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SUMMARY

Background: In this study, we aimed to identify the hub genes responsible for increased vascular endothelial cell
permeability.

Methods: We applied the weighted Gene Expression Omnibus (GEO) database to mine dataset GSE178331 and
obtained the most relevant high-throughput sequenced genes for an increased permeability of vascular endothelial
cells due to inflammation. We constructed two weighted gene co-expression network analysis (WGCNA) net-
works, and the differential expression of high-throughput sequenced genes related to endothelial cell permeability
were screened from the GEO database. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis were performed on the differential genes. Their degree values were obtained from
the topological properties of protein-protein interaction (PPI) networks of differential genes, and the hub genes
associated with an increased endothelial cell permeability were analyzed. Reverse transcription-polymerase chain
reaction (RT-PCR) and western blotting techniques were used to detect the presence of these hub genes in TNF-a
induced mRNA and the protein expression in endothelial cells.

Results: In total, 1,475 differential genes were mainly enriched in the cell adhesion and TNF-a signaling pathway.
With TNF-o inducing an increase in the endothelial cell permeability and significantly increasing mRNA and pro-
tein expression levels, we identified three hub genes, namely PTGS2, ICAM1, and SNAIL. There was a significant
difference in the high-dose TNF-a group and in the low-dose TNF-a group compared to the control group, in the
endothelial cell permeability experiment (p = 0.008 vs. p = 0.02). Measurement of mMRNA and protein levels of
PTGS2, ICAM1, and SNAIL by western blotting analysis showed that there was a significant impact on TNF-a
and that there was a significant dose-dependent relationship (p < 0.05 vs. p < 0.01).

Conclusions: The three hub genes identified through bioinformatics analyses in the present study may serve as
biomarkers of increased vascular endothelial cell permeability. The findings offer valuable insights into the prog-
ress and mechanism of vascular endothelial cell permeability.
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by inflammation, toxins, ischemia, and hypoxia, they
are activated and the integrity of the endothelial barrier
function is disrupted. Studies have shown that an in-
creased permeability of ECs is the basis of capillary
leakage [1,2], which is a common occurrence. Medical
conditions such as sepsis, acute lung injury, severe
acute pancreatitis, trauma, infection, inflammation, and
so on are accompanied by capillary leakage. Therefore,
in a sense, where there is inflammation, there is leakage
[3-6]. The leakage of macromolecular substances in
blood vessels through endothelial cell gaps leads to in-
tercellular edema, increases intercellular distance, and
causes cell hypoxia. A large amount of inflammatory
cytokines accumulates in local tissues, leading to tissue
and organ damage, which, in severe cases, can lead to
multiple organ dysfunction (MODS) [7-9]. At the same
time, a large amount of fluid loss in the blood vessels
leads to shock [10,11].

At present, the mechanism of an increased endothelial
cell permeability is still unclear, and effective clinical
methods for treating capillary leakage are still lacking.
In recent years, mining and identifying hub genes
through genome sequencing technology and bioinfor-
matic algorithms has become a method for exploring
pathogenesis [12]. In this study, we identified the high-
throughput sequencing expression profile of endothelial
cell permeability-related genes from the Gene Expres-
sion Omnibus (GEO) database, conducted Gene Ontolo-
gy (GO) and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) enrichment analysis on differential
genes, constructed a protein-protein interaction (PPI)
network, and predicted related hub genes. Then, the hub
gene associated with an increased endothelial cell per-
meability was confirmed through experiments, and its
mechanism was elucidated by using molecular bioinfor-
matics.

MATERIALS AND METHODS

Retrieval of data sets from the GEO database

In this study, the gene sequencing data with the key-
word "endothelial cell permeability" were retrieved
from the GEO database (https://www.ncbi.nlm.nih.gov/
geo/). Thus, the gene high-throughput sequencing ex-
pression profile GSE178331, which met the require-
ments (including gene sequencing data of experimental
and control cells), was downloaded. A total of 25 sam-
ples were included, of which 5 were normal control
samples and the rest were experimental samples.

