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Abstract

Background and Objectives: Thoracic aortic aneurysm and dissection (TAAD) is a life-
threatening vascular disease with limited effective diagnostic and therapeutic strategies.
Although endothelial barrier dysfunction represents an early event in TAAD pathogenesis,
the role of endothelial tight junction proteins remains largely undefined. In this study, we
systematically explored the function of claudin-5 (CLDNS5), an endothelial-specific tight
junction sealing protein, in TAAD through integrated bioinformatic, clinical, and experimen-
tal approaches. Materials and Methods: In the study, we combined bioinformatic analysis
of the CLDNS5 gene with clinical and cellular investigations. The clinical cohort included 44
patients with thoracic aortic dissection (TAAD) and 41 healthy controls. Plasma CLDN5
levels were measured by ELISA. Cellular studies involved treating human umbilical vein
endothelial cells (HUVECs) with tumor necrosis factor-oc (TNF-«) and performing CLDN5
knockdown, with barrier function assessed using transendothelial electrical resistance and
permeability assays. Results: Plasma CLDN5 was significantly elevated in TAAD patients
(14.20 = 1.394 ng/mL) compared to controls (6.061 & 0.8208 ng/mL, p < 0.05) and showed
strong diagnostic potential with an area under the receiver operating characteristic curve
(AUC) of 0.7877 (95% CI: 0.6897-0.8857). In cellular experiments, TNF-« treatment induced
the release of CLDNS fragments into the supernatant and reduced membrane CLDNS. Fur-
thermore, CLDN5 knockdown directly impaired endothelial barrier function. Conclusions:
Our findings identify CLDNS as a promising circulating biomarker for TAAD diagnosis
and provide new insights into TAAD pathogenesis, offering potential diagnostic strategies.

Keywords: endothelial cell; biomarker; tight junction; claudin-5; thoracic aortic aneurysm
and dissection

1. Introduction

Claudin-5 (CLDNS5) is an endothelial-specific tight junction protein that serves as a
critical determinant of vascular barrier integrity. This 22 kDa transmembrane protein forms
the primary sealing component of endothelial tight junctions, creating a selective barrier
that controls the passage of ions and small molecules while preventing the extravasation of
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inflammatory cells into the lesions [1]. CLDNG5 loss is closely associated with inflammatory
infiltration across various pathological contexts [2,3]. Its role in maintaining central nervous
system homeostasis via regulation of blood-brain barrier function is well-established [4].
Beyond neurological disorders, CLDNS5 dysregulation facilitates tumor metastasis by en-
hancing vascular permeability for cancer cell dissemination and contributes to kidney
disease through the disruption of glomerular filtration barriers [5,6].

Thoracic aortic aneurysm and dissection (TAAD) represents a life-threatening cardio-
vascular condition characterized by progressive aortic dilation and acute dissection—a
catastrophic event involving disruption of the intimal layer and separation of the aortic
wall, often with fatal consequences [7]. Current understanding of TAAD pathogenesis
predominantly focuses on medial degeneration and smooth muscle cell dysfunction [8].
We previously found that the disruption of endothelial barrier function is a critical early
event in TAAD development, serving as both a potential predictive indicator and a promis-
ing therapeutic target [9]. Notably, CLDNS5 is downregulated in the aortic tissues of the
-aminopropionitrile (BAPN)-induced TAAD mouse model [9]. However, the precise role
of CLDNS5 in TAAD pathogenesis remains largely unexplored.

TAAD is first suspected clinically when a patient presents with sudden-onset, severe
chest pain radiating to the back syncope, or an acute pulse or blood pressure differential.
Bedside transthoracic echocardiography can give the first hint of an intimal flap or peri-
cardial effusion, but the diagnosis is confirmed via computed-tomography arteriography
(CTA) that shows the dissection flap and maps the extent of the tear [10]. In stable or famil-
ial cases, magnetic resonance imaging (MRI) or trans-oesophageal echo is used to serially
measure aortic diameter; dilatation > 5 cm, rapid growth > 0.5 cm/yr, or family history
of dissection at <5 cm are accepted imaging criteria for elective diagnosis [11]. Although
Lu et al. found an elevated osteoprotegerin/tumour necrosis factor-related apoptosis-
inducing ligand (TRAIL) ratio, associated with increased mortality in type A acute aortic
dissection, no definitive serum biomarkers are clinically available for the early diagnosis
of TAAD [12]. Instead, the diagnosis of TAAD still relies heavily on imaging techniques
such as CTA [13]. The absence of reliable circulating biomarkers represents a significant
clinical gap, particularly for screening high-risk populations and enabling timely interven-
tion before catastrophic aortic events occur. Intriguingly, while traditionally regarded as a
transmembrane component, CLDN5 can be detected in the bloodstream, with plasma levels
correlating with stroke type and location [14]. Given that TAAD initiation fundamentally
involves intimal injury and that CLDNS5 is a fundamental component of endothelial tight
junctions, we hypothesized that endothelial damage may lead to disintegration of CLDN5
protein and release of CLDND5 soluble fragments into the circulation. Thus, a key question
worth exploring is whether CLDN5 can function as a sensitive biomarker for the early
detection of TAAD.

