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Purpose: To investigate if a traditional Chinese medicine formulation, called “Yigihuoxue”
(YQHX), could improve diabetic atherosclerosis (DA) and explore potential mechanisms
based on DNA methylation.

Methods: Apolipoprotein E-knockout mice were administered streptozotocin (50 mg/d, i.p.)
for 5 days and fed a high-fat diet for 16 weeks. Mice were divided randomly into DA model,
rosiglitazone, as well as low-, medium-, and high-dose YQHX groups. Ten healthy C57BL/6J]
mice were the control group. Serum levels of fasting insulin, blood glucose, homeostasis
model-insulin resistance index (HOMA-IR), serum lipids, and inflammatory factors were
analyzed after the final treatment. Aorta tissues were collected for staining (hematoxylin and
eosin, and Oil red O). Genomic DNA was extracted for methyl-capture sequencing (MC-seq).
Kyoto Encyclopedia of Genes and Genomes (KEGG) and Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) databases were used to analyze differentially methylated
genes. Pyrosequencing was used to verify MC-seq data.

Results: Low-dose and high-dose YQHX could reduce the HOMA-IR (P < 0.05). Low-dose
YQHX reduced expression of total cholesterol (TC), low-density lipoprotein-cholesterol (LDL-
C), TNF-0, andI L-6 in serum compared with that in the model group (P < 0.05). Medium-dose
YQHX decoction inhibited the expression level of TNF-o (P < 0.05). High-dose YQHX
decreased the expression level of IL-6 (P < 0.05). Staining also showed the anti-
atherosclerosis effects of YQHX (P < 0.05). MC-seq revealed many abnormally hypermethy-
lated and hypomethylated genes in DA mice compared with those in the control group. KEGG
database analysis showed that the hypermethylated genes induced by YQHX treatment were
related to pathways in cancer, Hippo signaling, and mitogen activated protein kinase. The
network analysis suggested that the hypermethylated genes epidermal growth factor receptor
(Egfr) and phosphoinositide-3-kinase regulatory subunit 1(Pik3r1) induced by YQHX treatment
had important roles in DA. Pyrosequencing revealed that YQHX treatment increased methyla-
tion of AKT1, Nrih3 and Fabp4 significantly (P < 0.05).

Conclusion: YQHX decoction had positive treatment effects against DA, because it could
regulate aberrant hypomethylation of DNA.
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Introduction

The prevalence of diabetes mellitus (DM) is increasing worldwide, and DM con-
stitutes a serious public-health problem. Atherosclerosis is a chronic inflammatory
disease. It is an important pathologic basis for the development of various cardio-
vascular and cerebrovascular diseases. Patients with DM carry a higher risk of
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developing atherosclerosis, and diabetic atherosclerosis
(DA) is a major cause of death in DM patients." The
mechanisms linking DM and atherosclerosis center mainly
around endothelial-cell dysfunction, the inflammatory
response, changes in mitochondrial oxidative stress, and
DNA methylation; aberrant methylation of DNA is
thought to be a potential and novel therapeutic target for
patients with DA

DNA methylation (ie, an addition of a methyl group to
cytosine mediated by DNA methyltransferases) is a vital
modification of the genome in cells.” DNA methylation
can regulate gene expression and plays an important part
in the development of DM, atherosclerosis, and DA.
Studies have indicated that changes in DNA methylation
may drive the development of type-2 diabetes mellitus
(T2DM).* Genome-wide analysis of DNA methylation
has revealed T2DM patients have many aberrantly methy-
lated genes related to insulin resistance, lipid transport,
adipogenesis, cell proliferation, and cell differentiation.
For example, the insulin resistance-related genes insulin
receptor substrate 1(/RS1), JAZF zinc finger 1(JAZFI),
membrane-associated ring finger (C3HC4) 1(MARCHI)
and transcription factor 7 like 2(TCF7L2) are hypomethy-
lated in T2DM patients.” Functional studies have revealed
the methylation status of glutathione S-transferase theta 1
(GSTTI), glutathione peroxidase 7 (GPX7), and sorting
nexin 19 (SNX19) is correlated with messenger (m)RNA
expression and that these genes could affect the prolifera-
tion and apoptosis of pancreatic-islet B-cells directly.®
Reports have also suggested that aberrant DNA methyla-
tion is probably the core mechanism in atherosclerosis
development.” °Aberrant methylation of DNA could
cause inflammation and accelerate atherosclerosis.
Kruppel-like factors are zinc-finger proteins and important
anti-inflammatory factors.'® Aberrant hypermethylation
and low expression of Kruppel-like factor-4 has been
observed in human aortic endothelial cells, which can
lead to inflammation in atherosclerotic areas.® Moreover,
increasing evidence suggests that DNA methylation has
a substantial role in DA development through “metabolic
memory” (ie, the complications of T2DM induced by early
hyperglycemia can persist even though the blood glucose
level of DM npatients is controlled to a normal level)."
Studies have shown that DNA methylation at key 5—C—
phosphate—G—3' (CpG) sites is associated with the onset
of complications in patients with T2DM continues for 10
years.'" Considering the importance of DNA methylation