Screening of differentially expressed genes

The mRNA-Seq data were downloaded from the GEO
database, and the probe ID was converted into a gene
symbol. Data were divided into the experimental group
and the control group, according to the limma package
in the R software (Version 4.0.2). The logarithmic ratio
changes (logFC), the p-value, and the correction p-val-
ues were calculated. Then, p < 0.05 and [logFC| > 1

were set as the inclusion criteria for the differentially
expressed mMRNA. Thus, differentially expressed genes
were screened and heat maps were drawn.

GO/KEGG enrichment analysis

To further predict the biological functions and signaling
pathways of the differential genes involved in an in-
creased endothelial cell permeability, the GO functions
and KEGG database were analyzed based on p < 0.05
by org.Hs/eg.db, ggplot2, and cluster Profiler in R.

Protein interaction analysis in the STRING database
The differential genes were utilized to produce a PPI
network based on the Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) database (https://
string-db.org/), with a 0.4 confidence score and “Homo
sapiens” setting. The visualizations and the data were
downloaded to further screen out the hub genes.

Screening of network hub genes

The TSV format data, downloaded from the STRING
database and the differential gene, were read into R lan-
guage for visualization graphics.

Determination of endothelial cell permeability
Human umbilical vein endothelial cells (HUVECS)
were obtained from the Cell Culture Center of the Chi-
nese Academy of Medical Sciences. ECs were cultured
in Dulbecco’s Modified Eagle Medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS), 100
pg/mL streptomycin, and 100 pg/mL penicillin, at 37°C
in a fully humidified incubator with 5% CO.. Cell via-
bility was determined by trypan blue exclusion under
experimental conditions. When grown to sub-conflu-
ence, the EC experiments were performed. FITC-label-
ed glucan (FD40) was used to evaluate the permeability
of monolayer ECs. The ECs were inoculated on poly-
carbonate membrane (1 x 10%) in Corning Costar
(USA). Then, 100 uL. DMEM medium containing FBS
was added and cultured in a CO; incubator for 24 hours
to form monolayer cells. Subsequently, the ECs were
cultured in serum-free DMEM medium for 2 hours and
were then replaced with fresh DMEM medium contain-
ing FBS. ECs were divided into three groups: high-dose
TNF-o. group, low-dose TNF-a group, and control
group, with six well cells in each group. The ECs were
then exposed to different TNF-a concentrations (10, 20
pg/L) in DMEM with 10% FBS diluted in the culture
medium for 24 hours, or 100 pL phosphate buffer (PBS)
was added for 24 hours under the same conditions.
After stimulation, the ECs were washed twice with
PBS. Subsequently, 100 uL of FITC-labeled glucan was
added into the upper chamber and 600 puL of PBS was
added into the lower chamber. After incubation at 37°C
for 1 hour, the absorbance (A) values of the lower
chamber were detected at a 490 nm wavelength. The ex-
periment was repeated three times.
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Table 1. Primers used for the quantitative RT-PCR.

Gene symbol Primer Sequence (5'-3") ™ Length

EAETH Forward GACCTGACCTGCCGTCTA 69° 18bp
Reverse AGGAGTGGGTGTCGCTGT 69° 18bp

Forward GCAAGAAGATAGCCAACCAA 66° 20bp

ICAML Reverse TGCCAGTTCCACCCGTTC 66° 18bp
Forward CTTGGGTGTCAAAGGTAAA 67° 19bp

PTGS2 Reverse ACTGATGCGTGAAGTGCTG 67° 19bp

SRAT Forward TTACCTTCCAGCAGCCCTAC 71° 20bp

Reverse AGCCTTTCCCACTGTCCTC 71° 19bp

Total MRNA extraction and RT-PCR RESULTS

ECs were cultured in 96-well plates with cell concentra-
tion of 5 x 10° per well. Cells were cultured overnight
in an incubator containing 5% CO; at 37°C. The group-
ing and experimental methods for ECs were the same as
described in section 3.1. The total MRNA of each group
was extracted by using the Trizol reagent, and cDNA
was reverse-transcribed by using the Prime Script 11 1%
Strand cDNA Synthesis Kit. The real-time PCR detec-
tion system and SYBR dye were applied to the PCR-
amplified hub genes by following the manufacturer’s
instructions. The promoter primer sequence of the hub
genes is shown in Table 1. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an internal
reference. Relative expression of mMRNA was calculated
by using the 2722CT method. The above-mentioned ex-
periments were repeated three times each.

