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Abstract
Background

Diabetic cardiomyopathy (DCM) contributes to type-II diabetics (T2DM) patient mortality. However, the
molecular mechanism of DCM remains unclari�ed.

Results

The present study analyzed the differentially expressed genes (DEGs) related to the occurrence and
development of DCM. Furthermore, T2DM rat animal models with different courses of DCM were
established, and these were con�rmed by the results of the oral glucose tolerance test (OGTT), the blood
glucose and lipid pro�le examination, and M-echocardiographic results. Then, transcriptome sequencing
was utilized to screen the DCM-related genes. A total 18,410 genes and 19,184 unigenes in each group
obtained the Gene Ontology (GO) annotation. The bioinformatics analysis results revealed that there were
360 DEGs in the 8w-T2DM group, including 191 upregulated genes and 169 downregulated genes, and
381 DEGs in the 16w-T2DM group, including 258 upregulated genes and 123 downregulated genes. The
DEGs were enriched in 19 cellular components, 21 molecular functions, and 22 biological processes. The
KEGG pathway analysis results revealed the in the 8w-T2DM group, the DEGs were enriched in the
pathways of unsaturated fatty acids biosynthesis, PPAR signaling, and fatty acid elongation, degradation
and metabolism. In the 16w-T2DM groups, the pathways that enriched the DEGs involved were antigen
processing and presentation, complement and coagulation cascades, cell adhesion molecules (CAMs),
and viral myocarditis. The upregulated genes, were as follows: Cers1, Acot1, Hmgcs2, NTSR-1, PDK4 and
Cxcl13. The downregulated genes were, as follows: Abcd2 and Fcrl-2. These were identi�ed as correlated
to the occurrence and development of DCM. The differential expression was validated by quantitative
polymerase chain (Q-PCR).

Conclusions

Cers1, the gene involved in lipid metabolism, had the highest Log2FC value and might be considered the
DCM-related gene for further investigation. This might help screen for the potential pharmaceutical target
for DCM.

Background
In recent years, diabetes has been rapidly emerging worldwide. By 2045, the number of people with
diabetes may reach 700 million [1]. In China, 90% of adult diabetic patients will have type-2 Diabetes
(T2DM), which is characterized by hyperglycemia and metabolism disorder caused by insulin
resistance[2]. T2DM has multiple complications, including macrovascular dysfunction, microvascular
dysfunction, and nerve system damage. The risk of having cardiovascular disease in T2DM patients is
much higher than in non-diabetic people. Diabetic cardiomyopathy (DCM) is one of the macrovascular
dysfunction complications of T2DM, and is the major cause of T2DM patient mortality[3]. DCM was �rst



Page 3/31

discovered in 1972, when Rubler et al [4]. classi�ed this as an independent disease directly caused by
diabetes with no other cardiovascular risk factors. Subsequently, studies have revealed that diabetes can
directly cause unique cardiac structural and functional changes, and coronary atherosclerosis[5]. DCM
can cause left ventricular hypertrophy and diastolic dysfunction in diabetics patients, leading to systolic
dysfunction, and even congestive heart failure, eventually causing death[6]. 

A large number of epidemiological studies and basic clinical researches have shown that the occurrence
and development of DCM might be correlated to several factors, such as the myocardial metabolic
disorder caused by insulin resistance, oxidative stress, and mitochondrial dysfunction due to myocardial
intracellular calcium homeostasis disorders, as well as myocardial systolic and diastolic dysfunction, and
coronary microvascular endothelial dysfunction and in�ammation caused by cardiac remodeling, such
as myocyte hypertrophy, apoptosis and �brosis[7][8].

Although there are many explanations on the occurrence and development of DCM, there is still a lack of
comprehensive understanding on the molecular mechanism of DCM. Furthermore, the genes involved
have not been clearly described. The present study investigated the molecular mechanism of DCM by
screening the differentially expressed gene (DEG) pro�les of T2DM rats at different disease courses. It is
hoped that this would help provide a clear insight into DCM at the molecular level, and reveal novel
therapeutic targets for DCM.

Results
Oral glucose tolerance test (OGTT)

The OGTT results revealed that fasting glucose levels in both T2DM groups increased, and were
signi�cantly higher than those in the control groups (P<0.01, Supplementary Fig.S1A and S1C). The AUC
for the T2DM groups signi�cantly increased (Both, P<0.01; Supplementary Fig.S1B and S1D). This
indicates that the oral glucose tolerance of T2DM rats was lower, and that the sensitivity against insulin
became weaker. This means that the T2DM animal model was successfully established.

The blood glucose level and lipid pro�le

The fasting blood glucose(FBG) and plasma insulin concentrations signi�cantly increased in 8w-T2DM
and 16w-T2DM rats, when compared to those in the control group, while the calculated insulin sensitivity
index (ISI) decreased (Fig.1A, P<0.01). The serum TC, TG and LDL levels of the 8w- and 16w-T2DM rats
were also higher than those in the control group, while the HDL concentrations were lower (Fig.1B,
P<0.05). This suggests that these 8w-16w T2DM rats had hyperinsulinemia, decreased insulin sensitivity
index, and disordered glucose and lipid metabolism, further proving the T2DM rat model.

Cardiac functions and structure assessment

The M-visual supersonic results revealed that for the rats in each group, the heart rate (Fig.2A) remain
unchanged, for rats in 16w T2DM group, the cardiac output (Fig.2B) showed lower that those in control
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group, for rats in the 8w T2DM group, the LVEF (%, Fig.2C) and LVFS (%, Fig.2D) were signi�cantly lower
than those in control groups (Both, P<0.01). Along with the ESV (Fig.2H) and LVIDs (Fig.2J), these
signi�cantly increased (Both, P<0.01). This means that the LV systolic function decreased, and that the
morphology changed at the end of the systole, when these T2DM rats were at eight weeks. In addition,
the IVRT (Fig.2E) was signi�cantly prolonged (P<0.01), and the E/A ratio signi�cantly decreased (P<0.01,
Fig.2F). Furthermore, the EDV (Fig.2G) and LVIDd (Fig.2I) obviously increased (Both, P<0.01) in this
group. This evidence shows that in 8w T2DM rats, the left ventricular diastole function decreases, and the
morphology changes at the end of diastole. However, the LVPWd, LVPWs, IVSd and IVSs (Fig.2K, 2L, 2M
and 2N, respectively) in this group exhibited no signi�cant change (All, P>0.05). That is, the cardiac
structure in T2DM rats did not change when these rats are at eight weeks disease duration. In the 16w-
T2DM group rats, the impaired cardiac contractile and diastolic function results were similar to those in
the 8w-T2DM group, but the LVPWs and LVPWd increased (All, P<0.05). However, the IVSs (Fig.2M) and
IVSd (Fig.2N) did not change in this group (Both, P>0.05). This means that when the T2DM disease
duration extended to 16 weeks, the cardiac dysfunction and morphology change did not improved, and
the cardiac structure changed, which eventually led to DCM. 