In this study, we performed integrated bioinformatic analysis of CLDNS5 structure, pre-
dicting potential proteolytic cleavage sites and phosphorylation motifs that may regulate its
stability and function in vascular pathology. We then used enzyme-linked immunosorbent
assay (ELISA) and revealed elevated plasma CLDNS5 in TAAD patients. In parallel, we
examined the effect of tumor necrosis factor-o (TNF-a) on CLDNS5 expression and function
in human umbilical vein endothelial cells (HUVECs). Our findings suggest circulating
CLDNS5 as a novel and promising TAAD biomarker, while the loss of endothelial CLDN5
contributes to endothelial barrier disruption.
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2. Materials and Methods
2.1. Analysis of CLDN5 Gene

The nucleotide sequence of the CLDN5 gene was downloaded from the Ensembl
database (ENSG00000184113), and the JASPAR and PROMO databases were used to predict
potential promoters and transcription factors binding sites (TFBS) for CLDNS5 [15].

The EMBOSS_CpGplot tool [16] was employed to identify putative CpG islands using
the following criteria [17]: Observed/Expected ratio > 0.60; Percent C + Percent G > 50.00;
and Length > 200.

2.2. Analysis of CLDNS Protein

The amino acid sequence of the CLDN5 protein was retrieved from the UniProt
database (UniProtKB ID: 000501), and transmembrane topology and signal peptide predic-
tion were jointly assessed using the Phobius database [18]. Secondary structure prediction,
along with the identification of intrinsically disordered regions, was performed with
PSIPRED v.3.3 and its integrated disorder predictor DISOPRED2 [19].

2.3. Analysis of CLDNb Interactors

The GeneMANIA database [20] was employed to identify CLDNS interactors, with
gene descriptions retrieved from GeneCards [21]. Subsequently, functional enrichment
analysis of disease-related Gene Ontology (GO) terms for the CLDNS5 interactome was
conducted using the ToppFun (https:/ /toppgene.cchmc.org/enrichment.jsp, accessed on
26 November 2025) application within the ToppGene Suite [22].

2.4. Analysis of CLDNb Phosphorylation and Proteolytic Cleavage Sites

To identify putative phosphorylation sites, the protein sequence were analyzed with
the NetPhos 3.1 server, which assesses the likelihood of phosphorylation at serine, threonine,
and tyrosine residues [23]. The potential cleavage sites within the CLDN5 protein sequence
(UniProt ID: O00501) were predicted using the PeptideCutter tool. This analysis provides
the query sequence with mapped proteolytic cleavage sites and a positional table of cleavage
events resulting from specific proteases or chemical agents [24].

2.5. Measurement of Plasma Claudin-5 Level

Plasma samples from 44 patients with TAAD and 41 healthy individuals were ob-
tained with informed consent, in collaboration with the Emergency Department of Peking
University Third Hospital (M2020410, Peking University Third Hospital Medical Science
Research Ethics Committee). The concentration of claudin-5 in plasma was quantified
using a commercial ELISA kit (E-EL-H1630, Elabscience, Wuhan, China) according to the
manufacturer’s instructions. For this kit, the manufacturer-reported lower limit of detection
(LLoD) is 0.1 ng/mL, with intra- and inter-assay coefficients of variation (CVs) both <10%.

2.6. Cell Culture

HUVECs were cultured in endothelial cell medium (ECM, 1001, ScienCell, Carlsbad,
CA, USA) supplemented with 5% fetal bovine serum (FBS) and maintained at 37 °C in a
humidified 5% CO, atmosphere.

2.7. Immunofluorescence Staining

The distribution of CLDN5 in HUVECSs was visualized via immunofluorescence stain-
ing. Briefly, 48 h after TNF-o stimulation, HUVECs were fixed with 4% paraformaldehyde,
permeabilized with 0.1% Triton X-100 for 5 min and blocked with 3% bovine serum albumin
(BSA). Cells were then incubated overnight at 4 °C with a primary antibody against CLDN5
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and incubated for 2 h at room temperature in the dark with Alexa Fluor 555-conjugated
goat anti-mouse secondary antibodies (Life Technologies, San Diego, CA, USA). Nuclei
were counterstained with 4/,6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific,
Rochester, NY, USA), and the stained cells were preserved in phosphate buffered saline
(PBS) for subsequent confocal imaging.

