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Introduction

Peripheral arterial disease (PAD) is a clinical complication of 
atherosclerosis that obstructs multiple vascular beds such as 
lower extremities by embolism or thrombosis leading to 
amputation or even early death1. An accurate calculation of 
the incidence rates of PAD is challenging due to its chronic 
course and insidious onset; it is estimated that 10% to 20% of 
the population will eventually suffer from PAD in individuals 
aged above 60 years1–4.

Hypoxia and oxidative stress could affect protein status 
during the ischemic period5–8. Thereafter, intracellular pro-
teins undergo various modifications to regulate the damage to 
tissues and cells. Among diverse modifications, histone meth-
ylation is common in ischemic issues9,10. It acts as a regulator 
in the pathophysiology of the disease process and currently 
has extensive studies10–12. Previous studies have proposed that 
trimethylation of histone H3 lysine 4 (H3K4Me3) regulates 
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Abstract
Peripheral arterial disease (PAD), characterized by atherosclerosis of the peripheral arteries or even amputation, has 
threatened public life and health. However, the underlying mechanism remains largely obscure. SUV39H1, a histone 
methyltransferase, could specifically methylate lysine 9 of histone H3 and act as a repressor in transcriptional activity. The 
study aimed to investigate the role of SUV39H1 in limb ischemia. C57BL/6 male mice were randomly divided into Sham or 
Model groups to investigate the expression of SUV39H1 in the ischemic limbs. Then, pharmaceutical inhibition or genetic 
deletion of SUV39H1 in the limb ischemia mice model was performed to confirm its effect on limb ischemia. The blood 
perfusion was quantified by laser speckle contrast imaging (LSCI). Capillary density and muscle edema were measured by 
CD31 immunohistochemical staining and HE staining. The expressions of SUV39H1 and Catalase were confirmed by western 
blot. Transcriptome sequencing of siSUV39H1 in human umbilical vein endothelial cells (HUVECs) was used to explore 
the regulation mechanism of SUV39H1 on angiogenesis. The results showed that SUV39H1 was highly expressed in the 
ischemic muscle tissue of the mice. Pharmaceutical inhibition or genetic deletion of SUV39H1 significantly improved blood 
perfusion, capillary density, and angiogenesis in ischemic muscle tissue. Cell experiments showed that SUV39H1 knockdown 
promoted cell migration, tube formation, and mitochondrial membrane potential in endothelial cells under oxidative stress. 
The transcriptome sequencing results unmasked mechanisms of the regulation of angiogenesis induced by SUV39H1. Finally, 
Salvianolic acid B and Astragaloside IV were identified as potential drug candidates for the improvement of endothelial 
function by repressing SUV39H1. Our study reveals a new mechanism in limb ischemia. Targeting SUV39H1 could improve 
endothelial dysfunction and thus prevent limb ischemia.
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transcriptional activation, nevertheless, trimethylation of H3 
lysine 9 (H3K9Me3) regulates transcriptional repression13. 
SUV39H1, a histone methyltransferase, could specifically 
methylate lysine 9 of histone H3 and acts as a repressor in 
transcriptional activity. The previous study showed that 
SUV39H1 has different roles in different diseases. It modu-
lates the oxidative capacity of vessels and thus prevents vascu-
lar disease in the obese adult population14. Furthermore, 
SUV39H1 could aggravate cardiac injury following myocar-
dial infarction13. However, the direct effects of SUV39H1 on 
angiogenesis and the pathogenesis of limb ischemia remain 
largely elusive.

We report here that up-regulation of SUV39H1 during 
limb ischemia in mice model. Genetic deletion or pharma-
ceutical inhibition of SUV39H1 alleviated limb ischemia. 
Moreover, the oxidative stress activated the SUV39H1 
expression in endothelial cells, and SUV39H1 knockdown 
improved tube formation, cell migration, and mitochondrial 
membrane potential (MMP) under oxidative stress stimula-
tion. Taken together, we provide the rationale for targeting 
SUV39H1 to treat limb ischemia.