in the development of complications in T2DM, DNA
methylation is thought to be a therapeutic target for DA.

(TCM) has
employed in China for more than 3000 years. TCM theory
dictates that “Qi and Yin deficiency” and “blood stasis”
are the main causes of DA.'> We hypothesized that

Traditional Chinese medicine been

a decoction called “Yigihuoxue” (YQHX) could promote
blood circulation and tonify qi and yin and, therefore, be
employed for DA treatment.

We investigated the treatment effect of YQHX and
elucidated its mechanism of action from the perspective
of DNA methylation. Analysis of genome-wide methyla-
tion was undertaken to observe the effects of YQHX on
DNA methylation in a mouse model of DA, and differen-
tially methylated genes in different groups were identified.
Next, the differentially methylated genes were analyzed
using Kyoto Encyclopedia of Genes and Genomes
(KEGG; www.genome.jp/kegg/pathway.html/) and Search

Tool for the Retrieval of Interacting Genes/Proteins
(STRING) 11 databases (https://string-db.org/). Finally,
three CpG sites from the genome-wide methylation data

were chosen for validation by pyrosequencing.

Materials and Methods

Main Herbs and Reagents

YQHX is composed of Ligusticum wallichii (LW), red
peony root (RPR), and Panax quinquefolius saponins
(PQS), all of which were supplied by Xiyuan Hospital
(Beijing, China). These three components were mixed at
a 40:20:1 ratio and made into a liquid extract by the
Pharmacy Department of Xiyuan Hospital. Each milliliter
of the liquid extract contained LW (0.96 g), RPR (0.48 g)
and PQS (0.024 g). Rosiglitazone (Shenjitang, Guizhou,
China) was dissolved in physiologic (0.9%) saline to make
a stock solution of 0.5 mg/mL.

Animals and Experimental Design

The animal experiment program was approved by the
Ethical Committees of Xiyuan Hospital, affiliated to China
Academy of Chinese Medical Sciences. Animal treatments
conformed to the “Advice on the treatments of experimental
animals” issued by the Ministry of Science and Technology
of China (Beijing, China) and the International Council for
Laboratory Animal Science (ICLAS). Fifty male apolipo-
protein E (ApoE)-knockout mice (6 weeks) were purchased
from Beijing Tonglihua (production license number: SCXK
2016-0011). ApoE-knockout mice were injected with
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streptozotocin (50 mg/d, i.p.; Sigma—Aldrich, Saint Louis,
MO, USA) for 5 days and, after 1 week of adaptive feeding,
fed high-fat chow with basic feed 78.85%, lard 21%, cho-
lesterol 0.15% for 16 weeks. Then, mice were randomly
divided into five groups of 10: (1) DA model; (2) rosiglita-
zone (fed with rosiglitazone (6.5 g/kg-d) for 6 weeks); (3)
low-dose YQHX (fed with LW (2.4 g/kg-d), RPR (1.2 g/
kg-d) and PQS (60 mg/kg-d) for 6 weeks; (4) medium-dose
YQHX (fed with LW (4.8 g/kg-d), RPR (2.4 g/kg-d) and
PQS (120 mg/kg-d) for 6 weeks; (5) high-dose YQHX (fed
with LW (9.6 g/kg-d), RPR (4.8 g/kg-d) and PQS (240 mg/
kg-d) for 6 weeks. Ten healthy C57BL/6J mice were used
as a control group.