2.8. Detection of CLDN5 in Cell Culture Supernatant

Cell culture supernatants were collected and centrifuged at 1000x ¢ for 10 min at 4 °C
to remove any cellular debris. The concentration of CLDNS in cell culture supernatants
was quantified using a human CLDN5 ELISA kit (CSB-EL005507HU, Cusabio, Baltimore,
MD, USA) according to the manufacturer’s instructions. The manufacturer specifications
for this kit report a sensitivity of 7.8 pg/mL. The intra-assay CV is <8%, and the inter-assay
CV is <10%.

2.9. siRNA Transfection

Small interfering RNA (siRNA) against human CLDN5 and scramble siRNA were de-
signed and synthesized by Suzhou GenePharma (Suzhou, China), and siRNA (50 nmol/L)
transfection in HUVECs was applied by CALNP™ RNAI| in vitro reagent (DN001, D-Nano
Therapeutics, Beijing, China) according to the manufacturer’s protocol. The siRNA se-
quence was as follows: 5'-3" sense: GACUACGACAAGAAGAACUTT and 5'-3' antisense:
5'-3" AGUUCUUCUUGUCGUAGUCTT.

2.10. Measurement of Transendothelial Electrical Resistance (TER)

Cells were seeded onto 0.4 um pore-size polyester Transwell inserts (Corning) and
cultured until a stable, confluent monolayer was formed. TER was measured using a
volt-ohm meter (EVOM?2, World Precision Instruments, Sarasota, FL, USA). Briefly, the
short and long electrode tips were placed in the upper and lower chambers, respectively,
and the measured resistance (Q)) was multiplied by the surface area of the membrane (cm?)
to calculate the TER value (Q-cm?).

2.11. Paracellular Permeability Assay

Paracellular permeability to macromolecules was assessed using 4 kDa FITC-labeled
dextran (1 mg/mL; FD4, Sigma-Aldrich, St. Louis, MO, USA). After TER measurement, the
cell monolayers were rinsed and equilibrated with transport buffer. FITC-dextran solution
was added to the upper chamber, while fresh buffer was placed in the lower chamber.
The plate was incubated for 3 h at 37 °C, after which samples were collected from the
lower chamber. The fluorescence intensity (Ex/Em: 490/520 nm) was measured using a
microplate reader.

2.12. Statistical Analysis

All the experiments were performed in triplicate (unless otherwise specified) in at
least three independent experiments, and all the statistical analyses were performed using
GraphPad Prism 10.1 software (GraphPad Software, San Diego, CA, USA). The values
are presented as the means =+ standard errors (SEMs) for normally distributed data. For
comparisons of normally distributed data between two groups, we first assessed the
homogeneity of variances using an F-test or Levene’s test. If variances were similar,
Student’s t-test was applied; if not, Welch’s t-test was used. The normal distribution of
the data was first evaluated using the Shapiro-Wilks test. For comparisons of normally
distributed data between two groups, we applied Student’s f test for data with similar
variances. In addition, for comparisons of more than two groups, the Brown-Forsythe test
was used to assess similar variances, followed by ordinary ANOVA or Welch’s ANOVA
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test when similar variances were or were not assumed, respectively. The Mann-Whitney
U test for 2 groups or the Kruskal-Wallis test with Dunn’s multiple comparisons test for
>2 groups was applied to data that were not normally distributed. Specifically, Dunnett’s
multiple comparisons test was used to compare each group with a control group, while
Tukey’s multiple comparisons test was used to compare each group with every other
group. A p value of <0.05 was considered to indicate statistically significant. Representative
images were chosen to most accurately represent the group mean/average across all the
available data.

