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HADH may be the target
molecule of early vascular
endothelial impairment in T2DM
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Guangzhou, China, 2Department Clinical Experimental Center, First Affiliated Hospital of Jinan
University, Guangzhou, China

Background: Type 2 diabetes mellitus (T2DM) will significantly increase the
risk of atherosclerosis (AS). Vascular endothelial cell dysfunction (VECD) is
the foundation of AS. Early identification and intervention of VECD caused by
T2DM can help us effectively delay or even suppress the occurrence of AS.

Methods: We downloaded the gene expression profiles from the Gene
Expression Omnibus (GEO). The differential expression genes (DEGs) were
identified in R software and weighted gene co-expression network analysis
(WGCNA) was performed to further screen the target genes. In addition, we
used the receiver operating characteristic curve (ROC curve) to verify the
diagnostic efficiency of target genes. Finally, target genes were validated by
guantitative polymerase chain reaction (qPCR).

Results: Four target genes (CLUH, COG4, HADH, and MPZL2) were discovered
in early vascular endothelial impairment caused by T2DM through differential
expression analysis and WGCNA. The ROC curve of target genes showed that
HADH had the best diagnostic efficacy in VECD and AS. gPCR showed that
the mRNA level expression of HADH and MPZL2 were decreased in human
coronary artery endothelial cells (HCAECs) treated with high glucose and
palmitic acid.

Conclusion: HADH may be the target gene in early VECD caused by T2DM.
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Introduction

With the improvement of living standards, the incidence of type 2 diabetes mellitus
(T2DM) has an increasing tendency and its complication gradually received people’s
attention (1). Atherosclerosis (AS) is an important complication in T2DM (2). Patients
with T2DM are more likely to have AS than those without T2DM for glucose and lipid
metabolism disorders (3). In addition, T2DM speeds up the progression of AS with more
inflammatory infiltration and necrotic area. Aortic AS, especially coronary AS, can cause
poor blood flow and tissue ischemia, resulting in chest tightness, chest pain, and other
clinical symptoms. Thus, it is crucial to recognize the molecular mechanism of AS caused
by T2DM in the early stage.
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Endothelial cells, the regulators of vascular homeostasis, can
regulate cell adhesion, angiogenesis, thrombogenesis, stability
of blood flow, and so on (4). The occurrence of AS is
closely associated with vascular endothelial cell dysfunction
(VECD) (5). Researches show that inflammation increment,
oxidative stress imbalance, the toxicity of glycolipids, platelet
hyperactivity, and mitochondrial dysfunction may participate
in VECD of T2DM (4, 6, 7). Programmed cell deaths, such
as autophagy, apoptotic, and ferroptosis were also discovered
in it (8-10). However, in spite of a lot of research on its
mechanism, it is no effective target to be found to prevent
AS of T2DM at present. Clinically, it seems that we can only
avoid the incident of AS in T2DM patients by controlling
blood glucose and lipids. Transcriptome sequencing analysis was
greatly applied to identify the molecular mechanism of diseases
with the development of sequencing technology (11, 12). Thus,
we hope to uncover the underlying mechanism and screen the
target molecule to prevent VECD from progressing to AS in
T2DM via bioinformatics analysis. The flowchart of our study
was summarized in Figure 1.

Materials and methods

Data acquisition

Through searching for vascular tissues or cells transcriptome
datasets related to T2DM in Gene Expression Omnibus (GEO,
https://www.ncbi.nlm.nih.gov/geo/), we only discovered three
datasets related to early VECD of T2DM. They were GSE15729,
GSE173669, and GSE13760. GSE15729, the study about aorta
issues sequencing in type 2 diabetic AS model mice, contained
4 T2DM groups and 4 NDM (non-diabetes) groups (13).
GSE173669, the study about human umbilical vein endothelial
cells (HUVECsS) sequencing stimulated by high glucose and ox-
LDL in vitro, included 2 T2DM groups and 2 NDM groups
(14). GSE13760 was comprised of 10 arterial tissues from type
2 diabetic patients and 11 arterial tissues from non-diabetic
patients (15). We chose datasets GSE132651 about coronary
endothelial dysfunction and GSE57691 about AS to validate the
diagnostic efficiency of target genes. GSE132651 contained 6
normal groups and 13 coronary endothelial dysfunction groups,
while GSE57691 contained 10 normal groups and 9 AS groups
(16, 17).