Protein extraction and western blot

The grouping and experimental methods for ECs were
the same as explained in section 3.1. The total protein of
ECs in the above-mentioned groups was extracted with
RIPA lysis buffer, and the protein content was quanti-
fied with a BCA protein assay kit. The same amount of
protein was then isolated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) meth-
od and transferred to the polyvinylidene fluoride
(PVDF) membrane. After blocking in 0.01% Tween 20
containing 5% skimmed milk powder for 4 hours, the
membranes were incubated overnight with primary anti-
bodies (ICAM-1, PTGS2, SANI1, and GAPDH) at a
1:800 dilution. The membranes were then incubated
with anti-rabbit 1gG secondary antibodies for 1 hour.
Blot bands were visualized and quantified by a gel im-
aging system.

Statistical analysis

The one-way variance of analysis (ANOVA) was used
for quantitative data, and a p-value less than 0.05 was
considered a significant difference. Statistical tests were
performed by using the SPSS version 19.0 statistical
software package (IBM Corp., Armonk, NY, USA).
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Differentially expressed genes

High-throughput mRNA sequencing data of ECs cul-
tured in vitro stimulated by plasma from patients with
COVID-19 were downloaded from GEO, a public data-
base. A total of 19,480 genes were included, containing
6 normal control samples and 5 EC samples treated with
serum from patients with a severe COVID-19 infection.
After reading them into R language, FDR = 0.05 and
logFC = 2 were set as inclusion criteria. It was calcu-
lated that there were 1,475 differentially expressed
genes, including 1,224 up-regulated genes and 251
down-regulated genes, and the differential genes are vi-
sualized in Figure 1.

GO/KEGG analysis of differential genes

As shown in Figure 2, GO enrichment analysis of dif-
ferential genes was conducted by using the Cluster
Profiler in R language. Biological processes (BP), in-
cluding laminar flow shear stress, tumor necrosis factor-
alpha, cell membrane potential, negative regulation of
endogenous apoptotic signaling pathway, adhesion con-
nective tissue, and intercellular adhesion through serous
membrane adhesion molecules, cellular component
(CC), including golgi cis cisterna, collagen-extracellular
matrix, and cationic channel complex, and molecular
function (MF), including DNA binding transcription ac-
tivity, RNA polymerase Il specificity, cationic channel
activity, metal ion transmembrane transporter activity,
ion channel activity, channel activity, and passive trans-
membrane transporter activity, were obtained. Biologi-
cal information with p < 0.05 is shown in Figure 2 (the
top nine genes with p < 0.05 were selected). Moreover,
KEGG enrichment analysis revealed that differential
genes were mainly related to tumor necrosis factor re-
ceptor signaling pathways and laminar shear stress (Fig-
ure 3).

Screening of core genes
The protein interaction network diagram of differential
genes (Figure 4), and the visualization of the arrange-
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Figure 1. Heat map of differential genes.

The differential genes are represented by different colors. The redder the color, the more significant is the p-value, whereas the bluer the color,

the less significant is the p-value.

ment according to the degree of freedom value of each
differential gene (Figure 5), were obtained by using the
STRING database and R language, respectively. As
shown in Figure 5, the top three hub genes were
PTGS2, ICAM1, and SNAIL.

Detection of EC permeability

The absorbance value (A) of the lower chamber stimu-
lated by TNF-a (10 pg/L) was significantly different
from that of the control group (p = 0.02, Table 1).

As the dose increased, the permeability gradually in-
creased, and there was a statistically significant differ-

ence compared to the control group (p = 0.008, Figure
6A). This indicated that the selection of the dose and the
time of TNF-a in this experiment was appropriate and
proved that the model of an increased permeability of
vascular ECs was successful.