DEG distribution analysis

The DEG data was obtained using pairwise comparison, based on the clean data collected from the
transcriptome sequencing. A total of 360 DEGs were found in the 8w-T2DM group, which included 191
upregulated genes and 169 downregulated genes, while 381 DEGs were found in the 16w-T2DM group,
which included 258 upregulated genes and 123 downregulated genes (Fig.3). The most enriched
upregulated and downregulated DEGs in each group are shown.(Table 1, 2, 3).

Table 1 The most enriched DEGs analysis in 8w-Con. vs. 8w-T2DM

Data are described as FDR, the Benjamini-Hochberg adjusted P value and Log2 FC: the log 2-fold-change.
When the FDR is <0.01 and Log2 FC value is less or more than 2, the gene is considered as the
signi�cantly differential expression. 8w-Con: 8-week control group; 8w-T2DM: 8-week type 2 diabetic
group. In this table, the genes with the least value of FDR and the most or least value of Log2 FC are
listed up up-regulated, down down-regulated. 

Table 2 The most enriched DEGs analysis in 16w-Con. vs. 16w-T2DM

 

Data are described as FDR, the Benjamini-Hochberg adjusted P value and Log2 FC: the log 2-fold-change.
When the FDR is <0.01 and Log2 FC value is less or more than 2, the gene is considered as the
signi�cantly differential expression. 16w-Con: 16-week Control group; 16w-T2DM: 16-week type 2 diabetic
group. In this table, the genes with the least value of FDR and the most or least value of Log2 FC are
listed up up-regulated, down down-regulated.

Table 3 The most enriched DEGs analysis in 8w-T2DM vs. 16w-T2DM
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Genes Description 8w-Con. 8w-T2DM FDR Log2FC Regulated

Cers1 Ceramide synthase 1 0.00166 2.90620 0 6.65384 up  

Angptl4 Angiopoietin-Like 4 0.79732 38.88240 0 5.73014 up  

Psme1-
ps1

Proteasome Activator
Subunit 1 %2C
Pseudogene 1

0.26867 18.11600 0 5.74576 up  

Acot4 Acyl-coenzyme A
thioesterase 4

0.03262 1.51484 4.46e-
09

5.15689 up  

Klk12 Kallikrein related-
peptidase 12

0.09411 3.45200 3.39e-
07

4.88791 up  

Ampd1 Adenosine
monophosphate
deaminase 1

0.03886 1.23081 1.49e-
05

4.60919 up  

Acot1 Acyl-CoA thioesterase 1 0.21021 4.70500 0 4.57048 up  

Pdk4 Pyruvate dehydrogenase
kinase 4

7.73082 151.93100 0 4.48028 up  

Pik3c2g Phosphatidylinositol-4-
phosphate 3-kinase%2C
catalytic subunit type 2
gamma

0.14132 2.11851 0 3.85912 up  

Ntsr1 Neurotensin receptor 1 0.10610 1.23265 1.16e-
10

3.64634 up  

Ms4a8 Subfamily A Member 8 183.263 0.14595 0 -9.39531 down  

Fcrl2 Fc receptor-like 2 6.30646 0.16346 0 -4.84251 down  

Cd5l Cd5 molecule-like 1.85299 0.05354 1.72e-
07

-4.21018 down  

Sez6l Seizure related 6
homologs like

0.62317 0.01804 3.09e-
07

-4.1738 down  

Cxcl13 C-X-C motif chemokine
ligand 13

92.80720 5.07440 0 -4.11961 down  

Myo5c Myosin VC 0.55780 0.01767 1.00e-
06

-4.09818 down  

Fam111a Family with sequence
similarity 111 member A

16.9195 1.11637 0 -3.80469 down  

Siglec8 Sialic acid binding Ig-like
lectin 8

3.51559 0.22520 8.39e-
09

-3.66710 down  

Nox4 NADPH oxidase 4 3.70935 0.36859 4.74e-
12

-3.20692 down  
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Genes Description 16w-
Con.

16w-
T2DM

FDR Log2FC Regulated

Alb Serum albumin 0 13.15950 0 7.83603 up

Kng2 Low molecular weight
growth-promoting factor

0 5.80065 0 6.04716 up

Serpina1 Short peptide from AAT 0 3.30124 6.68e-09 5.16163 up

Hk3 Hexokinase-3 0.24670 8.52415 0 5.04975 up

Ntsr1 Neurotensin receptor type
1

0.02961 1.21478 2.97e-12 4.77885 up

Gbp3 Guanylate-binding protein
7

0.68416 17.36620 0 4.57709 up

Acot1 Acyl-Coa Thioesterase 1 0.13867 3.79557 9.44e-15 4.55370 up

Fgb Fibrinogen beta chain 0 1.80872 4.53e-05 4.54248 up

Naa11 N-alpha-acetyltransferase
11

0 0.84529 8.62e-05 4.48616 up

Pik3c2g Phosphatidylinositol 4-
phosphate 3-kinase C2
domain-containing
subunit gamma

0.14687 3.14149 0 4.34361 up

Nefh Neuro�lament heavy
polypeptide

0.56062 0 1.69e-07 -4.96439 down

Tcp11x2 T-complex protein 11 X-
linked protein 2

4.88193 0 1.69e-07 -4.96439 down

Fcrl2 Fc receptor-like protein 2 1.49494 0 0.000646 -4.29757 down

Fam64a Protein FAM64A 1.27215 0 0.001233 -4.23085 down

Lrrc51 Leucine-rich repeat-
containing protein 51

4.31443 0 0.002358 -4.16089 down

Sez6l Seizure 6-like protein 1.32443 0.06721 5.77e-15 -4.01543 down

Mycn N-myc 3.04910 0.27550 5.55e-16 -3.39850 down

Prox2 Prospero homeobox
protein 2

1.05145 0.05132 0.006091 -3.37755 down

Myh6 Myosin-6 1897.4 186.871 0 -3.30293 down

Abcd2 ATP binding cassette
subfamily D member 2

0.91571 0.07727 7.17e-06 -3.27809 down

Data are described as FDR, the Benjamini-Hochberg adjusted P value and Log2 FC: the log 2 fold-change.
When the FDR is <0.01 and Log2 FC value is less or more than 2, the gene is considered as the
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Genes Description 8w-T2DM 16w-T2DM FDR Log2FC Regulated