Measurement of Insulin, Blood Glucose,
Homeostasis Model-Insulin Resistance
Index (HOMA-IR), Serum Lipids, and

Inflammatory Factors

Fasting insulin levels were analyzed by an Iodine ['*°]
Insulin Radioimmunoassay Kit (Beifang Biotechnology,
Beijing, China) according to manufacturers' instructions.
Glucose levels in blood were tested in a blood sample
obtained from the tail vein of mice every week. The
formula “(fasting blood-glucose x fasting insulin)/22.5”
was applied to calculate HOMA-IR. Serum was obtained
and retained at —80 °C. Then, an automatic biochemical
analyzer (Beckman Coulter, Fullerton, CA, USA) was
used to measure the levels of total cholesterol (TC), low-
density lipoprotein-cholesterol (LDL-C), triglycerides
(TG) and high-density lipoprotein-cholesterol (HDL-C)
in different groups. Expression of interleukin (IL)-6 and
tumor necrosis factor (TNF)-a in different groups was
measured by an enzyme-linked immunosorbent assay
(BioTek, Winooski, VT, USA) according to manufacturers'
protocols.

Staining

Staining (hematoxylin and eosin (H&E) and Oil Red
O (ORO) was undertaken to observe lipid accumulation
in the aorta, and areas of lipid plaques. After the final
treatment, the aorta was collected from each killed
mouse. Aorta samples were fixed in 4% paraformalde-
hyde. Paraffin sections were cut at thicknesses of 5 pm
for H&E staining. Microscopic examination was under-
taken to assess atherosclerotic changes in the aorta. To
observe the plaque area of the whole aortas, ORO staining
was applied, as described previously."

High-Throughput Analyses of

Methylomes

Methylation status in 30 aorta samples from each group
(except the rosiglitazone group) was analyzed by methyl-
capture sequencing (MC-seq) using a system from Agilent
Technologies (Santa Clara, CA, USA). Briefly, genomic
DNA was extracted from 30 aorta samples using the
DNeasy® Blood & Tissue kit (Qiagen, Stanford, VA, USA)
according to manufacturers' instructions. Qubit™ 2.0 and
agarose-gel electrophoresis were used to quantify DNA
(Invitrogen, Carlsbad, CA, USA). Genomic DNA (3 png)
was fragmented to a peak size of 100-170 bp. According
to the protocol for the MC-seq system, 350 ng of DNA was
mixed with blocking mixes, hybridization buffers, and
RNase block to capture the methylation region. We applied
the EZ DNA Methylation™ kit (Zymo Research, Irvine,
CA, USA) to convert the DNA. After bisulfite treatment,
the captured DNAs were subjected to amplification by poly-
merase chain reaction (PCR). Then, the HiSeq™ 2500 plat-
form (Illumina, San Diego, CA, USA) was applied to
sequence the bisulfite-converted DNA. The raw data gener-
ated from sequencing was checked and had to meet the
quality-control criteria set by Illumina. Differentially methy-
lated sites were identified, and the corresponding genes were
analyzed using the KEGG database (a key bioinformatics
tool for finding signaling pathways)."*

Protein—Protein Interaction (PPI)

Networks

Differentially methylated genes were obtained and evalu-
ated using the STRING 11 database. Network construction
was carried out by Cytoscape 3.5.0 (https://cytoscape.org/).

A high confidence score with a correlation degree >0.700 as
the cutoff value was set to obtain a PPI network.

Methylation Validation by Pyrosequencing
Three differentially methylated sites in different groups
according to MC-seq were chosen for pyrosequencing.
Briefly, the primers used for the chosen genes were
designed by PyroMark® Assay Design 2.0 (Qiagen) and
the primers are listed in Table S1. Next, bisulfite-treated
DNA was subjected to PCR with the following cycling
parameters: 98 °C for 10 s, 55 °C for 30 s, and 72 °C for
30 s for 35 cycles. Then, the PCR products were sent for
sequencing using the PyroMark Q96 system (Qiagen).
Finally, Pyro Q-CpG™ was applied to quantify the level
of DNA methylation of each CpG site in different groups.
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Statistical Analyses

Differences in the levels of insulin, blood glucose, serum
lipids, inflammatory factors, and the methylation levels of
sites among different groups were assessed by Student’s
t-tests or one-way analysis of variance. P < 0.05 was
considered significant. The significance of differences in
methylation levels in the five groups was evaluated by

Bayesian and linear regression analysis. CpG sites with
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a change of £0.1 in B-values (delta beta) and P < 0.05 in
the different groups were considered significant.