Materials and Methods

Chemicals and Reagents

Chaetocin (purity: 98.66 %, Cat. No. S8068), Salvianolic 
acid B (Sal B, purity: 99.73%, Cat. No. S4735), and 
Astragaloside IV (AS-IV, purity: 98%, Cat. No. S3901) were 
obtained from Selleck (Houston, TX, USA). CD31 immuno-
histochemical staining antibody was purchased from Cell 
Signaling Technology (Danvers, MA, USA). Antibodies to 
SUV39H1, Catalase, and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) were purchased from ProteinTech 
Wuhan Sanying Biotechnology (Wuhan, China). RIPA lysis 
buffer, PMSF, and protease inhibitor cocktail were obtained 
from Beyotime Biotechnology (Shanghai, China), a BCA 
Protein Assay Kit was bought from Thermo Fisher Scientific 
(Carlsbad, CA, USA), secondary antibody was obtained 
from Abcam (Cambridge, United Kingdom), and ECL 
reagent was brought from Advansta (CA, USA). RNAiso 
and PrimeScript RT Master Mix were brought from TaKaRa 
(TaKaRa, Tokyo, Japan), and SYBR Green PCR Kit was 
purchased from Vazyme (Nanjing, China). Endothelial cell 
medium (ECM) and endothelial cell growth supplement 
(ECGS) were brought from Sciencell (CA, USA). Matrigel 
matrix was brought from Corning (MA, USA). Transwell 
chambers (8 μm) were brought from Corning (NY, USA). 
HiPerFect transfecting reagent was purchased from Qiagen 
(Hilden, Germany). Lipofectamine 3000 was obtained from 
Invitrogen (CA, USA). The JC-1 probe mitochondrial mem-
brane potential detection kit was brought from Beyotime 
(Shanghai, China). Hydrogen peroxide (H2O2, 30%) was 
obtained from Merck. Human recombinant SUV39H1 pro-
tein was purchased from Huanqiu Jiyin Science and 

Technology Co. Ltd. (Anhui, China). Series CM5 sensor 
chip was obtained from GE Life (USA).

Animals

Male C57BL/6J mice, 5 weeks old, were purchased from Ji 
Hui Experimental Animal Breeding Company (Shanghai, 
China). SUV39H1 knockout mice aged 5 weeks were 
obtained from Professor Aijun Sun (Shanghai Institute of 
Cardiovascular Disease, Zhongshan Hospital, Fudan 
University, Shanghai 200032, China; Institute of Biomedical 
Sciences, Fudan University, Shanghai 200032, China). 
Animals were housed in a room with a 12: 12-h light/dark 
cycle and free access to food and drinking water in the 
Animal Center of Naval Medical University. All of the 
experimental procedures were approved by the Ethics 
Review of Animal Use Application of Naval Medical 
University (license number SYXK [HU] 2017-004). All pro-
cedures were performed following the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals. 
All operations were performed under anesthesia, and all pos-
sible efforts were taken to minimize suffering in accordance 
with the ARRIVE guidelines on animal research.

Establishment of Hind Limb Ischemia Model and 
Intraperitoneal Administration

Model mice were anesthetized by sodium pentobarbital 
intraperitoneally (60 mg/kg body weight). The establishment 
of the hind limb ischemia model was described in a previous 
study15. To explore the effect of chaetocin, a specific inhibi-
tor of SUV39H1, on the improvement of limb ischemia, 
model mice were randomly assigned to either a Model + 
DMSO group or a Model + Chaetocin group (0.25 mg/kg) 
for 12 d before the mice were sacrificed. The injection of 
chaetocin was delivered intraperitoneally. To further verify 
the effect of SUV39H1 on the improvement of limb isch-
emia, a group of SUV39H1 knockout mice underwent limb 
ischemia surgery as well.

Laser Speckle Contrast Imaging

The laser speckle contrast imaging (LSCI) system (Perimed 
Instruments AB, Sweden) was used before, immediately 
after, and on Days 4, 8, 12, 14, and 16 after the operation. 
The blood flow recovery ratio = ischemic limb perfusion 
(left hind limb)/nonischemic limb perfusion (right hind limb) 
× 100%.

HE Staining and CD31 Immunohistochemical 
Staining

On the endpoint in each part of the animal experiment, the 
mice were sacrificed by an overdose of isoflurane, 
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and surgical sides of the hind limb were collected. For HE 
staining, the tissues were fixed with formalin and embedded 
with paraffin followed by being cut into 3-µm-thick sections. 
We used HE staining to evaluate muscle cell injury scores 
described as previously reported16. The proportion of injured 
muscle cells = injured muscle cells/total number of muscle 
cells × 100%. The vessel density in gastrocnemius muscles 
was measured by CD31 immunohistochemistry. The gastroc-
nemius muscles were fixed by 4% paraformaldehyde and cut 
into 3-μm-thick sections for immunohistochemistry of 
CD31. CD31 staining was quantified by the ImageJ 
software.

