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Background: Brain arteriovenous malformations (bAVM) are abnormal vascular lesions characterized by direct connections between
arteries and veins without an intervening capillary bed. The primary goal for brain AVM treatment is to prevent rupture and
hemorrhage; however, the underlying molecular mechanisms are still unknown.
Methods: We constructed venous hypertension (VH) rat model with end-to-end anastomosis of the proximal left common carotid
artery and the left distal external jugular vein. Thirty-eight adult rats were randomly assigned to four groups: the 0-week (n=5), the 1-
week VH group (n=12), the 3-week VH group (n=9), and the 6-week VH group (n=12). We measured the hemodynamics and diameter
of the arterialized veins. An RNA sequencing of arterialized veins was conducted, followed by comprehensive bioinformatics analysis
to identify key genes and biological pathways involved in VH progression. The candidate genes from RNA-Seq were validated by RT-
qPCR and immunostaining in human tissues.
Results: We observed high-flow and low resistance characteristics in VH models. A total of 317 upregulated and 258 downregulated
common genes were consistently differentially expressed during VH progression. Thirteen co-expression modules were obtained by
WGCNA analysis, and 4 key modules were identified. Thirteen genes: Adamts8, Adamtsl3, Spon2, Adamtsl2, Chad, Itga7, Comp,
Itga8, Bmp6, Fst, Smad6, Smad7, Grem1, and Nog with differential expressions were identified using the density of maximum
neighborhood component (DMNC) algorithm in Cytohubba. The expression of five potential genes (Adamts8, Adamtsl3, Spon2,
Adamtsl2, Itga8) were increased in RT-qPCR, while in human bAVM tissue, the protein levels of Adamtsl2 and Itga8 were significant
elevated and Spon2 and Adamtsl3 were decreased.
Conclusion: The identified gene networks of Adamtsl3, Spon2, Adamtsl2, and Itga8 provided key genes for further intervention.
Keywords: WGCNA, xCells, focal adhesion, vascular microenvironment, bioinformatics

Introduction
Brain arteriovenous malformations (bAVM) are abnormal vascular lesions comprising conglomerations of vessels (nidus)
within the brain parenchyma with direct connections between arteries and veins without an intervening capillary bed.1

The incidence of AVMs is approximately 1 per 100,000 per year in unselected populations and 18 per 100,000 in adults.2

The abnormal formation of high-flow, low-resistance shunt results in high vascular pressure, particularly in veins,
increasing the risk of rupture.3 Cerebral hemorrhage and seizures are the most common presenting symptoms of
AVM. The risk of an initial intracranial hemorrhage from an unruptured bAVM is approximately 1% per person-year,3

increasing fivefold once ruptured.
Several studies have used a rat model with venous hypertension (VH) created by producing an arteriovenous shunt

between the carotid artery and external jugular vein to investigate the pathogenesis of arteriovenous malformations (AVMs).4,5

Past studies have primarily focused on the etiology and development of AVMwith little attention to molecular mechanisms of
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AVM rupture affected by high-flow hemodynamics. In the present study, we established VH rat models and performed RNA
sequencing on venous samples at 0, 1, 3, and 6 weeks after the operation to depict the transcriptional landscapes and uncover
the potential molecules of the impaired vessel under a persistent high-flow condition.

Materials and Methods
Animals and Groups
We purchased a total of 38 adult Sprague-Dawley rats (2 months old, 250–300 g) from the Department of Laboratory
Animals of Central South University (Changsha, China). The protocol for animal experimentation was approved by the
Institutional Experimental Animal Care and Use Committee of Central South University (Changsha, China). Animal care
was complied with the Guide for the Care and Use of Laboratory Animals.6 All rats were bred and kept in a standard and
pathogen-free animal facility. The 38 rats were randomly assigned to four groups with a random number: the 0-week
group (n=5), the 1-week VH group (n=12), the 3-week VH group (n=9), and the 6-week VH group (n=12).

Surgical Procedures and Hemodynamic Measurements
AVH rat model was constructed as previously described.7,8 All surgical procedures were performed in a standard sterile
environment. The rats were anesthetized by intraperitoneal anesthesia with pentobarbital sodium (50 mg/kg), supple-
mented during surgical procedures if needed. Following a ventral midline neck incision after anesthesia, the proximal left
common carotid artery and the left distal external jugular vein were exposed and anastomosed side by side, using no.
10-0 monofilament nylon suture under a microscope. Subsequently, we ligated the distal left common carotid artery and
the proximal portion of the left external jugular vein. For the control, rats were sham-operated without anastomosis and
vein ligation.