Alb Albumin  0 13.15950 0 8.02210 up  

Kng2 Kininogen 2 0 5.80065 0 6.23135 up  

Fgb Fibrinogen beta
chain

0 1.80872 7.36e-05 4.72178 up  

Fga Fibrinogen alpha
chain 

0 0.72933 0.00201 4.41346 up  

Apoc3 Apolipoprotein
C3 

0 4.42796 0.00390 4.34302 up  

Serpina1 Serpin family a
member 1 

0.09946 3.30124 1.57e-07 4.33062 up  

Fgg Fibrinogen
gamma chain 

0.09160 2.95033 2.92e-07 4.29408 up  

Hpx Hemopexin  0.07613 1.61040 0.00175 3.65222 up  

Itih4 Inter-Alpha-
Trypsin inhibitor
heavy chain
family%2C
member 4 

0.03869 0.70125 0.00605 3.53184 up  

Itih3 Inter-Alpha
trypsin
inhibitor%2C
heavy chain 3 

0.07999 0.92159 0.00032 3.37347 up  

Reg3b Regenerating
islet-derived 3
beta 

-5.61021 8.22114 0 -5.61021 down  

RGD1565566 Similar to 60S
ribosomal
protein L18a 

-4.44796 15.1144 0.53585 -4.44796 down  

Myl7 Myosin Light
Chain 7 

-3.71014 105.227 8.00468 -3.71014 down  

Reg3g Regenerating
family member 3
gamma 

-3.50938 11.2475 0.95851 -3.50938 down  

I�t1 Interferon-
induced protein
with
tetratricopeptide
repeats 1 

-3.14062 12.8878 1.52538 -3.14062 down  

Lyc2 Lysozyme C type
2

-2.63764 3.80713 0.65223 -2.63764 down  

Ido1 Indoleamine -1.75435 113.40200 36.2809 -1.75435 down  
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2%2C3-
Dioxygenase 1 

Angptl4 Angiopoietin-like
4 

-1.68426 38.88240 13.0127 -1.68423 down  

Pdk4 Pyruvate
Dehydrogenase
Kinase 4 

151.931 64.77420 0 -1.35808 down  

Cxcl11 C-X-C motif
chemokine
ligand 11 

9.24500 3.90342 0.00017 -1.3377 down  

signi�cantly differential expression. 8w-T2DM: 8-week type 2 diabetic group; 16w-T2DM: 16-week type 2
diabetic group. In this table, the genes with the least value of FDR and the most or least value of Log2 FC
are listed up up-regulated, down down-regulated.

GO annotation

A total of 18,410 genes and 19,184 Unigenes have obtained the GO annotation in each group. These
DEGs were enriched in 19 cellular components, 21 molecular functions, and 22 biological processes
(Fig.4). 

The enriched KEGG pathways

The DEGs were then classi�ed into KEGG functional pathway according to the GO annotation results
(Fig.5). The top 10 most DEGs enriched pathways in the different groups were analyzed using the KEGG
database (Table 4). In the 8w-T2DM group, the DEGs are enriched mostly in the fatty acid degradation,
metabolism, elongation, and unsaturated fatty acid biosynthesis pathways. In the 16w-T2DM group, the
DEGs enriched in pathways involved infection, antigen-presenting, and viral myocarditis. The enriched
DEGs between two different DCM durations mainly focused on unsaturated fatty acid synthesis, fatty
acid elongation, and complement and coagulation cascades.

Table 4 The top 10 enriched KEGG pathways

 

KO: KEGG pathways ID; Enrichment factor: the ratio between the number of DEGs and the number of
whole genes annotated in a certain pathway; the more signi�cant the enrichment factor, the more the
DEGs were enriched in this pathway. Q-value: multi-adjusted p-value for the False Discovery Rate (FDR),
the smaller Q-value, and the higher reliability in DEGs enrichment analysis. 8w-Con.: 8-week control group;
16w-Con.: 16-week control group; 8w-T2DM: 8-week type-2 diabetic group; 16w-T2DM: 16-week type 2
diabetic group.
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Pathways KO Enrichment Factor Q-value

8w-Con.vs 8w-T2DM

Fatty acid elongation ko00062 14.41 6.09826e-06

Fatty acid degradation ko00071 12.15 1.20475e-07

Fatty acid metabolism ko01212 10.28 8.23118e-07

Biosynthesis of unsaturated fatty acids ko01040 11.22 0.00160

Butanoate metabolism ko00650 9.72 0.01871

PPAR signaling pathway ko03320 8.62 7.69155e-08

Malaria ko5144 7.34 0.00154

Herpes simplex infection ko05168 3.37 0.00944

Peroxisome ko04146 4.86 0.03157

Valine, leucine and isoleucine degradation ko00280   0.01193

16w-Con.vs 16w-T2DM

Staphylococcus aureus infection ko05150 12.06 6.55486e-12

Viral myocarditis ko05416 8.56 2.26084e-10

Antigen processing and presentation ko04612 7.99 3.24590e-09

Complement and coagulation cascades ko04610 7.55 4.53476e-07

Leishmaniasis ko05140 7.51 1.81095e-06

Allograft rejection ko05330 7.41 2.87191e-05

Systemic lupus erythematosus ko05322 6.07 2.80060e-06

Cell adhesion molecules  ko04514 4.77 2.00421e-06

Tuberculosis ko05152 4.49 2.31785e-06

Phagosome ko04145 4.37 3.71036e-06

8w-T2DM vs 16w-T2DM

Biosynthesis of unsaturated fatty acids ko01040 18.47 0.14375

Fatty acid elongation ko00062 17.79 0.15484

Complement and coagulation cascades ko04610 16.01 0.00035

Ovarian steroidogenesis ko04913 14.13 0.03347

Linoleic acid metabolism ko00591 12.98 0.28629

The
candidate
DCM-
related
genes
based on
the
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African trypanosomiasis ko05143 12.01 0.33270