Preparing the Human Umbilical Vein Endothelial 
Cells

The human umbilical vein endothelial cells (HUVECs) were 
purchased from the American Type Culture Collection (ATCC, 
VA, USA) and cultured in ECM medium with P/S and ECGS 
under a humidified 5% CO2 atmosphere at 37°C. To investi-
gate the effect of oxidative stress on SUV39H1 expression 
on HUVECs, H2O2 was added at 100, 200, 300, 400, and 500 
µM into HUVECs for 24 h, respectively. Moreover, to 
explore whether inhibition of H2O2-induced SUV39H1 
improved endothelial cell function, the endothelial cell was 
divided into the H2O2 + control siRNA group and the H2O2 
+ SUV39H1 siRNA group. To verify that Sal B and AS-IV 
could increase angiogenesis through inhibition of SUV39H1 
under oxidative stress, the endothelial cell was divided into 
Sal B/AS-IV + H2O2 + vector group and Sal B/AS-IV + 
H2O2 + SUV39H1 plasmid group.

SiRNA Transfection

siRNAs (Mission siRNA) against human SUV39H1 and 
control siRNA were synthesized by GenePharma 
Biotechnology Co. Ltd. (Shanghai, China). The siRNAs (20 
nM) were transiently transfected into HUVECs using 
HiPerFect Reagent according to the manufactureŕs protocol. 
The siRNA sequences were as follows: Sense 5′-3′ 
GCACAAGUUUGCCUACAAUTT; Antisense 5′-3′ 
AUUGUAGGCAAACUUGUGCTT.

Construction of SUV39H1 Plasmid and 
Transfection

The SUV39H1 plasmid and empty vector were constructed 
by the GenePharma Biotechnology Co. Ltd. (Shanghai, 
China). Briefly, the cells were cultured in 24-well plates for 
24 h with 50% confluence. Then, the SUV39H1 plasmid or 
the empty vector was transfected into cells by lipofectamine 
3000 according to the manufacturer’s instructions. We used 
qRT-PCR to detect the transfection efficiency of SUV39H1 
after 48 h. The primer sequences are listed in Supplementary 
Table 1.

Western Blot Analysis

The surgical side of gastrocnemius tissues was used to 
explore the expression of proteins. Tissues were homoge-
nized by tissue homogenizer (NewZongKe, China) after add-
ing RIPA lysis buffer, PMSF, and protease inhibitor cocktail 
followed by quantified by the BCA Protein Assay Kit. Next, 
equal amounts of protein (20–30 µg) were used for SDS-
PAGE electrophoresis and transferred to a PVDF membrane 
followed by blockage with 5% skim milk for 1 h at room 
temperature. Then, the membranes were incubated with 
SUV39H1, Catalase, and GAPDH antibodies at 4°C over-
night. After being washed by PBST three times for 10 min, 
the membranes were incubated with the corresponding sec-
ondary antibodies for 1 h followed by three cycles of PBST 
washing for 10 min each. Finally, the proteins were enhanced 
with ECL reagent and detected on a UVP BioImaging system 
(CA, USA).

Quantitative Real-Time PCR Assay

RNAiso was added to the HUVECs to isolate total RNA. 
PrimeScript RT Master Mix was used to synthesize cDNA 
followed by qRT-PCR using a Roche SYBR Green PCR Kit. 
The primers used in this study are listed as follows: (Human) 
SUV39H1: Sense 5′-3′ CCTGCCCTCGGTATCTCTAAG; 
Antisense 5′-3′

ATATCCACGCCATTTCACCAG. (Human) GAPDH: 
Sense 5′-3′ GGAGCGAGATCCCTCCAAAAT; Antisense 
5′-3′ GGCTGTTGTCATACTTCTCATGG.

Tube Formation Assay

The tube formation assay was described as a previous study17. 
In brief, each well of a 96-well plate was loaded with 100 μl 
of matrigel matrix. Then, HUVECs were seeded on the pre-
coated wells at a density of 6 × 104 cells/well. After being 
cultured for 24 h, images of tube morphology were photo-
graphed using an inverted microscope (Leica, DFC290HD, 
Germany) at × 100 magnification.

Table 1.  The Molecular Complex Detection (MCODE) Score 
and Nodes of Clusters.

Cluster Score Density Nodes Genes

A 7.8 11 39 TSLP, PTX3, ICAM1, CXCL5, 
IL18, CXCL8, IGFBP3, IL6, 
SERPINE1, CXCL3, GDF15

B 3.333 4 5 ASNS, CHAC1, ATF3, TRIB3
C 3 3 3 SCN4A, ANK2, SCN10A
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Cell Migration Assay

The cell migration assay was described as a previous study18. 
In brief, cells were resuspended and seeded on the upper 
chambers of the transwell (Corning, MA, USA) and ECM-
conditioned medium with 10% fetal bovine serum (FBS) 
was added to the lower chamber. Then, the migrated cells 
were fixed with 4% paraformaldehyde and stained with 0.5% 
crystal violet for 20 min, respectively after 24 h.

