 acylcarnitine. Altogether, this research work pro-
vides new insights and mechanisms related to the devel-
opment of ST2DM to DCM.

Study strength and limitations

The advantages of this research included the transform-
ation method from humans (DCM and ST2DM patients)
to experimental models (in-vitro experiments) to eventu-
ally translate the findings to the bedside. The specific
changes in the medium and long-chain acylcarnitines
can provide predictable biomarkers for the disease pro-
gression of clinical DCM by helping in its early diagno-
sis, intervention, and treatment. The clinical method was
strictly carried out using the experimental design to
avoid any potential interference factors. However, this
research also had some shortcomings. This study had a
small number of clinical samples, and therefore the
study results may have some large deviations, but the re-
sults were in concurrence with most previous studies. In
the experimental method, this research assessed the ef-
fect of acylcarnitine on the myocardium on the cell
model. Therefore, further research on the animal model
is needed to validate the obtained findings.

Conclusions

In conclusion, the increased plasma levels of medium
and long-chain acylcarnitine extracted from factor 1
(C14, C12, C14DC, C14-OH, C20, C18, C16:1-OH) and
factor 4 (C8, C6, C10) were related to the risk of DCM,

which indicates that these two factors can be used as the
early predictors of DCM risk assessment. The C14 medi-
ated lipid accumulation inhibits the AMPK/ACC/CPT1
signaling pathway, aggravates myocardial lipotoxicity,
causes cardiomyocyte hypertrophy and fibrosis, and in-
creases apoptosis. However, these changes were allevi-
ated by the AICAR. From the clinical point of view, this
study suggests future treatment strategies for DCM pa-
tients for delaying the progression of DCM as well as
the early detection of acylcarnitine in patients with
T2DM. The real-time monitoring of changes in the
medium and long-chain acylcarnitine of DCM can ef-
fectively prevent the occurrence of DCM.
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