Tryptophan metabolism ko00380 10.44 0.43467

Toll-like receptor signaling pathway ko04620 7.58 0.19650

Platelet activation ko04611 5.38 0.49881

Chemokine signaling pathway ko04062 4.07 1

Genes Description Predicted pathways FDR Log2FC Regulated

Cers1 Ceramide synthase 1 Lipid transport and
metabolism

0 6.653841 up

Acot1 acyl-CoA thioesterase1 Lipid transport and
metabolism

4.46e-
09

5.156896 up

NTSR-
1

Neurotensin receptor-1 Post-transitional
modi�cation

3.39e-
07

4.887915 up

PDK4 Pyruvate Dehydrogenase
Kinase 4

Signal transduction
mechanisms

0 4.480288 up

Fcrl 2 Fc receptor-like 2 Signal Transduction
mechanisms

0 -4.84251 down

Cxcl13 C-X-C motif chemokine ligand
13

Signal Transduction
mechanisms

0 -4.11961 down

Hmgcs
2

3-hydroxy-3-methylglutaryl-
Coenzyme A synthase 2

Signal Transduction
mechanisms

1.00e-
06

-4.09818 down

Abcd2 ATP-binding cassette sub-
family D member 2

Lipid transport and
metabolism

7.18e-
06

-3.27809 down

bioinformatics analysis

The candidate DCM-related genes were screened out based on the GO annotation and KEGG pathway
enrichment results (Table 5) and further veri�cation.

Table 5 The candidate DCM-related genes 

Data are described as FDR, the Benjamini-Hochberg adjusted P value and Log2 FC: the log 2-fold-change.
When the FDR is <0.01 and Log2 FC value is less or more than 2, the gene is considered as the
signi�cantly differential expression. In this table, the genes with the least value of FDR and the most or
least value of Log2 FC are listed. 

Q-PCR validation 

Cers1, Acot1, NTSR-1, PDK4, Abcd2, Fcrl-2, CXCL13, and Hmgcs2 were validated by Q-PCR, and exhibited
statistically signi�cant up-regulation or down-regulation in the T2DM groups. The mRNA expression level



Page 11/31

of Cers1 in the 8w-T2DM group was signi�cantly higher than that in the 8w-Control group (Log2 FC=3.6,
P<0.01; Fig.6A), and this was still higher in the 16w-T2DM group (Log2 FC=1.7, P<0.05; Fig.6A). Acot1 is
signi�cantly upregulated in the 8w-T2DM group (Log2 FC=3.6, P<0.01; Fig.6B), but was not differentially
expressed in the 16w-T2DM group (Log2 FC=1.1, P>0.05; Fig.6B). Both Acot1 and Cers1 were involved in
lipid metabolism and related signaling pathways. NTSR1 was signi�cantly upregulated in both T2DM
groups (Both Log2 FC =2, P<0.01; Fig.6C). PDK4 exhibited a signi�cant upregulation in the 8w- and 16w-
T2DM groups, especially in the 16w-T2DM group (Log2 FC=37.68, P<0.01; Fig.6D), which might have
affected the fatty acid absorption, and led to cardiac lipid toxicity during the AMPK pathway activation.
Abcd2 was signi�cantly downregulated in the 16w-T2DM group (Log2 FC=-3.6, P<0.01; Fig.6E), but was
not signi�cantly and differentially expressed in 8w-T2DM group (Log2 FC=0.05, P>0.05; Fig.6E). This may
be signi�cantly correlated with the VLCFA accumulation in the myocardial tissue of 8w- and 16w-T2DM
rats during DCM. Fcrl 2 was downregulated in the 8w- and 16w-T2DM groups (Log2 FC=-4.6, P<0.01;
Fig.6F). CXCL13 was slightly downregulated in the 8w-T2DM group (Log2 FC=-0.6, P>0.05; Fig.6G), but
was upregulated in the 16w-T2DM groups (Log2 FC=1.8, P<0.05; Fig.6G). Hmgcs2 was signi�cantly
upregulated in the 8w- and 16w-T2DM groups (Log2FC=6.28, P<0.01; Log2 FC=2.0, P<0.05, respectively;
Fig.6H). 

Discussion
DCM represents a signi�cant complication of type-2 diabetes mellitus. This can be classi�ed into four
stages, according to its clinical characteristics and echocardiography features, as follows: Most patients
at stage-I DCM have impaired glucose tolerance and metabolic syndrome, with LV diastolic dysfunction
and hypertrophy, but present as asymptomatic, and echocardiography reveals the increase in LV mass,
diastolic dysfunction, and decrease in tissue velocities, but with normal ejection fraction. At stage-II DCM,
patients are in the status of chronic hyperglycemia with the cardiac function of NYHA II (New York Heart
Association Functional Classi�cation). Echocardiography can identify the increased LV mass and wall
thickness, and the diastolic and systolic dysfunction (EF<50%) mild cavity dilatation. At stage-III DCM,
patients will have signi�cant abnormalities of metabolic status with insulin resistance. Diabetes mellitus
with microangiopathic complications will present with a continuous decline in cardiac function (NYHA II-
NYHA III), accompanied by the aggravation of LV systolic dysfunction and dilatation. This can be easily
detected by echocardiography, associated with arterial hypertension. DCM patients at stage IV are under
DM with micro- and macro-angiopathic complications. The imaging examination can identify the
moderate-severe systolic dysfunction cavity dilatation associated with coronary artery disease (NYHA II-
NYHA IV), and the apparent systemic pathological damage, including coronary atherosclerosis, ischemic
myocardial infarction, and persistent heart failure. Mátyás C et al.[9] and Jia G et al.[10] recently
concluded that the most common complication of DCM was LV diastolic dysfunction at the early stages,
LV systolic dysfunction and hypertrophy are undoubtedly the characteristic pathological phenomena with
DCM progression.

DCM animal models



Page 12/31

The present study revealed that in T2DM rats with 8w and 16w disease durations, the oral glucose
tolerance decreased, and the fasting glucose signi�cantly increased. After the intragastric administration
of glucose (2g/kg), the blood glucose values at all time points signi�cantly increased, leading to AUC
enhancement. The signi�cant elevation of sera TC, TG and LDL levels, and the reduction of HDL
concentration indicate that rats in the T2DM groups developed hyperlipidemia and insulin resistance,
which are consistent with the essential characteristics of T2DM patients or animal models, as evaluated
by various studies[11][12].This additionally proves that the T2DM rat model was successfully established
in present study. The M-echocardiography results revealed that in 8w-T2DM rats, the ejection fraction,
short-axis shortening rate, and LV �lling E/A peak ratio signi�cantly decreased, indicating the decrease in
LV systolic/diastolic function and the morphologic change. In 16w-T2DM rats, the decrease in LV systolic
function, impaired diastolic function, and pathological changes of LV morphology were similar to those
for the 8w rats, with the addition of increase in end-systolic and diastolic LV posterior wall thickness.
These results were consistent with the pathological evaluation results for DCM from other
researchers[13], proving the DCM formation in the present T2DM animal models. 