Evaluation of Mitochondrial Membrane Potential

Mitochondrial membrane potential (MMP) was detected by 
the JC-1 probe MMP detection kit according to the manufac-
turer’s instructions. In brief, harvested HUVECs were incu-
bated with the JC-1 detection solution at 37°C for 20 min. 
The monomeric JC-1 of green fluorescence and the aggre-
gated JC-1 of red fluorescence were visualized by immuno-
fluorescence microscope (DMI6000, Leica, Germany). 
Fluorescence intensity was quantified using Image J.

Transcriptome Sequencing of siSUV39H1 in 
HUVECs and Data Mining

After siSUV39H1 was successfully established in HUVECs, 
the cells were collected for transcriptome sequencing. 
Sequencing was performed by Ouyi Biotechnology 
(Shanghai). The differentially expressed genes (DEGs) were 
further analyzed using the gene ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analysis.

Protein–Protein Interaction Network Construction 
and Analysis

The Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING) database (http://string.embl.de/) was 
used to assess the associations of DEGs. The PPI network 
was built and visualized by molecular complex detection 
(MCODE) in Cytoscape 3.7.2 (http://cytosacpe.org/), a bio-
informatics integration platform. The node centrality analy-
sis was performed in the Cytoscape framework environment 
using the Hubba plug-in.

Surface Plasmon Resonance

We performed surface plasmon resonance (SPR) on the Biacore 
T200 system (GE Healthcare Life Sciences, Marlborough, 
MA, USA). SUV39H1 recombinant protein was diluted with 
acetate (PH = 4.0) and conjugated to a Series S Sensor Chip 
CM5 (BR100530, GE Healthcare Life Sciences) by EDC/
NHS cross-linking reaction according to manufacturer’s pro-
tocols. The target immobilization level of SUV39H1 protein 
was 14,424.8 RU. Sal B and AS-IV were diluted with a 

running buffer containing 5% DMSO from 1 to 128 µM and 
were injected into the reference channel and SUV39H1 pro-
tein channel, respectively, at a flow rate of 30 µL/min. The 
coupling time was 60 s and the dissociation time was 120 s. 
Biacore T200 evaluation software was used to fit the affinity 
curves by the steady-state affinity model (1:1), and the equi-
librium dissociation constant (KD) was calculated.

Molecular Docking of Sal B and AS-IV With 
SUV39H1

The molecular docking was described in the previous study19. 
In brief, the structures of the Sal B and AS-IV were con-
structed by ChemOffice. Then, MMFF94 force field, RCSB 
Protein Data Bank, and PyMOL were used to analyze protein 
structure. Finally, AutoDock and AutoDock Vina were per-
formed for virtual docking.

Statistical Analysis

All of the data are expressed as mean ± standard deviation 
(SD) values. Multiple comparisons were performed by one-
way analysis of variance (ANOVA) using SPSS 22.0 (SPSS 
Inc., USA). The p values < .05 were considered statistically 
significant.

Results

SUV39H1 Was Highly Expressed in Mice 
Ischemic Muscle Tissue

First, we collected the ischemic muscle tissues of mice 
before the operation, and on Days 4, 8, 12, and 16 after the 
operation to investigate the expression of SUV39H1 (n = 4). 
The results showed that the blood perfusion of the ischemic 
limb gradually increased with a decrease in the expression of 
SUV39H1 (Fig. 1A, B). In contrast, the expression of 
Catalase in ischemic muscle tissue was increased with the 
improvement of the blood perfusion of the ischemic limb 
(Fig. 1C). This result indicated the negative relationships 
between SUV39H1 and disease outcome.

Chaetocin Protected Against Limb Ischemia in 
Mice Model

Then, we used chaetocin, a specific inhibitor of SUV39H1, 
to explore the effect of the inhibition of SUV39H1 on limb 
ischemia (n = 4). The chaetocin-treated model mice exhib-
ited better blood perfusion in the ischemic limb than the 
Model + DMSO group (Fig. 2A). Moreover, the Model + 
Chaetocin group showed a higher density of capillaries than 
the Model + DMSO group (Fig. 2B). The Model + DMSO 
group had a higher proportion of muscle fiber edema and cell 
injury. In contrast, muscle fibers in the Model + Chaetocin 

http://string.embl.de/
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group showed rounded and intact borders (Fig. 2C). 
Furthermore, the expression of SUV39H1 in ischemic mus-
cle tissue was higher in the Model + DMSO group than in 
the Model + Chaetocin group (Fig. 2D). In contrast, the 
expression of Catalase in ischemic muscle tissue was higher 
in the Model + Chaetocin group than in the Model + DMSO 
group (Fig. 2E). These results suggested that chaetocin 
increased angiogenesis repair, reduced muscle edema, and 
reduced oxidative stress through the inhibition of SUV39H1.