For all rats, an ultrasonic Doppler was used to measure external jugular vein hemodynamic parameters, including
peak velocity (ie, maximal velocity), mean velocity, pulsatility index (PI), and resistance index (RI), reflecting the
vascular resistance before sacrifice. The diameter of the distal external jugular veins was measured using a vernier
caliper.
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Samples Collection, RNA Extraction, and Transcriptome Sequencing
The rats were anesthetized using chloral hydrate at 0 weeks (the control), 1 week, 3 weeks, and 6 weeks after VH, and the
external jugular veins were sampled and stored separately at −80°C conditions. Total RNAwas extracted from the tissues
using Trizol (Invitrogen, Carlsbad, CA, USA) according to manual instructions. After total RNAs were qualified and
quantified using a NanoDrop and Agilent 2100 bioanalyzer (Thermo Fisher Scientific, MA, USA), Oligo (dT)-attached
magnetic beads were used to purify mRNA. PCR was conducted to generate cDNA libraries purified with AMPure XP
beads (Beckman Coulter, Brea, CA, USA), and adaptor sequences were removed, followed by low-quality reads filtering.
The raw sequencing data turned into clean reads by filtering and quality control. The clean reads were aligned to
reference genes (Rattus norvegicus) by Bowtie2 to obtain the quantitative mRNA expression matrix. Raw data was
standardized by log2 conversion. Principal component analysis (PCA) was presented to detect and remove outliers and
identify samples with high similarity using R “factoextra” packages.

Analysis of Differential Gene Expression (DEGs)
The differential genes between 0 weeks and 1 week, 3 weeks, and 6 weeks of VH were analyzed using the limma
package.9 Significantly deregulated transcripts were identified using the criteria of the absolute value of log2FoldChange
>1 and P < 0.05. Volcano plots were constructed with the R software ggplot2 package to show significantly deregulated
transcripts and genes. The top 500 deregulated genes were visualized using the heatmap.

Biological Pathways Enrichment Analysis
Gene set enrichment analysis (GSEA) is a computational method that assesses whether an a priori defined set of genes
shows statistical significance instead of a single gene compared with the traditional enrichment analysis.10 GSEA was
performed to explore the specifically related pathways of our expression profiles with 1000 permutations. The pathway
gene set (C2: KEGG) of the Molecular Signatures Database was used as the input gene set for analysis. Normalized
enrichment scores >1.5 and normalized p-values <0.05 were used as the screening criteria. The top 3 up-and down-
regulated terms were shown if available.

Visualization of Cell Types with xCell Analysis
To further discover the vascular microenvironment, xCell,11 a method converting gene expression profiles to enrichment
scores of 64 immune, and stromal cell types across samples, was used to calculate these cell composition scores.

KEGG of Common Deregulated Genes
The common up and downregulated genes were intersected in an online website (http://bioinformatics.psb.ugent.be/
webtools/Venn/) and enriched for Kyoto Encyclopedia of Genes and Genomes (KEGG) with the clusterProfiler package
in R.12

Co-Expression Analysis Based on WGCNA
Weighted gene co-expression network analysis (WGCNA) constructed by the WGCNA package13 in R was used to
identify the co-expression network and cluster genes into different modules. Genes with the top 25% median averaged
variance (mad) were selected to the following steps. First, we selected the soft threshold power (β) based on the scale-
free topology criterion using the pick Soft Threshold function. Then, the dendrogram was generated by calculating the
topological overlap matrix (TOM) dissimilarity between genes to identify gene modules by the dynamic tree cut method.
The minimum number of genes in each module was 30, and the threshold of merging modules was set to 0.25 using the
dynamic cutting tree method.

Selection of Key Modules Correlated with AVM Progression
Module eigengene (ME), summarizing each module’s expression profile, was calculated, and the relevance of intra-ME
between modules was displayed using R ggcor packages. The modules correlated with the “Time” trait (representing the
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progression of venous hypertension trait during 0, 1, 3, and 6 weeks) with significance (p < 0.05), and a great relationship
(r > 0.5 or <−0.5) was assumed to the key module for further analysis by using the moduleTraitCor and
moduleTraitPvalue algorithms.

Temporal Gene Expression Profiles
For further exploring the genes with AVM progression, the Short Time-series Expression Miner (STEM) software was
used to analyze the genes from the above key modules and identify temporal expression profiles. All parameters were set
to the default values. The number of permutations per gene was 50, and the minimum correlation of profiles was 0.7. The
significant level was set at p<0.05 with a Bonferroni correction method.

The Potential Pathways of Genes from STEM Analysis
We identified and combined the genes from the clusters of STEM analysis. The protein–protein interaction (PPI) network
of genes was established with a minimum required interaction score of 0.4 on STRING database analysis (https://www.
string-db.org/). The network was imported into the Cytoscape for visualization. Cluego, a Cytoscape plugin, was used for
functional enrichment analysis to identify potential KEGG pathways. The results were also displayed using a heatmap.