Results

Levels of Blood Glucose, Insulin, and the
HOMA-IR

Compared with mice in the control group, the blood glu-
cose level and IR of mice in the model group increased

Insulin

HIU/ml

Figure | Effects of YQHX on levels of blood glucose, insulin, and HOMA-IR. (A) Blood glucose; (B) insulin; (C) HOMA-IR. Error bars indicate mean + SEM (n = 6). AP <
0.05 compared with the model group; *P<0.05 compared with the model group; AP<0.05 compared with the control group.
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significantly (P < 0.05) (Figure 1). Blood glucose levels in
all treatment groups were significantly lower than those in
the model group (P < 0.05 for all) (Figure 1A). Insulin
levels among all groups did not change significantly (P >
0.05) (Figure 1B). The IR in high-dose and low-dose
YQHX groups was reduced significantly (P < 0.05), but
the decrease in the medium-dose YQHX group and rosi-
glitazone group was not significant (P > 0.05) (Figure 1C).

30+

% b | L
20+ EEEE

% 5

%99 : -

%5%%

P,

mmol/L

10+

mmol/L

Serum Lipid Profiles

Twenty-two weeks after administration, the higher serum
levels of TC and LDL-C, and lower levels of HDL-C were
observed in the model group when compared with those in
the control group (P < 0.05) (Figure 2A, B and D).
Compared with those in the model group, mice in the low-
dose YQHX group had reduced levels of LDL-C and TC
(P < 0.05), but the difference in the expressions of TC and
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Figure 2 Effects of YQHX on levels of serum lipids. (A) TC; (B) TG; (C) LDL-C; (D) HDL-C. Error bars indicate mean * SEM (n = 6). AP < 0.05 compared with the model

group; *P < 0.05 compared with the model group.

Journal of Inflammation Research 2022:15

167

Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhou et al

Dove

LDL-C in the rosiglitazone group, medium-dose YQHX
group, and high-dose YQHX group was not significant
(P > 0.05) (Figure 2A and B). Significant differences for
TG and HDL among the treatment groups were not
observed (Figure 2C and D).

Expression of TNF-a and IL-6 in Serum
Compared with that in the control group, expression of TNF-
o and IL-6 in the model group increased significantly (P <
0.01); rosiglitazone treatment reduced TNF-o expression
significantly (P < 0.01), but had no effect on IL-6 expression
(P > 0.05). Expression of TNF-a and IL-6 was significantly
lower in the low-dose YQHX group than that in the model
group (P < 0.05); medium-dose YQHX reduced TNF-a
expression (P < 0.05), but had no effect on IL-6 expression;
high-dose YQHX could decrease IL-6 expression, but had
no effect on TNF-a expression (P > 0.05) (Figure 3).

Morphology

The morphology of the aorta wall in mice of each group is
displayed in Figure 4. ORO staining showed the whole
aortic area of mice in the model group have greater red-
stained lipid accumulation compared with that in the con-
trol group. Compared with that in the model group, lipid
content was less abundant in all treatment groups (P <
0.05) (Figure 4A and B). H&E staining revealed the area
of atherosclerotic plaques increased in the model group
compared with that in the control group, and that treatment

A TNF-a

pg/mL

with YQHX (all doses) and rosiglitazone could reduce the
area of atherosclerotic plaques (P < 0.05) (Figure 4C
and D).

Many Abnormally Methylated Genes in
the Model Group

Compared with the sites in the control group, 36,092 sites
were significantly hypomethylated and 22,677 sites were
aberrantly hypermethylated in the model group, which cor-
responded to 8013 hypomethylated and 6014 hypermethy-
lated genes, respectively (Figure SA, Table S2). Figure 5B
shows the distribution of differently methylated sites in the
positions of genes. Analyses of the top-30 signaling path-
ways revealed that the aberrant hypomethylated or hyper-
methylated genes play an important role in many DA-related
pathways and functions, including Wnt signaling pathway,
Hippo signaling pathway, and T2DM (Figure 5C).