3. Results
3.1. Circulating CLDNS Serves as a Potential Biomarker for TAAD

Considering that CLDNS loss has been discovered in aortic tissues of TAAD, we
explored whether CLDNS5 could be cleaved and released into the blood circulation. A
case—control study comprising 44 TAAD patients and 41 healthy controls was conducted.
As summarized in Table 1, the two groups showed no significant differences in gender
(p =0.7722) or age (p = 0.6309), which are risk factors associated with TAAD [3]. Other basic
clinical characteristics are presented in Table 1. ELISA measurements revealed a marked
increase in plasma CLDNS5 levels in TAAD patients (14.20 £ 1.394 ng/mL) compared to
healthy controls (6.061 & 0.8208 ng/mL; Figure 1a). We further found that the CLDN5
levels were not correlated with systolic blood pressure using Spearman’s or Pearson’s
correlation tests (Figure 1b), suggesting that elevated plasma CLDNS5 may represent an
independent risk indicator for TAAD. We also investigated whether CLDNG5 levels were
associated with the time interval of sample collection prior to acute TAAD symptom onset.
Among the 44 TAAD patients, 22 samples were obtained within 1 day, 15 between 1 and
7 days, and 7 after 7 days before symptom onset (Figure 1c). Compared to the control
group (CTL: 6.061 & 0.8208 ng/mL), plasma CLDNS5 levels were higher in >7-day group
(13.77 4 3.995 ng /mL). CLDNS5 levels continuing to rise until their peak during the 1 to
7 days immediately preceding symptom onset (15.62 & 2.289 ng/mL). The levels remained
highly elevated even within the final 24 h before the acute event (13.36 & 2.006 ng/mL).
These findings suggest that circulating CLDNG5 levels rise dynamically in the period preced-
ing an acute TAAD, with the most prominent increase occurring within one week before
symptom onset. The receiver operating characteristic (ROC) curve analysis showed that
the circulating CLDNSG level exhibited a diagnostic value of 0.7877 (95% CI: 0.6897-0.8857;
p < 0.0001) for discriminating TAAD patients from healthy controls (Figure 1d). In both
healthy individuals and TAAD patients, changes in plasma CLDNS5 levels are not associ-
ated with hypertension (Figure S1a,b). No mortality was documented in the TAAD cohort
throughout the study period; accordingly, the potential association between plasma CLDN5
levels and fatal outcomes could not be evaluated.

Table 1. Clinical and biochemical characteristics of TAAD patients and healthy participants included
in the study.

CLDNS5 Study TAAD CTL p Value
n 44 41 -
Gender (male) 36 (81.8%) 36 (87.8%) 0.7722
Age (year) 48.27 +13.46 4712 +7.48 0.6309
Hypertension 32 (72.7%) 2 (4.9%) <0.05*
CLDNS5 (ng/mL) 14.20 + 1.394 6.061 + 0.8208 <0.05 **

TAAD thoracic aortic aneurysm and dissection, CTL control; * p < 0.05 by Fisher’s exact test, ** p < 0.05 by
Mann-Whitney test.
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Figure 1. Plasma claudin-5 (CLDND) is elevated in thoracic aortic aneurysm and dissection (TAAD)
patients. (a) Plasma CLDN5 concentrations in TAAD patients (N = 44, red) and healthy controls (CTL,
N =41, green). * p < 0.05 using Welch’s ¢ test; (b) Correlation between plasma CLDNS5 levels and
systolic blood pressure (SBP) in TAAD patients (N = 44); (c) CLDNS levels relative to time before
symptom onsets (CTL, N = 41; time < 1-day, N = 22; time > 1-day and <7-day, N = 15; time > 7-day,
N =7). * p <0.05 using the Kruskal-Wallis test with Dunn’s multiple comparisons test; (d) ROC curve
analysis evaluating the diagnostic performance of CLDN5 for TAAD.

Even after adjusting for systolic blood pressure, diastolic blood pressure, age, and
gender, its association remains highly significant (Figure Slc, odds ratio: 1.082, p < 0.0001).
This means that between two individuals with identical blood pressure, age, and gender,
the one with a higher level of this biomarker has a significantly increased risk of TAAD. Its
discriminatory value is independent of all these traditional factors.