Abbreviations: T2DM, Type 2 diabetes mellitus; NDM, Non-diabetes; AS,
Atherosclerosis; DEGs, Differential expression genes; WGCNA, Weighted
gene co-expression network analysis; VECD, Vascular endothelial cell
dysfunction; Human coronary artery endothelial cells, HCAECs; GO,
Gene ontology; KEGG, Kyoto encyclopedia of genes and genomes;
ROC, Receiver operating characteristic; AUC, Area under the curve; ROS,

reactive oxygen species.

Frontiers in Cardiovascular Medicine

02

10.3389/fcvm.2022.963916

Selection of differential expression genes

Differential expression genes (DEGs) in datasets, GSE15729
and GSE173669, were screened by “limma” package in R
respectively with p-value < 0.05 and |log2 fold change (FC)|
>log2 (1.2). The results of DEGs were visualized as volcano
plots and heatmap via R. The common up-regulated and down-
regulated DEGs in two datasets were presented in the Venn
diagram through the online tool Hiplot (https://hiplot.com.cn/).

Functional enrichment analysis

Functional enrichment analysis, which includes gene
ontology (GO) and Kyoto encyclopedia of genes and genomes
(KEGG), was applied to assess the function, location, or pathway
of DEGs. We employed the “clusterProfile” package in R to
perform GO and KEGG analyses and exhibited the results as bar
and bubble diagrams separately (18).

Weighted gene co-expression network
analysis

Weighted gene co-expression network analysis (WGCNA) is
a great method to explore the connection between phenotypic
character and genes (19). Considering that WGCNA requires
a large sample size, we used dataset GSE13760 to perform
WGCNA. Firstly, missing values and outliers were identified and
outlier samples were deleted if there are outliers in GSE13760.
The topological overlap matrix (TOM) was constructed by
selecting the appropriate soft threshold 8. Then, a hierarchical
clustering tree of module identification was generated. Finally,
the relationship between module and trait was calculated to pick
out the first three modules with the strongest correlation, and
module-trait genes were identified by using module membership
(MM) >0.8 and gene significance (GS) >0.5 or 0.4 as the
screening criteria.

Identification of target genes in VECD of
T2DM

The module-trait genes in WGCNA were intersected with
DEGs to gain target genes associated with VECD of T2DM. Gene
correlation analysis and receiver operating characteristic curve
(ROC curve) were performed to discover the correlation and
diagnostic value of the obtained target genes.
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FIGURE 1
The flowchart of the study.

Cell culture and quantitative polymerase
chain reaction

Human coronary artery endothelial cells (HCAECs) and
their complete medium were purchased from Procell Life
Science and Technology (Wuhan, China). HCAECs were
cultured at 37°C in an air saturation of 5% COj,. The
cells were overgrown to 80-90% for passage. We used high
glucose (HG, 33.3mM) and palmitic acid (PA, 200 mM)
to treat HCAECs for 24h. Low glucose (LG, 5.5mM)
without PA was as a control. Total RNA was extracted
from HCAECs using Trizol reagent (Beyotime Biotechnology,
Shanghai, China). The concentration of total RNA was
measured and RNA was reverse-transcribed into cDNA by
TranScript All-in-One First-Strand ¢cDNA Synthesis SuperMix
for the qPCR kit (Transgen, Beijing, China). The diluted
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cDNA was processed for qPCR with Top Green qPCR
SuperMix kit (Transgen, Beijing, China). The primers of
CLUH, COG4, HADH, and MPZL2 were synthesized by
Tsingke Biotechnology (Beijing, China). The sequences were
as follows:

CLUH: forward 5 -GTGATGGAGTACGACCTGTC-3’
reverse 5 -GAACTCAGCTTTGCTCTCGTAG-3 ;
COG4: forward 5 -GATGCTCTTTTGGAACAGCAAA-3
reverse 5 -CTCTCTGAATGGCCTGATAGAG-3 ;
HADH: forward 5 -GGCCAAGAAGATAATCGTCAAG-3
reverse 5 -TGGTCTACCAACACTACTGTG-3';
MPZL2: forward 5 -ATGTATGGCAAGAGCTCTACTC-3
reverse 5 -TGGAGAAAGTGCATTTTAACCG-3 .

All experiments were repeated at least three times.
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Statistical analysis

GraphPad Prism 8.0 was used to perform statistical analysis
and drawing. We selected a paired t-test as the statistical method.
p < 0.05 was considered statistically significant. Data were
presented as mean = standard deviation (SD).