MRNA and protein expression of the hub genes by
TNF-a

To investigate the relationship between increased EC
permeability and the hub genes predicted by the GEO
network, the mRNA levels of PTGS2, ICAM1, and
SNAI1 were measured by using quantitative real-time
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Figure 2. GO enrichment analysis of differential genes in R.

The differential genes are represented by columns of different colors. The redder the column color, the more significant is the p-value, whereas
the bluer the column color, the less significant is the p-value.

response to laminar fluid
shear stress

response to tumor necrosis

factor
regulation of membrane
potential p-value
negative regulation of
intrinsic apoptotic 0.076
signaling pathway 0.077
R - 0.078
adherens junction organization
0.079
0.080

transepithelial transport

cell-cell adhesion via
plasma-membrane adhesion
molecules

cellular response to tumor
necrosis factor

o

10 20

Figure 3. KEGG enrichment analysis of differential genes in R.

The differential genes are represented by columns of different colors. The redder the column color, the more significant is the p-value, whereas
the bluer the column color, the less significant is the p-value.
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Figure 4. PPI for the differential genes.

Nodes are represented by circles of different colors. The darker the color, the higher the degree value, which indicates a stronger PPI. The
edge indicates the correlation between the differential genes, and the thicker the edge, the closer is the correlation.

PCR, while the protein levels of PTGS2, ICAM1, and
SNAIL1 were measured by using western blot analysis.
As shown in Figure 6B, the mRNA expressions of
PTGS2, ICAM1, and SNAI1 were significantly in-
creased after TNF-a stimulation, which was dose-de-
pendent. In addition, the protein expressions of PTGS2,

ICAM1, and SNAI1 were significantly increased by
TNF-0, showing a dose-dependent relationship (Figure
7). Collectively, the results of our study confirm that
PTGS2, ICAML1, and SNAI1 are hub genes of EC per-
meability increase, as predicted by the GEO network.
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Figure 4. PPI for the differential genes.

Nodes are represented by circles of different colors. The darker the color, the higher the degree value, which indicates a stronger PPI. The
edge indicates the correlation between the differential genes, and the thicker the edge, the closer is the correlation.

DISCUSSION

Capillary leakage is a common clinical symptom caused
by a wide range of inflammatory diseases [5,6,11]. EC
permeability increase is the basis of capillary leakage
[8,9]. When ECs are stimulated by inflammatory cyto-
kines, they get activated and the integrity of the EC bar-
rier function is destroyed. At this time, the permeability
of ECs increases, and then the macromolecules in the
blood vessels that normally cannot be penetrated leak
out of the blood vessels, leading to the occurrence of
capillary leakage [13-16]. TNF-a is a major proinflam-
matory cytokine, which can directly activate or damage
ECs and lead to an increased permeability of ECs [17-
20]. Our research is the first to elucidate the molecular
mechanism of an increased EC permeability through da-
ta mining approaches from the GEO database and ex-
perimental studies, and with that lays the foundation for
further clinical studies.

In this study, the keyword "endothelial cell permeabili-
ty" was searched in the GEO public database, and the
dataset GSE178331, which met the requirements (hav-
ing an experimental group, control group, and sample
content greater than six), was retrieved. We obtained
1,475 differentially expressed genes (DEGS) by using R
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language. Then, GO and KEGG enrichment analyses
were performed by using R. GO function analysis
showed that the DEGs were significantly enriched in
laminar flow shear stress, TNF-a, adhesion junction,
channel activity, and passive transmembrane transporter
activity. KEGG enrichment analysis showed that the
DEGs were significantly enriched in tumor necrosis fac-
tor receptor signaling pathway and laminar shear stress.
These analyses suggest that TNF-a may be a key factor
in the increase of EC permeability. The top three hub
genes, namely PTGS2, ICAM1, and SNAI1, were se-
lected through the topological property analysis of the
PPI network and the value of degree by using R. PTGS2
(prostaglandin-endoperoxide synthase 2), also known as
COX-2 (cyclooxygenase 2), is one of the targets of non-
steroidal drugs. When stimulated by inflammation, the
expression level of COX-2 increases, leading to endo-
thelial apoptosis and vascular endothelial injury [21,22].
ICAM-1 (intercellular cell adhesion moleculin-1) is
constitutively present in ECs, but its expression is in-
creased by proinflammatory cytokines. In addition to
acting as a leukocyte adhesion molecule, ICAM-1
directly contributes to inflammatory responses within
the blood vessel wall by increasing EC activation [23-
27]. SNAIL, as a zinc finger protein, negatively regu-
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Figure 6.
6A: Effect of TNF-a on the endothelial permeability.