YQHX Treatment Altered DNA
Methylation in Mice with DA

Compared with the sites in the model group, there were
153,324 hypermethylated sites and 42,732 hypomethylated
sites in the low-dose YQHX group, which corresponded to
13,250 (67.26%) hypermethylated genes and 6449
(32.74%) hypomethylated genes, respectively (Figure 6A,
Table S3). After treatment with medium-dose YQHX,
209,814 sites were changed significantly, which corre-
sponded to 20,909 genes. Among these 20,909 genes,
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Figure 3 Effects of YQHX on expression of tumor necrosis factor (TNF)-a and interleukin (IL)-6. (A) TNF-a; (B) IL-6. Error bars indicate mean + SEM (n = 6). AP < 0.05

compared with the model group; *P<0.05 compared with the model group.
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Figure 4 Pathologic staining of atherosclerotic lesions. (A) Whole aortic area by Oil red O staining; (B) percentage of lipid accumulation; (C) representative photographs of
aortic lesions from H&E staining (magnification x 200); (D)percentage of plaque area. The error bars indicate mean * SEM (n=3). A P<0.05, compared with the model
group; * P<0.05, compared with the model group.
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Table | KEGG Analysis of Identified Hypermethylated Genes from Low-Dose YQHX Group Comparing with Those in Model Group

Pathway Gene Symbol P value Q Value

Pathways in cancer Ccendl, Pparg, Nfkbl, Arnt2, Skp2, Crkl, Statl, Tgfbrl, Stk4, Apc, Racl, Fzdl0, 6.93E-07 0.00018
Prkca, Egf

Hippo signaling pathway | Ccndl, Lats2, Moblb, Tgfbrl, Apc, Csnkld, Pardéa, Ctnnbl, Fzd 10, Tgfbl, Bmpr2, 7.46E-07 |1.00E-04
Tef711

Focal adhesion Ccendl, Crkl, Mylpf, Itgal, Pdpkl, Racl, Ctnnbl, Col27al, Prkca, Egf, Itga3, Colla2, |.84E-06 0.00012
MapkI0

PI3K-Akt signaling ICcendl, Irsl, Nfkbl, TIr2, Itgal, Pdpkl, Gng2, Racl, Col27al, Prkca, Egf, Itga3, 6.48E-05 0.00347

pathway Creb3l4

Calcium signaling Cacnalb, Htr5a, Tacrl, Ryr3, Adcy9, Prkca, Chpl, Grin2a, Ppp3rl, Atp2a2 0.0038 0.027

pathway

MAPK signaling Nfkbl, Crkl, Rpsékaé, Cacnalb, Tgfbrl, Stk4, Racl, Map3k8 0.0005 0.0089

pathway

Insulin signaling pathway | Irsl, Crkl, Hk3, Gck, Pdpkl, Irs2, Ptpnl, Pde3a, MapklO0, Prkag2 0.0004 0.009

Wt signaling pathway Cendl, Apc, Racl, Wifl, Ctnnbl, Fzd10, Prkca, Chpl, Ppp3rl, Camk2b, Mapk|0 0.0079 0.046

Abbreviation: KEGG, Kyoto Encyclopedia of Genes and Genomes.

14,833 (70.94%) genes were hypermethylated and 6076
(29.06%) genes were demethylated (Figure 6B, Table S4).
There were 110,091 differentially methylated sites in the
high-dose YQHX group compared with those in the model
group, which corresponded to 10,436 (60.94%) hyper-
methylated genes and 6687 (39.06%) hypomethylated
genes, respectively (Figure 6C, Table S5).

An alluvial diagram exhibited the distribution of differ-
entially methylated sites among different groups (Figure 6D).
Analyses of signaling pathways using the KEGG database
exhibited that the hypermethylated genes induced by YQHX
treatment were closed to cancer-associated pathways, Hippo,
mitogen-activated protein kinase (MAPK) and phosphoino-
sitide 3-kinase/protein kinase B (PI3K-Akt). The parts of the
pathways and related genes are listed in Tables 1, 2, and S6.

PPl Network Analyses of Differentially
Hypermethylated Genes Induced by
YQHX

Among the 13,250 hypermethylated genes in the low-
dose group when compared with those in the model
group, we chose the top-500 hypermethylated genes
according to absolute deviation for the network analy-
sis. In the PPI network, some nodes including epider-
mal growth factor receptor(Egfr), phosphoinositide-
3-kinase regulatory subunit 1(Pik3r/) and Paxillin
(Pxn) had higher degrees (Figure 7). We also imported
hypermethylated genes
YQHX and high-dose YQHX to the STRING database
for network analyses (Figures S1 and S2, respectively).

induced by medium-dose

Table 2 KEGG Analysis of Identified Hypermethylated Genes from Medium-Dose YQHX Group Comparing with Those in Model