When the DCM rat models were successfully established, myocardial cells of each group were sent to the
laboratory for transcriptome sequencing. The DCM-related DEGs and involved pathways were screened
based on the bioinformatics analysis results, excluding age, gender, organ speci�city, and other
factors[14]. These DEGs are mainly concentrated in the following aspects: lipid transportation and
metabolism, such as the biological processes related to the synthesis, degradation, extension and
metabolism of unsaturated fatty acids; relevant signal conduction mechanisms: peroxidase-proliferator-
activated-receptor (PPAR), and adenosine 5‘-monophosphate (AMP)-activated protein kinase (AMPK)
pathways; other factors, such as in�ammatory factors.

DCM-related DEGs in lipids metabolism disorder

The investigators selected eight DCM-related DEGs based on the bioinformatics analysis results, and
validated by Q-PCR in the myocardium of DCM rats. The Q-PCR validation results were consistent with
the transcriptome sequencing results. Among these eight DEGs, the gene that directly involved lipid
transportation and metabolisms, such as Cers1, Acot1 and Hmgcs2, were upregulated, while Abcd2 was
downregulated. 

Cers1, which is one of the six isoforms in the Cers gene family (Cers1~6), synthesizes the C18 ceramide
only through the de novo synthesis pathway. In 2018, Holland W.L. et al.[15]reported that the serum
ceramide level can be considered as a potential biological indicator to predict diabetes mellitus, insulin
resistance, and heart disease. A large cohort study revealed that serum ceramide with a speci�c length of
the carbon chain (C16, C18, C20, C22, etc.) in non-diabetes North Americans is associated with high risk
of insulin resistance (HOMA-IR study) and diabetes [16]. The present �nding on the upregulated Cers1 in
the DCM groups suggest that ceramide might be accumulated, and lead to myocardial cell apoptosis,
eventually causing DCM[17]. Cers1, which had the highest Log2FC value (Log2FC=6.89), might be
considered the DCM-related gene for further investigation. Acot1, which belongs to the Acot enzyme
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family, can enhance the acyl acid hydrolysis rate[18]. The Hmgcs2 gene encodes a regulatory enzyme for
ketogenic action in the liver mitochondria, and this was upregulated in the liver and kidneys of obese rats.
The promoter region of the Hmgcs2 gene contains the peroxisome proliferation regulatory element
(PPRE) regulated by the transcriptional regulation of PPAR, which can enhance liver fatty acid oxidation
[19]. Both genes were upregulated in the present DCM group, which might have resulted in free fatty acid
accumulation, eventually leading to lipotoxicity. This is one of the main reasons that cause DCM. Acot1
and Cers1 were both involved in lipid metabolism and related signaling pathways

Abcd2 can speci�cally utilize a shorter chain VLCFA and unsaturated fatty acids, as substrates, and
mediate the VLCFA substance transportation into peroxisomes. In the Abcd 1/2 knocked out mouse
models, VLCFA was signi�cantly accumulated in mice with a deleted Abcd 2, when compared to those
with Abcd 1 knockout [20]. It was found that Abcd2 was downregulated in the myocardium of 16w DCM
rats, which might hint that the weak VLCFA transportation into the peroxisome and the VLCFA
accumulation in cardiomyocytes would eventually lead to lipid accumulation. 

The DEGs involved in the free fatty acid metabolism was upregulated in the present research, which
might hint that one of the leading causes of DCM could be fatty acid metabolism disorder, especially the
accumulation of ceramide, free fatty acid, and ketone body in myocardial cells. This would cause
myocardial lipotoxicity, and lead to the occurrence of DCM. The DEGs that were upregulated and
downregulated in the different DCM groups of rats in the present study matched the DCM course
development trend.

DCM-related DEGs involved in the PPAR and AMPK pathways

The PPAR signaling pathway and AMPK signaling pathway were involved in the DCM occurrence, based
on the KEGG pathway enrichment analysis results. The DCM-related DEGs in the present study involved in
these pathways included PDK4, NTSR, Acot1 and Hmgcs2. PPARs (PPAR α, β and γ) play an important
role in lipid cell differentiation and lipid metabolic regulation. When the PPAR forms with RXR as a dimer,
and the activated PPAR combines with PPRE, this can regulate absorbance, utilization, aerobic oxidation,
and fatty acid storage[21]. Increased PPAR activity leads to the over-expression of related enzymes
involved in fatty acid absorbance and metabolism. Acot1 regulates the PPARα reporter activity by
producing fatty acid ligand, and PDK4 is a critical node in the cellular glucose metabolism network, which
directly responses to the whole energy metabolism network[22]. When the PPAR pathway is activated, the
enhanced PPARα activity can lead to the excessive expression of PDK4. Thus, this increases the fatty
acid β-oxidation, enhance the myocardial oxygen consumption, and release oxyradical, which in turn
leads to mitochondria uncoupling and calcium imbalance, and the inhibition of the pyruvate
dehydrogenase complex expression and glucose aerobic oxidation, and result in diastolic cardiac
dysfunction[23]. It was found that the PDK4 expression in the DCM group of rats was signi�cantly
upregulated. In addition, the PDK4 expression was signi�cantly upregulated in the 16w-DCM group, when
compared to the 8w-DCM group, indicating that the PPAR pathway plays different roles at different
stages of DCM. This may be ultimately correlated to the pathophysiological process of DCM. The
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evidence in mouse and cell experiments have shown that NT/NTSR1 can reduce the activation degree of
AMPK, thereby stimulating fatty acid absorption. The drosophila model demonstrated that the NT
expression in intestinal endocrine cells lead to lipid aggregation, obesity, and decreased AMPK signaling
activity[24]. In the present study, NTSR1 was signi�cantly upregulated in both DCM groups, which may
reduce AMPK pathway activation, thereby affecting fatty acid absorption, and leading to lipid
accumulation and cell apoptosis in cardiomyocyte.