Results

Screening of differential expression
genes

Datasets GSE15729 and GSE173669 were downloaded from
GEO and analyzed by “limma” package in R. We screened
654 up-regulated and 667 down-regulated DEGs in GSE15729.
In the meantime, 584 up-regulated and 1,439 down-regulated
DEGs were identified in GSE173669. The results of DEGs
were visualized as volcano plots and the top 200 DEGs were
shown in the heatmap (Figures 2A-D; Supplementary Table 1).
The common DEGs with up-regulation and down-regulation
in two datasets were obtained respectively and exhibited in
Venn diagrams. A total of 87 common DEGs (37 up-regulated
genes and 50 down-regulated genes) were selected eventually
(Figures 2E,F).

Functional enrichment analysis of DEGs
in VECD of T2DM

We applied the “clusterProfile” package in R to perform
functional enrichment analysis, which contained GO and KEGG
analyses (Supplementary Table 2). The biological process (BP)
of up-regulated DEGs in VECD of T2DM was enriched
in cellular response to biotic stimulus, cellular response to
lipopolysaccharide, and cell chemotaxis (Figure 3A), while
BP of down-regulated DEGs was enriched in the fatty acid
metabolism process, fatty acid beta-oxidation and catabolic
process (Figure 3B). According to KEGG analysis, up-regulated
DEGs in VECD of T2DM participated in the TNF signaling
pathway, lipid and AS, and Advanced glycation end product
(AGE)-receptor for AGE (RAGE) (AGE-RAGE) signaling
pathway in diabetic complications (Figure 3C). Down-regulated
DEGs in VECD of T2DM were involved in fatty acid
metabolism, fatty acid degradation, and type 2 diabetes mellitus
(Figure 3D).

Weighted gene co-expression network
analysis and trait-module genes
In order to further discern the target genes in VECD of

T2DM, we used dataset GSE13760 to perform weighted gene co-
expression network analysis (WGCNA). There was no outlier
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in sample clustering on the basis of the Pearson correlation
coeflicient (Figure 4A). We found the best soft threshold 8 to
be 16 when a scale-free R? is equal to 0.85 (Figure 4B). Based
on f = 16, we constructed 18 gene co-expression modules
via average hierarchical clustering and dynamic tree clipping
(Figure 4C). The gray module represented genes not classified
in other modules. In the correlation analysis of module and
trait, yellow, turquoise, and midnight blue modules were the
top three modules with the strongest correlation with VECD
of T2DM (Figure 4D). According to set the screening criteria
as MM > 0.8 as well as GS > 0.5 in yellow and turquoise
modules and GS > 0.4 in midnight blue module, 685 trait-
module genes were selected from three modules (Figures 4E-G;
Supplementary Table 3).

Identification of target genes in VECD of
T2DM

Four target genes (CLUH, COG4, HADH, and MPZL2)
were selected by taking the intersection of DEGs and trait-
module genes (Figure 5A). The correlation of target genes was
displayed in Figure 5B. There was a strong positive correlation
between CLUH and MPZL2. In addition, considering that there
was no suitable dataset about VECD of T2DM with clinical
information, we chose dataset GSE132651 about coronary
endothelial dysfunction and dataset GSE57691 about AS to
validate the diagnostic efficiency of target genes. In the stage
of coronary endothelial impairment (Early AS), areas under
the curve (AUC) of HADH and MPZL2 were the maximum
(Figure 5C). Furthermore, HADH had a significantly diagnostic
accuracy in AS (Figure 5D).

Validation of target genes

We performed qPCR to verify the target genes in HCAECs
treated with HG and PA in vitro. Expression of HADH and
MPZL2, not COG4 and CLUH, were significantly decreased
(p < 0.05), which fit the results of transcriptome sequencing
(Figure 5E).

Discussion

Hyperglycemia, hyperlipidemia, and insulin resistance in
T2DM are the crucial factors for the formation or acceleration
of AS (4). Current studies suggested that VECD happened
in the early process of AS and contributed to promoting the
progress and complication of AS (20). Identification of VECD
in T2DM will be beneficial for us to early diagnose and cure it
as well as prevent the appearance of AS. However, there is no
effective and convenient method to discover VECD in T2DM
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FIGURE 3
Functional enrichment of differential expression genes (DEGs). (A) Biological process (BP) of up-regulated DEGs in gene ontology (GO) analysis.
(B) BP of down-regulated DEGs in GO analysis. (C) Pathways of up-regulated DEGs in Kyoto encyclopedia of genes and genomes (KEGG)
analysis. (D) Pathways of down-regulated DEGs in KEGG analysis.

through extensive research about it. Therefore, we hoped to
identify the target molecules of VECD in T2DM and provide
the theoretical basis for clinical diagnosis and treatment by
bioinformatics analysis.