3.2. Loss of CLDN5 Leads to Disrupted Endothelial Barrier Function

To determine whether alteration in CLDN5 localization underlies the increase in
plasma CLDNS5 under pathological conditions, we treated HUVECs with TNF-«, a key
inflammatory trigger in TAAD. Following 48 h TNF-« treatment, CLDN5 expression in
the plasma membrane was dramatically reduced, while soluble CLDNS5 levels in the
culture supernatant significantly increased, as measured via ELISA (Figure 2a,b). The
substantial reduction in membrane CLDNS5 observed via immunofluorescence may reflect
both its proteolytic release and internalization/degradation [25], whereas ELISA specifically
quantifies the shed extracellular fragment.
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Figure 2. Tumor necrosis factor-oc (TNF-a) disrupts endothelial barrier integrity through claudin-5
(CLDND) release and functional impairment: (a) Immunofluorescence images showing CLDN5
expression (red) in human umbilical vein endothelial cells (HUVECs) with or without TNF-« stim-
ulation. Nuclei were counterstained with DAPI (blue). Data are presented as the mean + SEM
and analyzed by using an unpaired two-tailed Student’s t test. N = 4 per group. Scale bar = 20 pum.
*p <0.05; (b) CLDNS concentrations in HUVECsS culture supernatants with or without TNF-« stimula-
tion quantified via ELISA. Data are presented as the mean + SEM and analyzed by using an unpaired
two-tailed Student’s t test. N = 4 per group. * p < 0.05; (c) Transendothelial electrical resistance (TER)
of HUVECs under control conditions and after CDLN5 knockdown. Data are presented as the mean
=+ SEM and analyzed by using an unpaired two-tailed Student’s  test. N = 7 per group. * p < 0.05.
(d) Paracellular permeability assay assessed using 4 kDa FITC-dextran in HUVECs under control
conditions and after CDLN5 knockdown. Data are presented as the mean + SEM and analyzed by
using an unpaired two-tailed Student’s t test. N = 5 per group. * p < 0.05.

To further assess the functional role of CLDN5, we performed siRNA-mediated knock-
down in HUVECs. CLDN5 knockdown in HUVECs, with an efficiency determined by
validating the reduction in mRNA level by qRT-PCR and Western blot. As shown in Supple-
mentary Figure S2, transfection with siCLDNG5 significantly reduced CLDNS expression in
HUVECs compared to the control siRNA group. CLDN5 knockdown resulted in a signifi-
cant decrease in TER and an increase in paracellular flux of a fluorescent probe (Figure 2c,d),
indicating impaired endothelial barrier integrity. Collectively, these findings suggest that
inflammation-induced loss of membranous CLDN5 compromises endothelial barrier func-
tion, and that the concomitant release of CLDNS5 into the extracellular compartment may
underlie its potential as a circulating biomarker for TAAD.

3.3. CLDNGb Interaction Network Implicates Its Role in Vascular Function and Disease

Next, to determine the mechanism underlying the cleavage and release of CLDNS,
we identified CLDN5 phosphorylation sites including Ser155, Ser74, Thr207, Thr46, and
Tyr212/217 via NetPhos 3.1 in silico predictions (Table S1 and Figure 3a). These sites
were distributed across cytoplasmic and extracellular domains, with specific kinases such
as protein kinase C (PKC), PKA, and ataxia-telangiectasia mutated (ATM) predicted to
target distinct residues, and sites may also regulate CLDND5 stability and susceptibility
to proteolysis. The inflammatory signaling in TAAD might promote CLDNG5 release via
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coordinated phosphorylation and proteolytic events. Based on the proteolytic analysis
using PeptideCutter, the CLDN5 protein sequence contained cleavage sites targeted by a
range of enzymatic and chemical reagents (Table S2). Notably, several predicted cleavage
sites are located in the first extracellular loop (e.g., after residues Arg30 and Lys65), which,
if cleaved, could potentially release a soluble fragment containing a major portion of the
extracellular domain into circulation. Highly specific proteases such as trypsin and Arg-C
proteinase cleaved at 11 and 6 sites, respectively, while broad-specificity enzymes like
proteinase K recognized over 130 cleavage positions. It should be noted that the prediction
for broad-specificity proteases (e.g., proteinase K) has limited biological interpretability,
whereas predictions for proteases with defined roles in vascular remodeling are of greater
mechanistic interest. These modification patterns provide possible mechanistic insights
into how CLDNS5 might be released into circulation through phosphorylation-induced
shedding and/or proteolytic cleavage.

(@) NetPhos 3.1: predicted phosphorylation sites in Sequence
5 Serine —
E N Tyrosine —
o
o
c
2
K|
e
o
F
o
7]
=]
L
0 . . " .
0 50 100 150 200

Sequence position
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Establishment of endothelial barrier Il

Figure 3. Claudin-5 (CLDN5) phosphorylation site and interaction network analysis: (a) Predicted
high-confidence (score > 0.5) phosphorylation sites for serine, threonine, and tyrosine residues;
(b) Protein—protein interaction (PPI) network depicts functional association via physical interac-
tions, co-expression, and pathway enrichment. Nodes represent proteins, edges represent predicted
functional associations.