Group
Pathway Gene Symbol P value Q Value
Pathways in cancer Mapk|, Ncoa4, Smo, Pik3rl, Fgf5, Shh, Itga2b, Fos, Wntl I, Pik3ca 2.49E-05 0.0016
Hippo signaling pathway Snai2, Ppp2rib, DIg2, Wntl |, Ccnd3, Ywhah, Wnt6, Trp73, Tead4 1.67E-05 0.0014
Focal adhesion Mapkl, Pak7, Col2al, Pik3rl, ltga2b, Ccnd3, Pik3ca, Vwf, Myl9 6.08E-07 0.0001
Axon guidance Ephb2, Mapkl, Pak7, Unc5b, Gnail, Dpysl5, Nck2, Plxncl, Limkl 7.08E-05 0.003
PI3K-Akt signaling pathway Mapkl, Ppp2rlb, Col2al, Pik3rl, Fgf5, Angpt4, Itga2b, Ghr, Ccnd3 0.00082 0.0405
HIF-1 signaling pathway Mapkl, Pik3rl, Angpt4, Hkl, Mknkl, Pik3ca, Insr, Ldha, Eif4ebp|, Angpt2 0.0015 0.017
MAPK signaling pathway Fgf10, Relb, Sos|, Ppp3ca, Cdc42, Mapk9, Prkaca, Fgf23, Tgfbrl, Tgfb2 0.0003 0.0612
Metabolic pathways Dld, Ugdh, Polrle, Hgsnat, Tat, Qdpr, Ndufa4l2, Nosl, Paics, Alpl 0.003 0.024
Estrogen signaling pathway Mapkl, Gnail, Pik3rl, Fos, Pik3ca, Creb5, Atf2, Adcy6, Kcnj9, Gabbr2 0.0002 0.006

Abbreviation: KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Figure 7 Low-dose YQHX-DA PPI network analysis. Compared with those in the model group, the top-500 hypermethylated genes in the low-dose YQHX group were
chosen for PPl network analysis using the STRING database. The size and color of the node represent the value of degree. The deeper the color, the higher the degree. The
red nodes (Egfr, Pik3rl, Pxn) have higher degrees. The node size of genes is proportional to the number of degrees.

Hypermethylation Effects of YQHX

According to Pyrosequencing

To further demonstrate the hypermethylation effects of
YQHX, pyrosequencing was applied to check the methylation
status of three CpG sites corresponding to AKT serine/threo-
nine kinase 1(4AKT!), nuclear receptor subfamily 1 group
H member 3(Nrih3) and fatty acid binding protein 4
(Fabp4). These three sites were hypomethylated significantly
in the control group (P < 0.05 for both) compared with those in
the model group (Figure 8). After treatment with YQHX, the
methylation of AKT1, Nrlh3, and Fabp4 in all treatment
groups increased significantly, which was consistent with MC-
seq data.

Discussion
We addressed, for the first time, the effects of YQHX
treatment on mice suffering from DA. We demonstrated

that this treatment could improve aberrant hypomethyla-
tion in mice with DA. Our study indicated that YQHX
could be an innovative hypermethylation agent for DA
treatment in the future.

DA is the main macrovascular complication of DM."?
Emerging evidence suggests that finding efficacious ther-
apeutic drugs from TCM formulations could be an
important strategy in DA cure.'® In the present study,
YQHX showed a remarkable effect against DA in vivo.
First, ApoE-knockout mice were injected with streptozo-
tocin and fed a high-fat diet: the blood glucose level, IR,
TC level, and LDL-C level of mice in the model group
increased significantly. ORO staining displayed the accu-
mulation of red-stained lipids when compared with that
in the control group, which demonstrated that the DA
model had been created. The blood glucose level in all
treatment groups decreased when compared with that in
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Figure 8 Effects of YQHX on methylation of NRIH3, AKT |, and Fabp4 according to pyrosequencing. (A) NRIH3; (B) AKT; (C) Fabp4. Error bars indicate mean * SEM (n
= 6). AP < 0.05 compared with the model group; *P < 0.05, compared with the model group.

the model group. None of the YQHX doses had an effect
on the insulin level, but treatment with low-dose and
high-dose YQHX could reduce the IR. Moreover, low-
dose YQHX could reduce the serum level of TC and
LDL-C when compared with those in the model group.
Several studies have highlighted the importance of
inflammation in diabetic vascular disease, which leads to
accelerated dysfunction of inflammatory cells and vascular
cells.'”'® In the present study, medium-dose and high-dose
YQHX could lower expression of only TNF-a or IL-6,
respectively. However, low-dose YQHX not only reduced
TNF-a expression, it also reduced expression of IL-6, which
indicated that low-dose YQHX showed the best anti-

inflammatory effect. Staining (H&E and, ORO) also revealed
the anti-atherosclerosis effects of YQHX for DA treatment in
mice. Taken together, our data demonstrated that YQHX
provided a protective effect against DA.