DCM-related DEGs involved in in�ammatory 

Multiple factors might be involved in the pathogenesis mechanism of DCM. In addition to metabolic
disorders, in�ammatory factors also play an important role in DCM development. It was found that
in�ammatory factors genes, Fcrl 2 and Cxcl13, were signi�cantly and differentially expressed in the DCM
groups. Fcrl 2 was signi�cantly downregulated in 8w/16w DCM rats, and Cxcl13 was slightly
downregulated in 8w DCM rats (P>0.05), but was signi�cantly upregulated in the myocardium of 16w
DCM rats. Fcrl 2 is the only FC receptor that contains intracellular signals, and encodes transmembrane
proteins expressed on the surface of B memory cells. This can independently initiate cellular effects, and
trigger various immune responses[25]. The Fcrl expression is downregulated when B cells are activated to
form germinal centers. Cxcl13, which is a chemokine for T- and B-lymphocytes, can induce the pro-
in�ammatory phenotype of diabetic rats accompanied by its receptors CXC5[26], which may trigger
�brosis through the activation of immune cells. The present �nding on the Fcrl2 downregulation and
Cxcl13 upregulation explains that one of the DCM pathogenesis mechanisms is the in�ammatory
environment related to the T2DM, which stimulates �broblast proliferation and myo�broblast
transformation, increases collagen deposition, and leads to myocardial �brosis, thereby causing DCM
[27][28].

Conclusion
The present study shows that the genes, which were directly involved or participated as signaling
pathways in the synthesis and metabolism of fatty acid, were most differentially and signi�cantly
expressed in the myocardium of DCM rats. This means that fatty acid metabolism disorder, especially the
ceramide, free fatty acid, and ketone accumulation, is the critical mechanism of DCM occurrence and
development. Cers1, which is the gene involved in lipid metabolism, synthesizes C18 Ceramide, has the
highest Log2FC value according to the bioinformatic analysis(Log2 FC=6.653, FDR=0; Table 1) and Q-
PCR validation results of animal models (Log2 FC=3.6; P<0.01, Fig.6A). This might be considered as a
DCM-related gene for further investigation. The present research provides the molecular evidence of DCM
progression, helps screen for potential drug targets, and facilitate DCM treatment strategies.

Methods
Animal models
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The Zucker rats (SPF, male, 180-200 g/per) were provided by Guangdong Medical Lab Animal Centre
(Guangdong Province, China), with licenses number: SYXK(Yue)2016-0168. These were randomly divided
into four groups: two T2DM groups with eight weeks and 16 weeks of disease duration, named as 8w-
T2DM, and 16w-T2DM, respectively; relevant control groups, named as 8w-Control and 16w-Control,
respectively. There were �ve rats in each group. 

The T2DM animal models were established by following the standard procedure in our lab[29]. Brie�y,
rats were housed in standard mouse cages subject to a 12-hour light/12-hour dark cycle for one week.
Then, these rats were fed with high-fat diet (HFD) for four weeks in advance, and subsequently underwent
fasting for 12 hours. Afterwards, those in the 8w/16w T2DM groups were administered with streptozocin
(1% STZ in citrate buffer, 35 mg/kg, i.p.), and fed with HFD for eight weeks and 16 weeks, respectively.
The HFD comprised of regular chow (79%), egg yolk (10%), pork fat (10%), cholesterol (1%), and bile salt
(0.1%). Then, the urine sugar was determined by urine glucose test strips at three days after the injection.
When the results revealed medium or strong positive, a random blood glucose test was performed twice
for every two days. When the results revealed an equal or greater than 16 mmol/L, the rats were
considered as diabetics rats. Then, these T2DM rats continued to be fed with HFD for 8 or 16 weeks. Rats
in the control groups were initially fed with regular-chow for four weeks. Then, these were injected with
the same volume citrate buffer instead, and continued to be fed with regular-chow for the same time
duration as the T2DM rats. 

Oral glucose tolerance test (OGTT) 

OGTT was performed to evaluate the insulin sensitivity of rats at the end of each feeding cycle. The
fasting blood glucose level was measured from the caudal vein blood after 12 hours of fasting. Then, the
blood glucose value was tested at different time points (30, 60, 90 and 120 minutes) after the
administration of one oral glucose load (40% glucose, 2 g/kg). Next, the blood glucose (BG) time curve
was drawn, and the area under the curve (AUC) was calculated. The calculation formula was, as follows:
AUC [mmol/(L·min)] = 1/2 × (BG 0 min + BG 30 min) × 30 min + 1/2 × (BG 30 min + BG 60 min) × 30 min
+ 1/2 × (BG 60 min + BG 90 min) × 30 min + 1/2 × (BG 90 min + BG 120 min) × 30 min. 

Blood glucose and lipids measurement

The blood glucose level was measured by Glucose Blood Monitor and Glucose Oxidase assay. The total
serum cholesterol (TC) levels were measured using an enzymatic colorimetric kit (CHOD-PAP kit), and the
triglycerides (TG) levels were measured by glycerol phosphate oxidase (GPO-PAP). The plasma
concentrations of high-density lipoprotein (HDL) and low-density lipoprotein (LDL) were measured using
the pT-Mg2+ precipitation method and polyethylene sulfate precipitation method.

Echocardiography assessment

The cardiac structure and function of rats were evaluated using the Visual Sonics Vevo 2100 High
Resolution Imaging System. Brie�y, rats were anesthetized with 10% chloral hydrate (300 mg/kg, i.p.).
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Then, the heart rate (HR), cardiac output (CO), left ventricular ejection fraction (LVEF, %), and fractional
shortening (FS, %) were measured under M-mode supersonic. Color Doppler ultrasonography was used to
observe the ratio of peak velocity blood �ow, from the gravity in the early diastole (the E wave) to the peak
velocity �ow in the late diastole caused by atrial contraction (the A wave) (E/A ratio), isovolumic
relaxation time (IVRT)., the volume of end-systolic and diastolic (ESV/EDV), the left ventricle internal
diameter in the end-systole and diastole (LVIDs/LVIDd), and the left ventricle posterior wall thickness in
the end-systole and end-diastole (LVPWs/LVPWd). 