SUV39H1 Knockout Improved Limb Ischemia in 
Mice Model

To further confirm SUV39H1’s role in limb ischemia, we 
constructed an SUV39H1 knockout limb ischemia mice 
model (n = 4). The results showed that SUV39H1 knock-
out not only promoted blood perfusion (Fig. 3A) but also 
increased capillary density in the ischemic limb (Fig. 3B). 
Consistent with chaetocin treatment, SUV39H1 knockout 
ameliorated muscle fiber injury in ischemic limb muscles 
(Fig. 3C). Inconsistent with the former results, the 

expression of SUV39H1 in ischemic muscle tissue of the 
WT + Model group was higher than that in WT + Sham 
group (Fig. 3D). Moreover, the expression of catalase in the 
ischemic muscle tissue of the SUV39H1 knockout model 
mice group was higher than in the WT model mice group 
(Fig. 3E). These results verified that the negative regulation 
of SUV39H1 on angiogenesis and muscle repair. Moreover, 
SUV39H1 could regulate oxidative stress response.

SUV39H1 Knockdown Improved H2O2-Induced 
Endothelial Dysfunction

Considering the level of oxidative stress increased by critical 
limb ischemia, we found that H2O2 up-regulated the expres-
sion of SUV39H1 (Fig. 4A). Next, we found better cell 
migration and tube formation in the H2O2 + SUV39H1 
siRNA group (Fig. 4B, C). Consistently, SUV39H1 knock-
down ameliorated MMP in H2O2 + SUV39H1 siRNA group 
(Fig. 4D). In a word, our results showed that SUV39H1 
knockdown promoted cell migration, tube formation, and 
MMP in endothelial cells under oxidative stress.

Figure 1.  SUV39H1 exhibited higher expression in limb ischemia mice model. (A) Representative photographs of perfusion recovery in 
ischemic hind limbs before, immediately after, and on Days 4, 8, 12, 14, and 16 after the operation. (B) Protein expression of SUV39H1 
in ischemic muscle tissue. (C) Protein expression of Catalase in ischemic muscle tissue (each group n = 4; *P < .05, **P < .01). GAPDH: 
glyceraldehyde-3-phosphate dehydrogenase.
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Figure 2.  Chaetocin improved limb ischemia in mice model. (A) Representative photographs of perfusion recovery in ischemic hind 
limbs before, immediately after, and on Days 12 after the operation. (B) Representative photographs of CD31 immunohistochemistry in 
the ischemic hind limbs. (C) Representative photographs of HE staining in the ischemic hind limbs. (D) Protein expression of SUV39H1 
in ischemic muscle tissue. (E) Protein expression of Catalase in ischemic muscle tissue. (Each group n = 4; * represents the Model + 
DMSO group compared with the Model + Chaetocin group; *P < .05, **P < .01). DMSO: Dimethyl sulfoxide; GAPDH: glyceraldehyde-
3-phosphate dehydrogenase.
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Figure 3.  SUV39H1 knockout alleviated limb ischemia in mice model. (A) Representative photographs of perfusion recovery in ischemic 
hind limbs before, immediately after, and on Days 9 after the operation. (B) Representative photographs of CD31 immunohistochemistry 
in the ischemic hind limbs. (C) Representative photographs of HE staining in the ischemic hind limbs. (D) Protein expression of 
SUV39H1 in ischemic muscle tissue. (E) Protein expression of catalase in ischemic muscle tissue. (Each group n = 4; * represents the 
WT + Model group compared with the SUV39H1 knockout + Model group; *P < .05, **P < .01). GAPDH: glyceraldehyde-3-phosphate 
dehydrogenase; WT: wild type.
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Transcriptome Sequencing of SUV39H1 
Knockdown HUVECs

To identify the potential mechanisms caused by SUV39H1 in 
angiogenesis, we perform transcriptome sequencing (RNA-
seq). A total of 14,859 expressed genes in the cell samples. 
990 significantly DEGs with Log2 Fold Change ≥1 and P 
value less than .05 were screened out. Among them, 411 
genes were up-regulated and 579 genes were down-regulated 
(Fig. 5A). Then, the DEGs with twofold or greater changes 
and a P value less than .01 were screened out and some 

high-expression genes were highlighted (Fig. 5A). The heat 
map generated from differential genes was shown in Fig. 5B.

To explore the underlying mechanisms by which DEGs 
were involved, these genes were used for the KEGG path-
way analysis and GO functional enrichment. In the GO 
annotation analysis, the DEGs were primarily enriched in 
diverse biological processes.