Data are presented as the mean £ SEM (n = 3); ** p < 0.01 versus control group was considered a statistically significant dif-

ference.

6B: Effect of TNF-a on the hub gene mRNA expression levels in ECs.
MRNA levels were determined by RT-PCR. Data are presented as the mean £ SEM (n = 3); * p < 0.05 and # p < 0.01 versus

control group were considered statistically significant differences.

lates the transcription of vascular endothelial-cadherin,
when its expression is increased [28,29]. Moreover,
when SNAI1 expression is upregulated, it can also pro-
mote endothelial mesenchymal transformation (EMT)
[30]. These results suggest that the increased permeabil-
ity of ECs may be due to these hub genes.

To verify the role of hub genes, as predicted above, in
the increased EC permeability, a classical inflammation
model was developed by using ECs stimulated by TNF-
a, which was used to study the mechanism of the in-
creased endothelial cell permeability [24-26]. The re-
sults showed that the permeability of ECs was signifi-
cantly increased by TNF-a in a concentration-dependent
manner (p = 0.008 vs. p = 0.0004). Moreover, RT-PCR

validated mMRNA expressions of PTGS2, ICAM1, and
SNAI1, which differed significantly between the differ-
ent TNF-a-induced and control groups (p < 0.05 vs. p <
0.01, respectively). The protein expression levels of the
hub genes by western blot also differed significantly be-
tween the different TNF-a-induced and control groups
(p < 0.05 vs. p < 0.01, respectively), suggesting that an
increased permeability of ECs may be caused by the
predicted hub genes.

Our study demonstrates significant strengths in identify-
ing key genes responsible for an increased vascular en-
dothelial cell permeability, particularly through the in-
novative combination of the GEO database and
WGCNA. This approach enhances the accuracy and ef-
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Figure 7. Effect of TNF-a on key protein expression levels in ECs.

The expression of PTGS2, ICAM1, and SNAI1 protein levels were determined by western blot with specific antibodies and quantification. Data
are presented as the mean + SEM (n = 3); * p < 0.05 and #p < 0.01 versus control group were considered statistically significant differences.

ficiency in key gene identification. The thoroughness of
experimental validation, employing RT-PCR and West-
ern Blot techniques to verify predictive outcomes, bol-
sters the study’s credibility. The successful identifica-
tion of three hub genes (PTGS2, ICAML1, and SNAI1)
offers potential targets for future therapies, and the in-
depth exploration of TNF-a's role in regulating endothe-
lial cell permeability enriches our understanding of in-
flammation and vascular dysfunction.

However, our study is not without limitations. Primari-
ly, it is limiting the sample scope. Future research
should expand the sample size and variety to enhance
the universality of the findings. Although the study re-
veals key genes, a comprehensive exploration of their
mechanisms and impacts in various pathological states
remains to be conducted. Additionally, while this re-
search provides new directions for clinical treatment,
the efficacy and safety of these findings in clinical ap-
plications require validation through extensive clinical
trials. Lastly, gene co-expression network analysis,
while a powerful tool, demands a high degree of exper-
tise and experience for interpretation, possibly limiting
the application and comprehension of the results in a
broader scientific and medical context. Future research,
therefore, needs to delve deeper into aspects like sample
range, pathological mechanisms, clinical application,
and the complexity of data interpretation.

CONCLUSION
In conclusion, the DEGs associated with an increased

permeability of ECs were mined from the GEO data-
base, and three hub genes, namely PTGS2, ICAM1, and
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SNAIL, were screened by PPl network topological
properties and R. Then, an experimental in vitro valida-
tion was performed to confirm the mMRNA and protein
expression of these hub genes. The mechanism of an in-
creased permeability of ECs may happen through the
action of these hub genes.
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