Moreover, we explored the function of CLDNS and bioinformatic profiling defined a
CLDNJ5-centric interaction network comprising 21 genes (Figure 3b and Table 2). Analysis
of these genes revealed highly concentrated functions, primarily involved in cell junction
assembly, tight junction formation and maintenance, and regulation of vascular endothe-
lial barrier function (Table 3). Functional enrichment analysis of diseases was strongly
enriched in vascular pathologies, including hypertensive disease, coronary artery disease,
myocardial infarction, and transient cerebral ischemia (Table S3). These results suggested
that CLDN5 may have a broad involvement in vascular homeostasis and diseases. These
results, along with established research, suggest that CLDN5 plays a broad role in vascular
homeostasis, and its dysregulation contributes to disease pathogenesis. For instance, recent
research has demonstrated that SARS-CoV-2 disrupts the respiratory endothelial barrier
primarily by downregulating CLDNS5 expression, and therapeutic restoration of CLDN5
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can rescue this barrier dysfunction, underscoring its pivotal and targetable role in vascular
integrity during infection [26].

Table 2. Key genes in the network.

Gene Symbol Gene Name
ACKR1 Atypical chemokine receptor 1
AOC3 Amine oxidase copper containing 3
CLDN1 Claudin-1
CLDN2 Claudin 2
CLDN3 Claudin 3
CLEC14A C-type lectin domain containing 14A
EGFL7 EGF like domain multiple 7
ESAM Endothelial cell adhesion molecule
ESR1 Estrogen receptor 1
ESR2 Estrogen receptor 2
GJA4 Gap junction protein alpha 4
MPDZ Multiple PDZ domain crumbs cell polarity complex
component
PAT] PAT] crumbs cell polarity complex component
RAMP2 Receptor activity modifying protein 2
RAMP3 Receptor activity modifying protein 3
SELP Selectin P
TJP1 Tight junction protein 1
TJP2 Tight junction protein 2
TJP3 Tight junction protein 3
VWEF Von Willebrand factor

Table 3. Key genes enriched Gene Ontology biological processes.

Function Genes in Network Genes in Genome

Apical junction assembly 8 68

Tight junction assembly 8 69

Tight junction organization 8 73
Tight junction 8 79

Apical junction complex 8 83
Cell—cell junction organization 9 169
Cell—cell junction assembly 8 104
Cell—cell junction 9 272
Regulation of vascular permeability 5 25
Establishment of endothelial barrier 5 30
Tissue homeostasis 7 163
Endothelial cell development 5 55
Endothelial cell differentiation 5 81
Endothelium development 5 103
Epithelial cell development 5 114
Bicellular tight junction assembly 3 19
Vascular process in circulatory system 5 185
Cellular component maintenance 3 40
Cell—cell adhesion via plasma-membrane 4 171

adhesion molecules

3.4. Integrated Analysis Shows the Translational and Post-Translational Modification of CLDNS

Then we analyzed the potential transcription factors that regulated claudin-5 expres-
sion through promoter analysis using Promo and JASPAR. Multiple transcription factor
binding sites (TFBS) were identified and distributed across both DNA strands at various
positions (Table 4). Key predicted transcription factors include estrogen receptor o (ERx),
paired box 5 (PAX5), activating protein 2« (AP2«), and CCAAT/enhancer-binding protein
o (C/EBP«), with ERoc showing the highest prediction score, suggesting that CLDN5
expression may be regulated by diverse signaling pathways involved in hormone response,
immune regulation, and cellular stress. Analysis of human CLDN5 gene identified two
CpG islands (Figure 4a), supporting that the possibility that epigenetic regulatory mech-
anisms may influence its expression. Structural analysis using Phobius and PSIPRED
computationally confirmed that CLDNS adopted a four-transmembrane topology with
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cytoplasmic N- and C-terminal tails (Figure 4b—d). These promoters and structural in silico
analyses establish that CLDN5 expression is potentially governed by a complex network
involving specific transcription factors and epigenetic mechanisms, underpinning its roles
in vascular biology and disease.

Table 4. Prediction of promoters and transcription factor binding sites (TFBS) by Promo and JASPAR.