The GO-BP were mostly concentrated in the response to 
extracellular stimulus, regulation of ion transport, cellular 
response to cytokine stimulus, positive regulation of apoptotic 
process, and positive regulation of cell death. The GO-CC 

Figure 4.  SUV39H1 knockdown improved angiogenesis of HUVECs under oxidative stress. (A) H2O2 increased SUV39H1 protein 
expression in HUVECs. (B) SUV39H1 knockdown increased cell migration in endothelial cells. (C) The ability of tube formation in 
endothelial cells could be promoted in the SUV39H1 knockdown group. (D) SUV39H1 knockdown improved MMP under oxidative 
stress in endothelial cells. HUVECs: human umbilical vein endothelial cells; MMP: mitochondrial membrane potential. (*P < .05, **P < .01). 
GAPDH: glyceraldehyde-3-phosphate dehydrogenase; siRNA: Small interfering RNA.
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Figure 5.  Differential gene expression analysis in SUV39H1 knockdown HUVECs. (A) Volcanic hot spot map of differential expression 
genes. (B) Gene expression heat map. (C) GO enrichment analysis of DEGs. (D) KEGG pathway enrichment analysis of DEGs. (E) 
Protein–protein interactions of DEGs, and three modules were identified in DEGs. (F) CytoHubba identified the top hub genes in each 
module. HUVECs: human umbilical vein endothelial cells; GO: gene ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; 
DEGs: differentially expressed genes.
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were mostly enriched in RNA polymerase II transcription reg-
ulator complex, presynaptic membrane, transcription regula-
tor complex, protein-DNA complex, and basolateral plasma 
membrane. The GO-MF were mostly enriched in cytokine 
activity, DNA-binding transcription activator activity cytokine 
activity, signaling receptor regulator activity, receptor-ligand 
activity, and signaling receptor activator activity. The GO 
enrichment was represented through a bubble diagram (Fig. 
5C). The KEGG pathway enrichment analysis showed that the 
DEGs were enriched in diverse pathways such as the JAK-
STAT signaling pathway, NF-kappa B signaling pathway, 
tumor necrosis factor (TNF) signaling pathway, and interleu-
kin (IL)-17 signaling pathway (Fig. 5D).

STRING and Cytoscape were used to explore the interac-
tion between hub genes of DEGs and protein–protein inter-
actions (Fig. 5E). MCODE plugin in Cytoscape was used to 
identify highly interconnected modules (Fig. 5E). The genes, 
MCODE score, and nodes of every cluster were shown in 
Table 1. In addition, we used CytoHubba to reveal the top 
hub genes in each cluster (Fig. 5F).

Sal B and AS-IV Promoted Angiogenesis Through 
Inhibition of SUV39H1 Under Oxidative Stress

We sought small molecule compounds with proven associa-
tion with angiogenesis activity through a previous study20. 

Then, Sal B and AS-IV were selected as candidate com-
pounds due to good binding energy with SUV39H1 and 
angiogenesis-promoting ability (Table 2). The results showed 
that both Sal B and AS-IV could decrease the expression of 
SUV39H1 (Fig. 6A). Moreover, overexpression of SUV39H1 
could attenuate the protective effect of Sal B and AS-IV on 
angiogenesis and MMP (Fig. 6B, C).

SPR Showed a Good Binding Ability Between AS-
IV and SUV39H1 Protein

To validate the interaction of Sal B and AS-IV with SUV39H1 
protein, we used SPR to evaluate the interaction at the 
molecular level. The result showed that AS-IV interacted 
with recombinant human SUV39H1 (rhSUV39H1) protein 
with a KD of 0.00002137 M (Fig. 7A). However, we did not 
obtain the KD between Sal B and SUV39H1. Then, AS-IV-
binding sites with SUV39H1 were presented in schematic 
diagrams (Fig. 7B).

Discussion

In this study, we demonstrate that SUV39H1 aggravated limb 
ischemia through the inhibition of angiogenesis in mice mod-
els. Our experimental data support this conclusion. First, 
increased expression of SUV39H1 has a relationship with the 
slow recovery of ischemic limb blood perfusion and angio-
genesis. Second, these results are further verified by genetic 
deletion or pharmaceutical inhibition of SUV39H1 in the 
ischemic limb mice model. Third, the down-regulation of 
SUV39H1 was found to be responsible for the improvement 
in cell migration, tube formation, and MMP in endothelial 
cells under oxidative stress. PAD has widely been regarded to 
be a male-dominant disease21. The incidence of PAD was 
23.05 per 10,000 person-years in males and 12.37 per 10,000 
person-years in females22. In Asian countries, such as Korea, 
male patients accounted for a higher proportion than female 
patients who received angioplasty23. Hence, we select male 
mice in the present experimental work. Current knowledge of 
the molecular pathways underlying vascular disease in limb 
ischemia patients is limited. Our study showed a new mecha-
nism for this vascular complication.