Key Genes and the Prediction of Upstream miRNA
Cytoscape plugin cytoHubba was used to identify the top 15 key genes, using the density of the maximum neighborhood
component (DMNC) algorithm. Three databases – miRDB (mirdb.org), TargetScan (targetscan.org), and miRWalk
(mirwalk.umm.uni-heidelberg.de) were used to predict the upstream miRNA. We intersected the three database results
for robust prediction. Then, the relationships of miRNA–mRNA–modules were constructed.

Small Molecule Drug Analysis
CMap (portals.broadinstitute.org/cmap/), a large-scale database of genome-wide transcriptional expression data from
cultured human cells treated with bioactive small molecules, was used to identify candidate small molecule drugs with
the potential to treat AVM patients. We uploaded key genes from the above analysis into the CMap web tool, following
homological mapping to the human gene. The resultant small molecules with negative connectivity scores were
considered for therapeutic agents because they could suppress the expression of these gene signatures.

Validation with Reverse-Transcription Quantitative Polymerase Chain Reaction
(RT-qPCR)
Five significant representative genes (Adamtsl2, Adamtsl3, Adamts8, Spon2, and Itga8) were selected and validated by
RT-qPCR using the ABI 7500 real-time PCR system (Applied Bioscience, Foster City, CA, USA). The RNA left after
RNA-sequencing was reverse transcribed to complementary DNAs (cDNAs) with Evo M-MLV reverse transcriptase kit
(Axygen Scientific, Union City, CA) according to instructions. SYBR Green Pro Taq HS Kit (Axygen Scientific, Union
City, CA) and 0.4 μmol of each primer pair were used to amplify the cDNA. The results were analyzed using the ΔΔCt
method and expressed as ratio of the internal control, GAPDH. Data presented are the average of three independent
experiments.

Immunohistochemical and Dual Immunofluorescence Assays
The AVM nidus structures were harvested from patients who underwent resection of AVM and the control intracranial
vascular tissues were from intractable epileptic patients who had corrective surgery at Xiangya hospital between January
2021 and December 2021. The collected tissues were fixed in 10% formalin, and embedded in paraffin. Four micrometers
thick paraffin sections were rehydrated and endogenous peroxidase activity was quenched for 30min in 3% H2O2. Then
sections were incubated in blocking buffer (5% bovine serum albumin in PBS) for 1 h at room temperature, then
incubated with primary antibodies at 4°C overnight, followed by 60 minutes in horseradish peroxidase-conjugated
secondary antibody (2 ug/mL; Abcam, England), and DAB Horseradish Peroxidase Color Development kit (P0203,
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Beyotime) was used for coloration. All specimens were counterstained with hematoxylin (Beyotime). The primary
antibodies were anti ADAMTSL2 antibody (rabbit, 1:200; GeneTex, USA), anti ADAMTSL3 antibody (rabbit, 1:200;
Bioss, USA), anti ITGA8 antibody (rabbit, 1:200; Abmart, China), anti ADAMTS8 antibody (rabbit, 1:200; Abmart,
China), anti SPON2 antibody (rabbit, 1:200; Abmart, China), and anti α-SMA antibody (rabbit, 1:400; Abmart, China)
used for IHC analysis. Sections were scanned using OLYMPUS CX41 and Leica Application Suite 4.0 software. The
expression was semiquantitatively measured as previously described. Scoring of immunoreactivity was as follows: 0, no
staining; 1, mild staining; 2, moderate staining; and 3, intense staining. Two researchers blinded to the clinical
information performed the scorings, and the average of the data of the two observations was used.

Dual immunofluorescence was performed in sections from AVM and control tissues using the antibodies anti α-SMA
(rabbit, 1:400; Abmart, China) and anti-ADAMTSL2 antibody (rabbit, 1:200; GeneTex, USA), followed by incubation
with Alexa Fluor CY3-conjugated anti-mouse rabbit IgG (1:300, Jackson ImmunoResearch) and Alexa Fluor 488-
conjugated anti-rabbit IgG (1:400, Jackson ImmunoResearch). Nuclei were stained with DAPI (1:1000; Sigma-Aldrich,
USA), and the images were collected using a fluorescent microscope (Leica, × 20 magnifications).

Statistical Analysis
The R software (version R-4.1.0) was used for statistical analysis. The Wilcox test was used to compare the differences
between the two groups, and the ANOVA test was used among groups. Significance level was denoted by *p-value <
0.05, **p-value < 0.01, ***p-value < 0.001, ****p-value < 0.0001.