In the study, we selected DEGs and performed a functional
enrichment analysis of common DEGs in two datasets
related to VECD in T2DM. DEGs of VECD in T2DM
connected with the lipid metabolism

were primarily
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which indicated that

mainly by affecting

process and related pathways,
T2DM damaged endothelial cells
lipid metabolism in the absence of obvious AS. In order
to identify the target molecules, we used WGCNA and
found four possible target genes (CLUH, COG4, HADH,
and MPZL2).

HADH, the key enzyme in beta-oxidative of fatty
acids, encodes for the enzyme 3-hydrocyacyl-coenzyme A

frontiersin.org


https://doi.org/10.3389/fcvm.2022.963916
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

Ye et al.

10.3389/fcvm.2022.963916

A B
Sample Dendrogramand Trait Heatmap
. Soale Independence Mean connectivity
8 2
E 1615202224252530 571
¢ o 84 12
g
e 1 ©
g2 &4 89 g
58 £ 587 =
£, % S g
" g " E 8 g+
£ il I TRl IR i
& 85:ce 8 §8e¢ $313 ] =
HER] HEE R 288 R
838 233323 g2 g ° g4 =
2 606033 3 =
ia o .
T2OM ! 67
$_1 4 591012|4|e152022242€2830
hoM o 5 10 15 20 325 3 o 5 10 15 20 325 3
‘Soft Threshold (power) Soft Threshold (power)
D Module-trait Relationships
s r ] ‘
¢ - i i
Cluster Dendrogram MEmagenta -‘“0:1 ﬁﬁ,
°- VEen o o
24 MEbrown 031 031
o @ ©2) i
- MEgreen 026 026
s (03) 03)
5° 02 002
g - MEmidnightblue o5 0%
N MEturquoise -3% ‘a% L,
° Weighteyan b oz
31 MEblue 032 032
(©2) ©02)
& MEred 021 021
[Z) ©9
MEblack -016 016
Module colors. 05) (05) 05
MEtan 021 =021
04 ©4)
MEsalmon 0.18 -018
(04 (04)
8
VEgrsenyelow ‘ ‘ & o .
= I i s
$
& $
E F G
Module Mgﬁﬁgfpp\ﬁ:ge_lﬁsigniﬁcanoe Module Mergggalgir, \{'s<.1g_eg€0signiﬁcanoe Module Mev:‘:e;sgl‘p ;:.zﬁzrlzsigniﬁcance
24 & 3 . .
0 ° e o
3 L
81 s . 3
5 5 S : L)
s H 2° ] 5
8 g
£ £S5 =) 2
2 3 ol Lo
25 2 H o .
s H H )
(¢ o °
o
S 1 L
o ATS . .
31 =
5! -
. .
31 "
03 04 05 06 07 08 09 10 6o 02 04 06 08 10 04 05 06 07 08 09
Module Membership in Yellow Module Module Membership in Turquoise Module Module Membership in Midnightblue Module
FIGURE 4
The results of weighted gene co-expression network analysis (WGCNA). (A) Sample clustering and trait heatmap of GSE13760. (B) The
relationship of soft threshold and scale independence or mean connectivity. (C) Cluster dendrogram and partitioned modules. (D) The
eigengene adjacency heatmap of the correlation between modules and vascular endothelial cell dysfunction (VECD) of type 2 diabetes mellitus
(T2DM). (E) The scatter plot of the yellow module eigengenes. (F) The scatter plot of the turquoise module eigengenes. (G) The scatter plot of
the midnight blue module eigengenes.

Frontiers in Cardiovascular Medicine

07

frontiersin.org



https://doi.org/10.3389/fcvm.2022.963916
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