Transcriptome sequencing and bioinformatics analysis [30]

When the T2DM animal model was con�rmed, these rats were sacri�ced under anesthesia at the end of
the feeding cycle. Then, the heart was instantly harvested and stored in liquid nitrogen. Afterwards, a
small part of the heart tissue was sent to the laboratory for transcriptome sequencing. Total RNA was
extracted using the Trizol method, following the standard procedure. The RNA concentration and purity
were measured using the Nanodrop 2000. The quality of the total RNA was determined using the Agilent
2100 bio-analyzer system. The cDNA library was considered well-constructed when the total RNA was
quali�ed, according to manufacturer's instructions. Brie�y, the mRNA was enriched by magnetic beads
attached with oligo-T, and sliced to different sizes by adding a fragment buffer. The �rst-strand cDNA was
synthesized using random Hexamers. The second strand synthesis was performed by adding dNTPs,
RNase H and DNA polymerase I. Then, the double-strand cDNA was puri�ed by AMPure XP beads, and the
poly (A) tails were added and ligated with the sequencing adaptor in the end. The cDNA library was
generated using the PCR method. The cDNA library's initial quantity was determined uisng the Qubit 2.0
�uorimeter. Then, the concentration was diluted to 1.5 ng/µl. The insert size of the cDNA library was
detected using an Agilent 2100 bio-analyzer. When the insert size met the transcriptome sequencing
requirement, the Q-PCR method was used to quantify the effective concentration of the cDNA library.
When the result was higher than 2nM, the library was considered to be quali�ed. Then, high-throughput
sequencing was applied, and the sequence read was the Single End 50bp (SE50).

A large amount of high-quality sequence data, called raw data, was collected using the sequencing by
synthesis (SBS) technique, based on the Illumina Hi-Seq platform, and the clean reads were obtained
after quality control. The TopHat2 software was used to gain the mapped reads on the reference
genome/genes and the speci�c sequence information by comparing the clean data with the reference
genome sequence. The reference genome assembly was used to determine whether the data met the
requirement for the bioinformatics analysis. The Cuffquant and Cuffnorm components of the Cu�inks
software were used to quantify the transcriptome and gene expression levels. The Fragments per
Kilobase of transcript per Million fragments mapped (FPKM) was utilized to describe the gene expression
level, and eliminate the deviation caused by sequence depth, gene length and sample difference. The
FPKM formula was, as follows:
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The DEG, GO annotation and enriched KEGG pathways analysis

The DESeq method was used to analyze the differential expression between the two comparison groups
(control group and T2DM group), and the differentially expressed genes (DEGs) were obtained. Fold
Change (FC) was used to describe the ratio of differential expression. False discovery rate (FDR) was
considered as the criterion for DEG screening. When the FDR was <0.01 and the Log2 FC value was
greater or less than 2, the gene was considered as signi�cant differential expression. The DEGs were
blasted against several databases, such as the NCBI non-redundant protein sequence database (NCBI,
NR), Swiss-Prot, Gene Ontology database (GO), Evolutionary genealogy of genes, Non-supervised
Orthologous Groups (EggNOG), and EuKaryotic Orthology Groups database (KOG). The HMMER software
was used to obtain the DEGs annotation in the Protein family database (Pfam). The GO enriched analysis
was performed from three aspects: the biological process, the molecular function, and the cellular
component. The Kyoto Encyclopedia of Genes and Genomes (KEGG) was used to analyze the enriched
DEGs function. KOBAS2.0 was used to predict the enriched KEGG pathways of DEGs. 

The DCM-related gene validation by Q-PCR

Based on the bioinformatics analysis results, eight selected DCM-related genes were validated by real-
time PCR, following the standard procedure[31]. The total RNA was exacted from another part of the heart
tissue from the same rat, and the cDNA was synthesized using PrimeScript RT reagent kits. Then, Q-PCR
was performed in the ROCH lightcycler 96, following the standard procedure. GAPDH was used as the
internal control gene. The gene primers are shown (Table 6). The DCM-related genes were Ceramide
synthase 1 (Cers1), Acyl-CoA thioesterase 1 (Acot1), Neurotensin receptor 1 (NTSR-1), Pyruvate
Dehydrogenase Kinase 4 (PDK4), ATP-binding cassette subfamily D member 2 (Abcd2), FC receptor light
chain-2 (Fcrl-2), chemokine (C-X-C motif) ligand 13 (CXCL13), and Hydroxy-3-methylglutaryl-Coenzyme A
synthase 2 (Hmgcs2).

Table 6. The Q-PCR primers for DCM-related genes
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Genes Description Primers Primer sequence(5'→3')

GAPDH Glyceraldehyde-3'-phosphate
dehydrogenase

upstream CCACGGCAAGTTCAACGGCACA

downstream ATCAGCGGAAGGGGCGGAGA

Cers1 Ceramide synthase 1 upstream TGGATGGCGGGAGTTGAGGA

downstream ACTGGAAGACTTGCGGGAAT

Acot1 acyl-CoA thioesterase1 upstream GAGCCTAAGCCTCACTCTGT

downstream CAGCCTTTGAATCAGCACTA

NTSR1 Neurotensin Receptor1 upstream CGTTCAACATGACCATCGAG

downstream GTCCACTGTTCATCCGAGAT

PDK4 Pyruvate Dehydrogenase Kinase 4 upstream GACCGCCTCTTTAGTTACAC

downstream GGTTCCTTACTTGGGATACA

Abcd2 ATP-binding cassette subfamily D
member 2

upstream AAACAGAAGTTGGAGTCGCA

downstream CCGCAACTAATTCGTTCGCT

Fcrl2 Fc receptor-like 2 upstream ACTCGCTGCTTCTGGTAT

downstream GCTATGTGATGGCTATTCTT

CXCL13 C-X-C motif chemokine ligand 13 upstream TCTGGAGACCCATTACAC

downstream TCTGGCAGTAGGATTCAC

Hmgcs2 3-hydroxy-3-methylglutaryl-
CoenzymeA synthase 2

upstream CCCGTATGGGCTTCTGTTCG

downstream GCAGGCGTTGGTGGTATCTATG

Statistical analysis

The data are presented as mean ± S.E.M. (n= 4-6), unless there was another indication. SPSS 16.0 was
used for the statistical analysis. One-way analysis of variance (ANOVA) and t-test were used to compare
the group difference. Pairwise comparative analysis was used to obtain the statistically signi�cant
differences of the DEGs, and the adjusted P-values are calculated by Benjamini-Hochberg. P<0.05 was
considered statistically signi�cant, and P<0.01 was considered statistically highly signi�cant.