Results
Hemodynamics and Diameter Measurements
We measured the relevant hemodynamic parameters and the diameters of the arterialized veins of each rat at the time
points corresponding to their groups. Compared with 0 weeks, 1, 3, and 6-week rats had a larger maximal and mean
velocity and venous diameter, while the PI and RI presented decreasing trends (Figure 1A–E, *p<0.05). The diameters of
the hypertension models were dilated compared with the control group under the microscope (shown in Figure 1F). The
values of these parameters are listed in Table 1.

Identification of DEGs at Four Time Points
We collected the venous parts of all models and extracted the mRNAs to depict the expression profiles at 0, 1, 3, and 6
weeks. After removing the duplicated gene mapped with multiple probes, a total of 20,177 genes successfully remained.

The results of principal component analysis (PCA) are shown in Figure S1. We separately analyzed the DEGs
between venous hypertension and the control using the limma packages. In the first week, a total of 1528 significant
DEGs (792 upregulated and 736 downregulated) were identified (p-value < 0.05, FC > 2, Figure 2A). We performed an
unsupervised hierarchical clustering analysis for the top 500 DEGs, and the heatmap showed different expressions
between two groups (Figure 2A). We identified 1416 DEGs (801 upregulated and 615 downregulated) and 1164 DEGs
(636 upregulated and 528 downregulated) at 3 weeks and 6 weeks, respectively. The volcano and heatmaps of the top 500
DEGs are shown in Figure 2B and C. For the details of DEGs see Tables S1–S3.

Enrichment of GSEA
The results show that cell cycle, focal adhesion, and TGF-beta signaling pathways were upregulated, while the
metabolism-related pathways, mitophagy, and autophagy were downregulated during the progression of venous hyper-
tension (Figure 2D–F).

The Abundance of Vascular Microenvironmental Cells
Figure 3 compared the lymphoid, myeloid, and stromal cells abundance among control and VH models. Lymphocyte
infiltrations were observed and involved in the VH process, especially the B cells, memory B cells, Th2 cells, and Treg
cells (Figure 3A), while the abundance of the myeloid cells was decreased, like dendritic cells (Figure 3B). The
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compositions of the stromal cell were elevated; however, the abundance of smooth muscle cells was decreased in
Figure 3C.

Enrichment of KEGG Terms
We further identified 317 upregulated and 258 downregulated common genes that were consistently differentially expressed
during AVM progression in the VH model after intersecting the results of three-time points (Figure 4A and B). To identify
the potential biological pathways involved in the VH, we conducted KEGG analyses of the common up and downregulated
genes. The KEGG results were consistent with the GSEA results (Figure 4C and D). The ECM–receptor interaction, TGF-
beta signaling pathway, and focal adhesion were enriched in up-regulated genes, while the metabolism-related pathways
were enriched in down-regulated genes.

Gene Co-Expression Network Analysis
We analyzed 5044 genes of the top 25% genes of mad to construct the co-expression network using the WGCNA
algorithm. First, we performed sample clustering analysis to detect outliers of our 38 samples (Figure 5A). After

Figure 1 The hemodynamics, diameter, and microscopic views of EJV. (A–D) the comparisons of EJV hemodynamic parameters (E) the comparison of EJV diameter (F) the
microscopic views of EJV at 0, 1, 3, and 6 weeks. **p-value < 0.01, ***p-value < 0.001. Black and white stars indicates common carotid artery and external jugular vein,
respectively.
Abbreviations: PI, pulsatility index; RI, resistance index; EJV, external jugular vein.

Table 1 The Hemodynamic Parameters and Diameter of the External Jugular Vein

0w 1w 3w 6w Anova P value

Max V/(mm/s) 32.20±1.10 84.33±17.00 76.78±6.01 76.83±7.80 <0.001

Mean V/(mm/s) 15.2±1.64 63.25±15.92 59.56±7.48 61.08±6.56 <0.001
PI 1.70±0.28 0.41±0.12 0.45±0.14 0.35±0.11 <0.001