Ye et al. 10.3389/fcvm.2022.963916
A B
1
0.8
CcoG4
0.6
WGCNA
0.4
681
0.2
0
02
04
06
08
CLUH COG4 -1
HADH MPZL2
C D
ROC Curve in GSE132651 ROC Curve in GSE57691
s S [ R ——————— —; S— S S—
= i [} !
I el
F [ i
S [ : i !
© © H s 1
} ¥ h
H ' |
g, | g | i T yd
=2e 2° H a1 /
2 = ot AUC
2 pd 2 L P
S < 4 CLUH : 51.2821 3 < 4 : CLUH : 86.6667
---------- COG4 : 58.9744 o / COG4 : 78.8889
& - HADH :.76.9231 S / HADH : 98.8889
MPZL2 : 76.9231 / MPZL2 :71.1111
o 4 K ——
T T T T T T T T T T T T
100 80 60 40 20 0 100 80 60 40 20 0
Specificity (%) Specificity (%)
E F G H
15 157 o 15 1.5
s % ns ) &
2 E E * E *
O _ O _ 9] v
2210 =2 104 2210 2210
= 3 3 -
<3 23 23 A
£80s £8 05 Z80s £
o
g g g N
= o < &
AY) C gl CRNY? ERY
LG HG+PA LG HG+PA LG HG+PA LG HG+PA
FIGURE 5
Analysis and validation of target genes. (A) Venn diagram of common genes between differential expression genes (DEGs) and trait-module
genes in weighted gene co-expression network analysis (WGCNA). (B) The correlation analysis of target genes. (C) Receiver operating
characteristic curve (ROC curve) of target genes in GSE132651. (D) ROC curve of target genes in GSE57691. The mRNA fold change of CLUH
(E), COG4 (F), HADH (G), and MPZL2 (H) in human coronary artery endothelial cells (HCAECs) treated with high glucose (HG) and palmitic acid
(PA). * p < 0.05; ns p > 0.05.

leading to VECD and AS (21). On the one hand, a high
concentration of FFA causes mitochondrial respiratory chain
electron transfer dysfunction and increases the generation

dehydrogenase. The reduction of fatty acid beta-oxidation
raises free fatty acids (FFAs). Plasma FFAs levels significantly
increase in patients with T2DM, which is a crucial factor

08 frontiersin.org
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On the other hand, FFA
reacts with ROS to produce respiratory chain inhibitors and

of reactive oxygen species (ROS).

damage the biological oxidation process of mitochondria,
resulting in the deposition of FFAs in mitochondria, forming a
vicious cycle. In addition, high concentrations of FFAs impair
antioxidant capacity by reducing the production of reduced
glutathione (20). Combining with our study, increased FFAs
levels may be related to the down-regulation of HADH caused
by T2DM. Research shows that the siRNA knockdown of
HADH influenced lipid storage and metabolism (22). Another
research reveals that HADH expression is different in type
2 diabetic islet B cell dysfunction (23). In a meta-analysis of
epigenome-wide association study (EWAS) of incident type
2 diabetes, genetic analysis of blood from patients collected
7-10 years before the diagnosis of T2DM showed significant
enrichment in lipid metabolism (24). However, there is no
relevant research on HADH and VECD of T2DM. Our study
may provide the preliminary theoretical support for researching
HADH on VECD of T2DM. MPZL2 encodes myelin protein
zero-like 2, an adhesion molecule that regulates epithelial cell
interaction (25). There is very little research on MPZL2 and
only one study mentioned its protective effect on vascular
endothelial cells (26). HADH and MPZL2 were both decreased
in VECD of T2DM and positively correlated. In addition,
according to ROC analysis, the two were of equal diagnostic
value in the early VECD. However, HADH, not MPZL2, has
a significant diagnostic value in the AS stage, which indicates
that HADH may play an important role in AS induced by
sustained damage to endothelial cells caused by T2DM. Based
on bioinformatics results and the important role of HADH
in energy metabolism, we considered that HADH may be
the target molecule in early vascular endothelial impairment
in T2DM.

CLUH, a cytosolic protein, participates in mitochondrial
biogenesis. It can regulate mitochondrial energy metabolism and
adipogenesis (27, 28). CLUH-knockout cells show decreased
abundance of respiratory complexes due to alterations in
mitochondrial translation and conversion of glycolipid
metabolism (28). These previous researches are consistent with
the result of CLUH down-regulation in VECD of T2DM by
bioinformatics analysis in this study. However, the qPCR result
showed that the mRNA expression of CLUH was increased in
HCAEC:s treated with HG and PA in vitro, which is contrary
to the bioinformatics results. This may be related to the early
protective increase of CLUH after coronary artery stimulation
with high sugar and high fat.

Despite some heterogeneity, the study includes all available
datasets about VECD of T2DM at present and performs
bioinformatics analysis at the cell, animal, and human tissue
levels. However, there are some limitations to our study. We
did not analyze the diagnostic efficiency of the target gene in
AS of T2DM or NDM sample for the lack of relevant data.
In addition, the availability of the target gene still needs to be
confirmed in vivo.
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Conclusion

In general, we attempted to ascertain the mechanism and
target genes in VECD of T2DM by bioinformatics analysis
of transcriptome sequencing. In particular, we found that the
VCED in early AS caused by T2DM was mainly involved in the
damage of lipid metabolism and HADH may be the target gene
in it.
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