Numerous studies have reported that abnormal methy-
lation of DNA has critical roles in DA development.'®*
For example, aberrantly hypomethylated genes such as
fibroblast growth factor 2(FGF2), SMAD family member
3(SMAD3), and cyclin dependent kinase inhibitor 1A
(CDKNIA4) were identified in DM patients, and these
hypomethylated genes were closely related to pathways
in cancer, the MAPK signaling pathway, focal adhesion,
and regulation of the actin cytoskeleton.?' Consistent with
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those reports, we also found that many abnormally hypo-
methylated and hypermethylated genes were present in
DA mice compared with those in the control group.
Analyses of enriched signaling pathways using the
KEGG database revealed that these abnormally methylated
genes participated in many DA-related pathways and func-
tions, such as focal adhesion, the Wnt signaling pathway,
Hippo signaling pathway, and T2DM, which further
demonstrated the importance of DNA methylation in DA.
To normalize the aberrant DNA methylation in DA, drugs
targeting hypomethylation or hypermethylation are
needed. Interestingly, genome-wide analyses of methyla-
tion suggested that YQHX treatment mainly induced DNA
hypermethylation. The number of hypermethylated genes
induced by YQHX treatment was 13,250 (67.26%), 4833
(70.94%), and 10,436 (60.94%) in low-, medium-, and
high-dose YQHX groups, respectively, which indicated
that YQHX may be a novel hypermethylation agent.
Analyses using the KEGG database showed the hyper-
methylated genes induced by YQHX treatment were
related to pathways in cancer, the Hippo signaling path-
way, and MAPK signaling pathway. Network analyses also
revealed that hypermethylated genes, including Egf
Pik3rl, and Pxn, induced by YQHX treatment had impor-
tant roles in DA. For example, the cell-surface receptor
EGFR can regulate the proliferation, migration, and survi-
val of endothelial cells and vascular smooth muscle cells.
EGFR promotes endothelial dysfunction, cardiac remodel-
ing, fibrosis, and neointimal hyperplasia.”*>* Emerging
work suggests that blockade of EGFR expression can
inhibit the formation of foam cells and cardiovascular
inflammation in atherosclerosis. Pik3rl plays an important
part in the metabolic actions of insulin, and has been
associated with insulin resistance.”” Considering the
importance of DNA methylation in DA, these results
showed that targeting hypomethylation may be the main
mechanism of action of YQHX.

Pyrosequencing was applied to further determine the
hypermethylation effects of YQHX. We demonstrated that
methylation of three CpG sites corresponding to the genes of
AKT]I, Nrlh3, and Fabp4 increased after YQHX treatment.
AKTI1 methylation increased after YQHX treatment. The
AKT1 gene encodes one of the three members of the human
AKT serine-threonine protein kinase, which is essential for the
migration and proliferation of vascular smooth muscle
cells.***” Studies have shown that downregulation of AKT1
expression could improve atherosclerosis by inhibiting the
smooth muscle

migration and growth of vascular

cells.®®Fabp4 was hypermethylated after YQHX treatment,
and has key roles in the uptake, transport, and metabolism of
fatty acids. Fabp4 overexpression is associated with athero-
sclerosis, obesity, insulin resistance, T2DM, hypertension,
ischemic stroke.”” ' Targeting Fabp4 may be a good treat-
ment strategy for patients with DA.>* These observations
indicate that YQHX treatment causes hypermethylation of
DA-related genes, which may be the main mechanism of
action of YQHX in DA treatment. Furthermore, this mechan-
ism is different from that of two inhibitors of DNA methyla-
tion, azacitidine and decitabine, which can demethylate
aberrantly hypermethylated genes to elicit hypomethylation.*

Conclusions

We demonstrated that YQHX had treatment effects on mice
with DA. YQHX appeared to regulate aberrant hypomethyla-
tion in DA, so YQHX could be an innovative methylation
agent. Whether these protective effects translate into better
treatment effects for DA patients should be determined in
clinical trials.
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