RI 0.83±0.04 0.33±0.09 0.34±0.14 0.27±0.06 <0.001

Diameter 5.00±0.98 10.90±0.80 10.88±1.85 10.82±0.89 <0.001

Notes: PI, pulsatility index = (max V – end of diastolic velocity (EDV))/mean V; RI: resistance index = (max V – EDV)/max V.
Abbreviations: Max V, maximal velocity; Mean V, mean velocity.
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removing the outliers, we converted the Pearson’s correlation matrix of the genes into a strengthening adjacency matrix
by power β = 4 based on a scale-free topology (Figure 5B). We obtained 13 related co-expression modules after merging
the module with the threshold of 0.25 and a minimum gene size of 30 (Figure 5C). Heatmap depicted the topological
overlap matrix (TOM) among genes based on co-expression modules. A redder background indicates a higher module
correlation (Figure 5D). Then, we constructed a Module–Trait relationship to detect the key modules related to the
sample traits (Figure 5E). As a result, four modules with significantly coexpressed genes that were strongly related to the
“Time” (0, 1, 3, and 6 weeks) trait were observed. Red (288 genes, r=0.63), yellow (539 genes, r=−0.63), purple (77
genes, r= −59), and brown (592 genes, r=0.54) modules were identified as the key modules, all modules with p-value
<0.01 indicating an important gene set for further study (Figures 5F and S2).

STEM Analysis
The STEM software was used to determine the temporal expression profiles related to VH progression. The genes from
the above four co-expression modules were imported into the STEM. Eight significant clusters (cluster 48, 42, 49, 29, 30,

Figure 2 The identifications and GSEA analysis of DEGs between venous hypertension models and the control. (A–C) the top is the volcano of DEGs and the bottom are
the heat map of the top 500 DEGs at 1, 3, and 6 weeks, respectively. (D–F) Gene set enrichment analysis (GSEA) at 1, 3, and 6 weeks, respectively.
Abbreviations: PI, pulsatility index; RI, resistance index.
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Figure 3 The change of abundance of cell types during the process of venous hypertension. (A–C) Boxplot charts of lymphoid cells, myeloid cells, and stromal cells,
respectively. *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001, ****p-value < 0.0001.

https://doi.org/10.2147/JIR.S347754

DovePress

Journal of Inflammation Research 2022:151388

Li et al Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

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


1, 9, 40, which are persistently up or down regulated) were identified with p<0.05 (Figure 6A). The expression patterns
of these genes in the eight clusters were visualized by a heatmap (Figure 6B). A PPI network was constructed, and
enrichment analysis of all significant clusters was performed using the Cluego to test the main biological function of
these genes. The connections of pathways and related genes are shown in Figure 5C. Among these terms, six important
biological pathways: ECM–receptor interaction, focal adhesion, leukocyte transendothelial migration, phosphatidylino-
sitol signaling system, regulation of actin cytoskeleton, and TGF-beta signaling pathway were also previously identified
and may serve as the potential research targets. The expression patterns of involved genes in these six pathways are
presented in Figure 6D.

The Key Genes and Upstream miRNA Prediction
The Cytoscape plugin cytoHubba was used to identify the hub genes from the PPI network. The top 15 genes were
identified using the DMNC algorithm (Figure 7A). Adamts9 and Chad were excluded as they did not show significant
expression among groups. The expression correlation of the remaining 13 genes is shown in Figures 7B and S3. Then,
three miRNA-gene databases were searched to trace the upstream miRNA of the 13 genes. Among them, Spon2, Smad6,
Adamtsl2, Bmp6, Comp, and Adamts8 did not match with their miRNA after intersecting the three databases. A total of
35 miRNAs were predicted, and miR-25a-5p, miR-27a-3p, and miR-92b-3p had three target genes. Itga8 and Smad7
were the top 2 genes with 13 and 14 upstream miRNAs, respectively. The network of genes and their upstream miRNA
and co-expression modules of WGCNA are constructed in Figure 7C with a sankey diagram.

Figure 4 The identifications and the KEGG enrichments of common DEGs during the process of venous hypertension. (A) the common DEGs of up and down-regulated
genes; (B) the heatmap of the common deregulated gene; (C) the KEGG enrichment analysis of up and (D) down-regulated common genes. Risk factors-the ratio of the
number of genes annotated in a pathway to the number of all genes annotated in this pathway.
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Small Molecule Drug Analysis
The above 13 genes (after removing Adamts9 and Chad) were homologically mapped to human gene symbols before
importing them into the connectivity Map (cMap). The score (combination of the up scores and down scores) was most
negatively connected with our query signatures if equal to −1. A total of 6100 small molecules were matched. Of these, 9
drugs with a score < −0.9 were identified as follows: isoflupredone, diethylcarbamazine, ondansetron, Chicago Sky Blue
6B, lithocholic acid, estradiol, metoprolol, mimosine, and ajmaline (Table 2). Their conformer structures are shown in
Figure S4.