The formation of new blood vessels in the ischemic limb 
is crucial for the improvement of limb ischemia and multiple 
factors involved in angiogenesis. Among them, excess 
hydrogen peroxide production in ischemic issues damages 
the proliferation of endothelial cells, accelerates the apop-
tosis of endothelial cells, and inhibits the formation of 
blood vessels24,25. In this study, we found that inhibition of 
SUV39H1 induced by oxidative stress in vascular endothe-
lial cells can significantly improve angiogenesis, suggesting 
that SUV39H1 can be a target for PAD treatment. Study on 
the transplantation of SUV39H1-modified endothelial cells 
into ischemic tissue is limited. However, in the field of dia-
betic treatment, HIP (human proislet peptide) could improve 

Table 2.  Binding Affinity Between SUV39H1 and Compounds.

Compound

Binding 
affinity  
(kJ/mol) Compound

Binding 
affinity 
(kJ/mol)

Punicalagin –7.8 Apigenin –6.3
Celastrol –7.6 Glycycoumarin –6.3
Salvianolic acid B –7.4 Icariin –6.3
Berberine –7.2 Irisin –6.3
Danshenol A –6.9 Oroxylin a –6.3
Luteoloside –6.9 Atractylenolide III –6.2
Astragaloside IV –6.9 Chrysin –6.2
Tanshinol B –6.8 Isodeoxyelephantopin –6.2
Ginsenoside Rg3 –6.7 Obeticholic Acid –6.2
Silibinin –6.7 Imperatorin –6.1
Gambogic acid –6.6 Salvianolic Acid A –6.1
Asiatic acid –6.6 Syringaresinol –6.1
Puerarin –6.6 Brevilin A –6.1
Cyclovirobuxine D –6.5 Curcumin –6
Echinacoside –6.5 Hydroxysafflor 

Yellow A
–6

Tanshinol A –6.5 Pterostilbene –6
Cholic Acid –6.4 Gastrodin –5.4
Farrerol –6.4 Osthol –5.4
Ginsenoside Rd –6.4 Caffeic acid –5.1
Ginsenoside Rg1 –6.4 Protocatechuic acid –4.5
Paeoniflorin –6.4 Tetramethylpyrazine –4
Ginsenoside Rb1 –6.3 Stachydrine –3.9
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Figure 6.  Sal B and AS-IV could promote angiogenesis and MMP through inhibition of SUV39H1 under oxidative stress, respectively. 
(A) Sal B and AS-IV decreased mRNA expression of SUV39H1 in endothelial cells under oxidative stress, respectively. (B) 
Overexpression of SUV39H1 attenuated tube formation induced by Sal B and AS-IV, respectively. (C) Overexpression of SUV39H1 
attenuated MMP induced by Sal B and AS-IV, respectively. Sal B: Salvianolic acid B; AS-IV: Astragaloside IV; MMP: Mitochondrial 
Membrane Potential. (*P < .05, **P < .01).
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insulin content and promote the ability of HFPPCs (human 
fetus-derived pancreatic progenitor cells) to normalize the 
blood glucose in HFPPCs-transplanted diabetic mice. In 
terms of the mechanism, HIP could decrease recruitment of 
H3K9 methyltransferase SUV39H1 and thus reduce repres-
sive H3K9me3 at the promoters of PDX-1, MAFA, and 
NKX6.1 contributing to the differentiation of pancreatic 
islets26. Hence, we speculate that hydrogen peroxide–induced 

SUV39H1 inhibits blood vessel formation, perhaps by accel-
erating H3K9me3 at the promoters of angiogenesis-associ-
ated genes such as VEGFA, PLGF, or HGF, thus deteriorating 
the improvement of limb ischemia.

Previous work has shown that SUV39H1 has different 
roles in different diseases. Sun and colleagues have identi-
fied SUV39H-mediated SIRT1 repression as an important 
mechanism in the progression of myocardial infarction13. 

Figure 7.  SPR showed a good binding ability between AS-IV and SUV39H1 protein. (A) SPR analysis of direct interaction and binding 
affinity between AS-IV and recombinant human SUV39H1. (B) Schematic diagrams showed the AS-IV-binding sites with SUV39H1. SPR: 
Surface Plasmon Resonance; AS-IV: Astragaloside IV.
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Furthermore, regulation of SUV39H1 may ameliorate oxida-
tive stress-induced transcriptional programs and prevent vas-
cular disease in obese people14. Those works indicate the 
negative regulatory role of SUV39H1 in disease outcomes. 
Previous studies also have screened SUV39H-regulated 
H3K9 trimethylation as an important link between aging and 
memory loss in mice27,28. Coincidentally, limb ischemia 
occurs mainly in an elderly population. Given that chaetocin 
and SUV39H1 knockout improve angiogenesis in limb isch-
emia of mice, these observations indicate that SUV39H1 
could regulate aging-related pathophysiological processes 
through key transcription events29.