Abbreviations
Abcd2: ATP-binding cassette subfamily D member 2

Acot1: acyl-CoA thioesterase1

ANOVA: One-way analysis of variance
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AUC: Area under Curve

Cers1: Ceramide synthase 1

CO: Cardiac Output

DCM: Diabetes Cardiomyopathy

DEGs: Differentially Expressed genes

EDV: End-diastolic volume

EF:      Eject Factor

eggNOG: Evolutionary genealogy of genes: Non-supervised Orthologous Groups

ESV: end-systolic volume

E/A ratio: the ratio of  E to mitral peak velocity of late �lling (A)

FBG: Fasting blood glucose

Fcrl2: Fc receptor-like 2 

FDR: False Discovery Rate 

FPKM: Fragments Per Kilo base of transcript per Million fragments mapped

FS: Fractional Shortening

GAPDH: Glyceraldehyde-3’-phosphate dehydrogenase

GO: Gene Ontology database

HOMA-IR: Homeostasis Model  Assessment of  Insulin Resistance

Hmgcs2: 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2

IVRT: Ventricular Isovolumic Relaxation Time

IVSs/d: Inter ventricular septum systolic/diastolic thickness            

KEGG: Kyoto Encyclopedia of Genes and Genomes

KOG: EuKaryotic Orthology Groups database

Log2FC: the logarithm of Fold Change to the base 2
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LVIDs/d: Left Ventricular Internal Dimension at end-systole and at end-diastole

LVPWs/d: Left Ventricular Posterior Wall Thickness At End Systole/diastole

mRNA: message RNA

NTSR1: Neurotensin Receptor1

NCBI: National Center of Biotechnology Information

OGTT: Oral Glucose Tolerance Test            

PDK4: Pyruvate Dehydrogenase Kinase 4

Q-PCR: Real-time quantitative Polymerase Chain Reaction

SBS: Sequencing By Synthesis

T2DM: type 2 diabetes mellitus
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The changes in blood glucose level and lipid pro�le in 8w/16w T2DM rats The data were expressed as
mean ±S.E.M., n=5. **P<0.01 vs. control. *P<0.05; **P<0.01: The signi�cant differences between the
diabetic and control groups. A: The level of fasting blood glucose(FBG) , plasma insulin and the insulin
sensitivity index (ISI) calculated by the formula: ISI = 1/ (FBG × plasma insulin) B: The level of serum lipid
pro�les including triglyceride, total cholesterol, low density lipoprotein and high density lipoprotein ISI:
Insulin sensitivity index; TG: Triglyceride; TC: Total Cholesterol; LDL: low density lipoprotein; HDL: high
density lipoprotein
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Figure 2

The changes in left ventricle echocardiographic data in diabetic rats The data were expressed as mean
±S.E.M., n=4~6, *P<0.05,**P<0.01 vs. control. HR: Heart Rate; CO: Cardiac Output; LVEF: Left Ventricle
Ejection Fraction; LVFS: Left Ventricle Fractional Shortening; IVRT: Iso-Volumic Relaxation Time; E/A ratio:
the ratio of peak velocity blood �ow from gravity in early diastole (the E wave) to peak velocity �ow in late
diastole caused by atrial contraction (the A wave); EDV: End-Diastolic Volume; ESV: End-Systolic Volume;
LVIDd: Left Ventricle Internal Diameter at end-diastole; LVIDs: Left Ventricle Internal Diameter at end-
systole; LVPWd: Left Ventricle Posterior Wall thickness at end-diastole; LVPWs: Left Ventricle Posterior
Wall thickness at end-systole; IVSd: Inter-Ventricular Septum thickness at end-diastole; IVSs: Inter-
Ventricular Septum thickness at end-systole.
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Figure 3

The MA plot of DEGs in the different groups A: 8w-Con. vs. 8w-T2DM; B: 16w-Con. vs. 16w-T2DM; C: 8w-
T2DM vs. 16w-T2DM; Con.: Control group; T2DM: Type-2 Diabetic milliliters group; These groups mean
that group A was compared with group B. MA plot shows the differential gene expression levels in the
two groups. Each dot in every MA plot represents one DEG.The up-regulated DEGs are colored in red, the
down-regulated DEGs are colored in green and the non-regulated DEGs are colored in black. X-axis



Page 28/31

represents the expression intensity of gene(Log2 FPKM), and the Y-axis represents the differences in the
gene expression levels (Log2 FC).

Figure 4

The GO annotation of DEGs in the different groups A: 8w-Con.vs 8w-T2DM; B:16w-Con.vs 16w-T2DM; C:
8w-T2DM vs 16w-T2DM; 8w-Con.: 8-week control group; 16w-Con.: 16-week control group; 8w-T2DM: 8-
week type 2 diabetic group; 16w-T2DM: 16-week type 2 diabetic group. Bars show the percentage of
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genes. The darker color represents the DEG UNigenes, and the lighter color represents the All Unigenes.
Genes that annotated the biological process are shown in red, the cellular component is shown in green,
and the molecular function is shown in blue.

Figure 5

The KEGG pathway classi�cation of DEGs in the different groups A: 8w-Con.vs 8w-T2DM; B:16w-Con.vs
16w-T2DM; C: 8w-T2DM vs 16w-T2DM; 8w-Con.: 8-week control group; 16w-Con.: 16-week control group;
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8w-T2DM: 8-week type 2 diabetic group; 16w-T2DM: 16-week type 2 diabetic group. Bars show the total
amount of annotated genes under this KEGG pathway. X-axis represents the percentage of genes, Y-axis
represents the KEGG pathway.

Figure 6

The Q-PCR validation of DCM-related genes in the different groups The data were presented as mean ±
S.E.M., n=3, *P<0.05, **P<0.01 vs. Control. A: Ceramide synthase 1 (Cers1); B: Acyl-CoA thioesterase1
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(Acot1); C: Neurotensin receptor-1 (NTSR-1); D: Pyruvate Dehydrogenase Kinase 4 (PDK4); E: ATP-binding
cassette subfamily D member 2 (Abcd2); F: FC receptor light chain-2 (Fcrl-2); G:C-X-C motif chemokine
ligand 13 (Cxcl13); H: 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2 (HMGS2); 8w-Con.: 8-week
control group; 16w-Con.: 16-week control group; 8w-T2DM: 8-week type-2 diabetic group; 16w-T2DM: 16-
week type-2 diabetic group.
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