RT-qPCR Internal Validation and Immunostaining in AVM Tissue
Five DEGs (four most connective genes: Adamtsl2, Adamtsl3, Adamts8, and Spon2 and one gene with the one of most
miRNA targets: Itga8) were selected to evaluate the consistency of the microarray by conducting the RT-qPCR. The
primer sequences used for the real-time PCR analysis are presented in Table 3. From baseline level to 6 weeks VH, the
expression levels of the five genes were increased (Figure 8). Among them, Adamtsl2, Adamtsl3, Adamts8, and Itga8
showed great consistency with our bioinformatics analysis, while the expression level of Spon2 showed difference, which
presents the decreasing trend in RNA-sequencing.

To detect the expression of the five genes in human tissue, we performed immunohistochemical experiments in
bAVM and normal intracranial vascular tissue. Besides, to verify whether the abundance of smooth muscle cells (VSMC)
was decreased, the expression of α-SMAwas also detected. Although RT-qPCR analysis showed the increasing of mRNA
of SPON2, the expression of its protein in bAVM was decreased compared with the normal tissue, consistent with RNA-
Seq (Figure 9A). Our results showed that in protein level, ADAMTSL2 and ITGA8 were elevated, same with the
bioinformatics and RT-qPCR analysis (Figure 9B–D). We observed the decreasing trend of α-SMA in bAVM tissue, but
no significant difference was detected (Figure S5A and D). No difference was observed in bAVM for the ADAMTS8
(Figure S5B), and significant decreasing of ADAMTSL3 were detected and presented in Figure S5C, although opposite
with the result of our RT-qPCR analysis.

Figure 5 Co-expression network constructed by WGCNA to identify the key modules related to the VH progression. (A) outliers detection based on hierarchical
clustering (B) the calculation of the optimal soft threshold (C) the construction of gene co-expression modules (D) the heat map of 400 genes randomly selected from these
modules (E) the relationships of modules and sample traits (F) four key modules highly correlated with the “Times” trait (correlation > 0.5 or < −0.5).
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Considering the important role of ADAMTSL2, we further performed a dual immunofluorescence assay with α-SMA
to localize its position in vascular tissue. We observed ADAMTSL2 was increased in bAVM and localized in the VSMC
in Figure S6.

Discussion
AVM-associated hemorrhage has a 5–10% chance of death and a 30–50% chance of permanent disabling or neurologic
deficits.14 The primary goal for brain AVM treatment is to prevent rupture and hemorrhage. Although the hemodynamics
are responsible for rupture, the cellular and molecular mechanisms are still unclear. Therefore, it is indispensable to
identify underlying mechanisms before rupture. Our study established VH rat models with high-flow arteriovenous
shunting. Then, we conducted RNA sequencing of the vein at various time points to identify potential genes, pathways,
and small therapeutic components using integrated bioinformatics analysis. The candidate genes were further validated in
VH groups with RT-qPCR and immunostaining.

Hemodynamic parameters showed that VH models presented with high-flow and low-resistance characteristics,
similar to pathophysiological AVM conditions. In GSEA analysis, the cell cycle and DNA replication were upregulated,
while some metabolism processes were downregulated, implying a shift from catabolism to anabolism in VH conditions.
To uncover which type of cells were involved, we used the xCell algorithms to generate cell-type enrichment scores and
adjust them to cell-type proportion. In our results, the abundances of B, T helper-2 (Th2), and regulatory T (Treg)
lymphocytes were elevated. Early studies15,16 showed the importance of neuroinflammation in bAVM pathophysiology.
Th2 and Treg are dominantly cellular sources of pathogenic IL-6, a key pro-inflammatory cytokine contributing to brain
AVM intracranial hemorrhage.15 We also observed that most myeloid cells were suppressed in our VH models, especially

Figure 6 STEM analysis to identify gene clusters and pathways. (A) identification of eight clusters (cluster 48, 42, 49, 29, 30, 1, 9, 40) based on STEM analysis of the genes
from key WGCNA modules; (B) the heat map of genes in the eight significant clusters; (C) the KEGG pathways identified by the Cluego. (D) the expression patterns of
genes involved in six important biological functions.
Abbreviation: STEM, the Short Time-series Expression Miner.
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Figure 7 Identification of candidate genes and construction of miRNA-Gene network. (A) the top 15 genes identified by the DMNC algorithm; (B) the relationships of 13
different expression genes during venous hypertension; (C) the miRNA–mRNA–modules network. *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001.
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the immature DC, basophils, mast cells, and neutrophils. The macrophages were increased at the first week while
reverting to the control levels in 3 and 6 weeks. It is a little contrast with an early study where Chen et al identified that
macrophages are frequent in the vascular wall of AVM tissue, while the neutrophils were also observed.17 These
contrasting observations highlight the complexity of inflammation in bAVMs. In the stromal enrichments, the levels of
Smooth muscular cells (SMC) were decreased. SMCs are crucial to maintaining vascular homeostasis. Following vessel
injury, the quiescent, differentiated contractile SMC underwent a phenotypic transition to a secretory phenotype to
secrete extracellular matrix (ECM), causing vascular remodeling and instability.18 These were agreeable with the next
KEGG results of commonly deregulated genes. Based on the enrichment results, we hypothesized that the inflammation,
phenotypic change in SMC, and the unbalanced ECM accumulation could contribute to the instability of the vessel,
conformable with an RNA-seq study in human AVM.19 However, in our next immunohistochemical experiment, no
significant decreasing of α-SMA was observed. Besides, future VSMC differentiation experiments are necessary to
exploring SMC roles in bAVM.