In this study, transcriptome sequencing of siSUV39H1 
HUVECs was used to investigating the mechanism involved. 
In the GO BP annotation analysis, the apoptotic process was 
involved. SUV39H1 is closely related to apoptosis of tumor 
cells such as colon carcinoma and glioblastom30,31. Moreover, 
SUV39H augmented intracellular reactive oxygen species 
(ROS) levels in a SIRT1-dependent manner, which eventually 
enlarged infarct size in myocardial infarction13. Therefore, 
pharmacological or genetic regulation of SUV39H1 could be 
an effective approach to improve disease outcomes. In the 
KEGG annotation analysis, the JAK-STAT signaling pathway, 
NF-kappa B signaling pathway, and TNF signaling pathway 
were enriched. H3K9me3 upregulates the expression and phos-
phorylation of NF-κB, and in turn, phosphorylated NF-κB 
increases the expression and phosphorylation of STAT3 under 
inflammatory conditions32. Furthermore, in caloric restriction 
of skeletal muscle of male rats, decreased expression of meth-
yltransferase SUV39H1 was followed by decreased TNF pro-
moter and coding region binding of NF-κB33. In contrast, 
Ad-SUV39H1 may lead to a decreased activity of the mitogen-
activated protein kinase family and its down-steam transcrip-
tional factor NF-κB to protect diabetic rats from myocardial 
ischemia-reperfusion injury34. We also screened out numerous 
genes to predict potential mechanisms induced by SUV39H1. 
SUV39H1 is a histone methyltransferase that specifically 
methylates lysine 9 of histone H3 and functions as a transcrip-
tional repressor. Previous work has shown that the H3K9me3 
had been related to sets of genes involved in angiogenesis and 
cytoskeletal organization in embryonic fibroblasts from a β-
actin knockout mouse35. Moreover, H3K9 histone methylation 
is involved in cancer invasion and metastasis by promoting 
cancer angiogenesis36. In addition, epigenetic editing of H3K9 
has a relationship with the deregulation of metabolic genes, 
appetite changes, insulin-signaling defects, and altered expres-
sion profile of inflammatory genes37–39.

We demonstrate for the first time that the SUV39H1 was 
confirmed responsible for the slow recovery of ischemic 
limb blood perfusion and angiogenesis in model mice.

That is to say, regulating SUV39H1 expression may exert 
a therapeutic effect on angiogenesis in limb ischemia40. 
Hence, based on molecular docking and previous studies, we 
found Sal B and AS-IV could promote angiogenesis through 

inhibition of SUV39H1 under oxidative stress. Sal B 
extracted from Salvia miltiorrhiza prevents patients from 
ischemic disease via antioxidant and anti-inflammatory 
properties 41,42. Our previous work has shown that Sal B alle-
viated limb ischemia in mice, SUV39H1 may be involve in 
this pathophysiological process19. AS-IV purified from 
Astragalus membranaceus is a common traditional Chinese 
medicine (TCM) for the treatment of cardiovascular and 
cerebrovascular ischemia43,44. It also depresses the level of 
intracellular oxidative stress via the activities of antioxidant 
enzymes such as glutathione peroxidase (GSH-Px) and 
superoxide dismutase (SOD)45. Hence, Sal B and AS-IV 
could be potential drug candidates for limb ischemia.

In the present, we showed that the slow recovery of isch-
emic limb blood perfusion and angiogenesis in experimental 
mice were associated with SUV39H1. The genetic deletion 
or pharmaceutical inhibition of SUV39H1 ameliorated mus-
cle injury and promoted angiogenesis, which eventually 
improved limb ischemia. However, our study still has limita-
tions. First, more oxidative stress-related markers should be 
tested to confirm the relationship between SUV39H1 and 
oxidative stress. Second, the signaling pathways should be 
tested to verify the potential mechanism involved in 
SUV39H1-related angiogenesis.

Conclusion

In summary, our data demonstrate the potential of SUV39H1 
deletion/inhibition in alleviating muscle damage and improv-
ing angiogenesis associated with limb ischemia. A genome-
wide search for potential mechanisms, using transcriptome 
sequencing, in HUVECs would hopefully clear the interac-
tion between SUV39H1 and angiogenesis.
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