Relative

Matrix ID Name Score Score Sequence Start End Strand Predicted Sequence
MAO0258.2 ERx 15.4695 0.93413 CLDN5 1213 1227 — AGGTCACTGTGGCTT
MAO0014.2 PAX5 14.7741 0.900168 CLDN5 482 500 — CTGGGCAACAGAGTGAGAC
MAO0003.2 AP2x 14.7519 0.925774 CLDNS5 1892 1906 - CCCTGCCCCAGGGTA
MA0466.1 C/EBP«x 12.2369 0.948208 CLDN5 86 96 - GGTTTCACCAT
MAO0007.2 AR 12.1988 0.906431 CLDN5 1693 1707 - AAGCACAGTGTGGCC
MAO0113.1 GR 11.2149 0.852941 CLDN5 1032 1049 GAGACCAGCCTGTCCAAC
MAO0051.1 IRF2 11.194 0.800563 CLDN5 775 792 — CTAAAGAGAAAGTCTTAA
MA0670.1 NFI 10.8633 0.959406 CLDNS5 34 43 - TTTGCCAATC
MAO0095.2 YY1 10.3135 0.874514 CLDNS5 82 93 + CAACATGGTGAA
MA1146.1 RXRa 9.45291 0.811961 CLDN5 505 519 + GAGTGCAGTGACACA
MA0850.1 FOXP3 9.35863 0.951146 CLDN5 1717 1723 + GCAAACA
MA0106.2 p53 8.75483 0.820605 CLDNS5 1118 1132 + GCTTGGCCTGGCTTG
MAO0518.1 STAT4 6.94723 0.843777 CLDNS5 386 399 - CTTGTTGGAAACAG
MAO0108.2 TFIID 6.9413 0.825268 CLDN5 112 126 + ATTTAAAAAACAAAA
MAO0108.2 TFII-1 6.9413 0.825268 CLDN5 112 126 + ATTTAAAAAACAAAA

Sequence: identifier of the DNA sequence used for prediction analysis; start: starting position of the predicted
binding site in the sequence; end: ending position of the predicted binding site in the sequence; strand: DNA

strand orientation of the predicted binding site (forward “+” or reverse “—*); predicted sequence: specific DNA
sequence fragment predicted to be the transcription factor binding site.
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Figure 4. Structural profiling of claudin-5 (CLDND5) reveals a four-pass transmembrane protein with
defined regulatory features: (a) CpG island analysis of the CLDN5 gene identifying two islands
(positions 560-1109, length 550 bp; and 118-2028, length 848 bp) across the analyzed sequence
(1-2332 bp); (b) Predicted membrane topology of CLDN5 generated using the Phobius database.
Transmembrane domains are shown in purple, intracellular regions in green, and extracellular regions
in blue; (c) Secondary structure and disorder propensity predictions; (d) Schematic illustrating the
predicted domain architecture of CLDN5 protein.

4. Discussion

The intact endothelial barrier is pivotal for vascular homeostasis. In this study, through
an integrated approach combining bioinformatic analyses, clinical sample validation, and
in vitro functional experiments, the role of endothelial-specific tight junction transmem-
brane protein CLDN5 in TAAD was explored. We found distinctive regulatory features and
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an interaction network of CLDN5 and revealed a significant elevation of circulating CLDN5
levels in TAAD patients (a proposed model in Figure 5). Our findings suggest that loss
of CLDNS in endothelial cells contributes to TAAD pathogenesis, and more importantly,

CLDNS5 may serve as a potential biomarker for TAAD.

Potential
biomarker
Normal TAAD

Blood 5 Tra
: . HOFS
E Inflammatory stimuli O l Cleav:
i & CL
Intact TJs
= | |
:.)> cLons | | @J
; Proteases
T

Disruption of barrier function

Figure 5. Schematic summarizing the role of CLDN5 in thoracic aortic aneurysm and dissection
(TAAD). Under physiological conditions, endothelial cells (ECs) form intact tight junctions (T7Js),
with CLDN5 maintaining endothelial barrier integrity. In TAAD, inflammatory stimuli (e.g., TNF-
«) induce the proteolytic cleavage of CLDN5 by proteases, disrupting TJs and releasing CLDN5
fragments into circulation as potential biomarkers.