To verify our findings and identify potential key genes, we established a co-expression network with the WGCNA
algorithm. Instead of focusing only on differential gene expression, WGCNA uses expression information to identify a
set of co-expression genes and establish the associations of thousands of genes with phenotypes into associations
between several gene modules and sample traits. We constructed 13 modules, of which only 4 modules exhibited a
significant and tight relationship with “Time” (that is, correlated with the progression of VH).

For the genes in these 4 modules, we further identified significant gene clusters with specific expression patterns by
applying the Short Time-series Expression Miner (STEM) software in different time points of VH. The STEM analysis
screened 8 clusters with 344 genes, mostly correlated with the VH. After constructing the PPI network, Cluego

Table 2 Identified 9 Small Molecular Components from CMAP

Rank CMAP Name Dose Cell Score Up Down Instance_ID

1 Isoflupredone 10 µM HL60 −1 −0.474 0.929 1873
2 Diethylcarbamazine 10 µM MCF7 −0.991 −0.456 0.936 7425

3 Ondansetron 12 µM HL60 −0.968 −0.476 0.882 6153

4 Chicago Sky Blue 6B 4 µM MCF7 −0.956 −0.415 0.927 3266
5 Lithocholic Acid 11 µM PC3 −0.942 −0.387 0.934 4551

6 Estradiol 10 nM MCF7 −0.941 −0.477 0.843 1666

7 Metoprolol 6 µM MCF7 −0.93 −0.494 0.811 6106
8 Mimosine 20 µM MCF7 −0.924 −0.419 0.878 5302

9 Ajmaline 12 µM MCF7 −0.907 −0.463 0.81 7484

Table 3 Primers Used for Quantitative RT-qPCR Analysis

Gene Name Sequence

Adamts8 F: GGTGATCGATGGCACTCTGT

R: CCCACACTTGTCCAGCTTCT

Spon2 F: TGGTCTCAAGCCCCTTCTTTC
R: CCAGAGCTTGGAGATCCTGT

Itga8 F: GTTCGCTTGTCTCTGTTGCG

R: CCAGCGAGTAGCCGAAGTAG
Adamtsl2 F: CCCATTGGCTGTGATGGAGT

R: TCACCCTTTCGGTAGTTGCC

Adamtsl3 F: CTGCTGGAGACTGGTCGAAG
R: CCAGCTTCAGTTTGCTGCAC

Actin F: TCAGGTCATCACTATCGGCAAT

R: AAAGAAAGGGTGTAAAACGCA

Abbreviations: F, forward primer; R, reverse primer.
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established the interaction of KEGG pathways and genes involved in these pathways. Six pathway terms were identified
and may play a role in AVM. The 6 terms include focal adhesion, TGF-beta signaling pathway, phosphatidylinositol
signaling system, ECM–receptor interaction, and leukocyte transendothelial migration pathways, further proving our
previous analysis. Focal adhesions (dense plaques) located at the plasma membrane of smooth muscle cells are associated
with the actin cytoskeleton. Mechanical stress or external stimuli could induce remodeling of focal adhesions, simulta-
neous with the cytoskeletal rearrangement.20 In our hypertension venous rat model, high-flow perfusion could trigger the
focal adhesion pathway and cause vascular remodeling by altering ECM components and SMC architecture. Hereditary
hemorrhagic telangiectasia (HHT), linked to 5% of bAVMs, is associated with three genes: ENG, ALK1, and SMAD4.
All three genes are components of signal transduction of TGF-β family members, a signaling pathway essential for
angiogenesis.21 TGF-β regulates tissue remodeling and wound healing, but upregulated signaling leads to excess ECM
deposition,18 which may cause the instability of the vessel. Research has shown the role of TGF-β22 in AVM formation;
however, it seems to be inactivated or minimally activated in BAVM rupture.

To elucidate the pathological mechanism from gene levels, the top 15 genes were identified using cytoHubba. Of
these, two genes (Adamts9 and Chad) showing insignificant expression among groups were removed. The remaining
genes were Adamts8, Adamtsl3, Spon2, Adamtsl2, Chad, Itga7, Comp, Itga8, Bmp6, Fst, Smad6, Smad7, Grem1, and

Figure 8 Validation of the expression levels of five candidate genes (Adamts8, Adamtsl2, Adamtsl3, Itga8, and Spon2) by RT-qPCR among groups. *p-value < 0.05, **p-value
< 0.01, ***p-value < 0.001.
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Nog. Among them, Adamts8, Adamtsl3, Spon2, and Adamtsl2 showed high connectivity. The ADAMTS (a disintegrin
and metalloproteinase with thrombospondin motifs) family participated in ECM degradation and correlated with
cardiovascular diseases (atherosclerosis, hypertension, aneurysm, myocardial infarction, and heart failure).23 ADAMTS
family may influence the adhesion and recruitment of macrophages in atherosclerosis.24 The interplay between AVM and
ADAMTS is still unclear, especially during rupture. In our next experiments, we verified the expression of Adamtsl2
with RT-qPCR in VH rat and immunohistochemical staining in human tissue. The roles of Adamtsl2 in vascular
pathological process were previously studied. Kato et al found the mRNA expression of Adamtsl2 that is involved in
forming the extracellular matrix network was suppressed by candesartan treatment, therefore, normalizing the vascular
distensibility and cerebral blood flow in arteriopathy.25 The increasing expressions of Adamtsl2 in heart disease were also
observed.26,27 SPON2 belongs to the F-spondin family of secreted extracellular matrix proteins, and act as pattern
recognition receptors to regulate immunity. The transcriptional activation of SPON2 can promote macrophage chemo-
taxis ability in vascular endothelial cells, and the endothelial derived chemoattractive cue for macrophage migration can
be suppressed after SPON2 deletion.28 However, in our RNA-Seq and immunohistochemical analysis, the expression of
SPON2 was down-regulated. Further studies are needed to explore the relationship between SPON2 and immunity.

Further, we identified miR-25a-3p, miR-27a-3p, and miR-92b-3p with the prediction of the upstream miRNA of these
genes because they interact with three target genes. miR-27a-3p can reduce calcium deposition in vascular smooth
muscle cells by targeting activating transcription factor 3 (ATF3)29 and inhibit SMC proliferation by suppressing the
expression of Rho guanine nucleotide exchange factor 26 (ARHGEF26).30 Inhibition of miR-92b-3p can attenuate
VSMC proliferation induced by hypoxia. Both miR-27a-3p and miR-92b-3p played vital roles in VSMC proliferation;
furthermore, they had the shared target – Itga8 in our study. Besides, we observed and validated the expression level of
Itga8 was up-regulated. In the early analysis of expression and promoter, Itga8, a highly restricted integrin gene, showed

Figure 9 Detection of SPON2, ADAMTSL2, and ITGA8 in human tissue sample. Immunohistochemical staining of control (up) and AVM (middle and bottom) tissue samples
for SPON2 (A), ADAMTSL2 (B) and ITGA8 (C). (D) shows the significant difference of staining scores of SPON2, ADAMTSL2, and ITGA8. AVM indicates brain
arteriovenous malformations. *p-value < 0.05, **p-value < 0.01.
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abundant expression in SMC.31 In a chronic renal interstitial fibrosis study, Itga8 can attenuate tubulointerstitial fibrosis
via regulation of TGF-β signaling, fibroblast activation, and/or immune cell infiltration.32 Its role was firstly identified in
our work in AVM, and the role of it and the upstream miRNA need to be deeply studied in future AVM analysis. Last, we
predicted some small molecular components with a reverse relationship of these genes from CMap. Estradiol,33

diethylcarbamazine,34 and mimosine35 showed their efficacy in vascular treatments and may serve as potential drugs
for treating AVM in the future.

This study has some limitations. First, the sample sizes are small in every group. The reasons are that the rats were
divided into four groups to observe the progression of VH models, which cause the dilution in every sample. Besides, the
VH modeling techniques are difficult, bringing a poor survival rate for these models. Second, the expression of the
candidate genes was preliminarily validated in bAVM, but the exactly mechanisms of them need further exploring. Last,
the genes and the predicted miRNA and drugs also need to be validated in a real-world situation. Therefore, the
validation and intervention researches will be conducted in the future.

Conclusion
We depicted the transcriptional landscapes and key genes in a venous hypertension rat model via RNA sequencing with
comprehensive analysis. The inflammation, phenotypic change in SMC, and the unbalanced ECM accumulation could
contribute to the instability of the vessel and ultimately lead to rupture. The identified gene networks of Adamtsl3,
Spon2, Adamtsl2, and Itga8 provided key genes for further intervention.
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