A major finding of this study is the potential of circulating CLDN5 as a TAAD
biomarker. Although the loss of endothelial tight junction contents and impairment of
endothelial barrier function have been identified to be an early event in the occurrence and
progression of TAAD [9], whether the tight junction proteins could be cleaved and released
into circulation during TAAD was still unknown. Furthermore, the clinical role of a circu-
lating biomarker like CLDN5 may differ across the disease spectrum. In chronic thoracic
aortic aneurysm, its levels might reflect the burden of ongoing endothelial dysfunction,
aiding in risk stratification. In contrast, a sharp, acute rise could signal the transition to
dissection, providing a potential window for emergency intervention. Previous studies de-
tected CLDN5, occludin, and ZO-1 in plasma, and found the levels of CLDN5 and occludin
to be positively associated with disease progression in elderly patients with Alzheimer’s
disease [27]. CLDN5 and junctional adhesion molecule-A (JAM-A), two major tight junc-
tion proteins important for endothelial barrier integrity, have been reported as substrates
for ADAM17 (a disintegrin and metalloproteinase-17), a membrane-bound enzyme that
regulates the bioavailability of multiple transmembrane proteins through proteolytic pro-
cessing [28]. Beta-site amyloid precursor protein cleaving enzyme 1 (BACEL1) establishes
its pathological role in cleaving occludin and disrupting the cerebral microvascular bar-
rier [29]. These studies indicated that the release of tight junction protein fragments into the
bloodstream may be an indicator of vascular pathologies, potentially through proteolytic
cleavage [30]. Here, our bioinformatic analysis identified several potential proteolytic
cleavage sites within the CLDN5 protein sequence. The in silico cleavage site analysis
presented here is exploratory. While it highlights potential sites for proteases like matrix
metalloproteinases (MMPs), the predictions require experimental validation. Furthermore,
the analysis did not specifically screen for or prioritize proteases with established upregula-
tion in aortic aneurysms and dissections (e.g., MMP2, MMP9, and ADAM10/17). Future
work should focus on experimentally validating cleavage by these specific enzymes in
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disease-relevant models. Critically, the level of circulating CLDNS levels in the plasma
of TAAD patients was significantly higher than that of controls. Notably, this elevation
was dynamic before the acute event, peaking most prominently within one week before
symptom onset. Moreover, TNF-« stimulation increased the level of CLDNS5 in the cul-
ture supernatants of HUVECs, again indicating that CLDN5 fragments can be released
from endothelial cells and are detectable in extracellular fluid. Thus, our novel findings
provided evidence showing that elevated circulating CLDN5 may serve as an efficient
indicator of vascular endothelial injury, making it a valuable biomarker for the diagnosis of
acute TAAD.

Another finding of this study is the identification of CLDNS5 absence in TAAD patho-
genesis. The genetic deletion of CLDN5 in mice resulted in a selective leak of the blood-
brain barrier to small molecules, while the overall vascular structure remained intact,
identifying CLDNS as the primary sealing protein of the endothelial tight junctions [31].
The link between claudin-5 loss and barrier failure is a fundamental mechanism in vascular
disease, as evidenced by research showing that its specific down-regulation is sufficient
to induce blood-brain barrier breakdown under inflammatory central nervous system
(CNS) conditions [32]. Here, we established an in vitro endothelial cell injury model that
mimics the vascular microenvironment in TAAD [33]. Our results showed that TNF-o
stimulation induced the disappearance of CLDNS5 in the cell membranes, accompanied
by an increase in CLDNG5 levels in supernatants. Furthermore, the lack of CLDNS5 led to
impaired endothelial barrier function, manifested through decreased TER and increased
permeability. These results strongly suggest that CLDN5 is not merely a passive marker of
endothelial injury but plays an active role in maintaining vascular barrier function. The
inflammation-induced downregulation and altered spatial distribution of CLDN5 may
represent a crucial mechanism underlying vascular barrier disruption in the development
and progression of TAAD.

However, a critical consideration for the potential clinical translation of CLDN5 as a
TAAD biomarker is its specificity. While our study demonstrates a significant elevation in
TAAD patients compared to healthy controls, we did not measure CLDNS5 levels in patients
with other acute cardiovascular events, such as myocardial infarction, pulmonary embolism,
or stroke. It is plausible that conditions involving significant endothelial injury or systemic
inflammation could also lead to elevated circulating CLDNS levels. For instance, acute
Ml involves coronary artery endothelial disruption, and severe inflammatory states could
potentially cause widespread endothelial activation. Therefore, the diagnostic specificity of
CLDNS for distinguishing TAAD from other acute conditions, particularly in an emergency
department setting where such differential diagnoses are common, remains unknown and
requires dedicated investigation. Future studies must include well-defined control groups
comprising patients with these acute vascular and inflammatory conditions to establish
the specificity and positive predictive value of CLDN5 for TAAD. A biomarker that cannot
reliably differentiate aortic dissection from acute myocardial infarction would have limited
standalone utility in triage but could potentially be valuable as part of a multi-marker panel
or in conjunction with clinical assessment and imaging.

Despite these meaningful findings, this study has several limitations. First, the clinical
sample size, while reasonable for this initial investigation, is relatively small. Multi-
center, large-scale prospective studies are required to robustly validate the diagnostic
accuracy, establish reliable cut-off values, and assess the clinical utility of CLDN5. The
proposed mechanism of CLDNS5 release via proteolytic cleavage remains hypothetical
and requires direct experimental validation. Second, while HUVECsS serve as a suitable
model for studying basic endothelial cell functions and are of venous origin, they may not
fully recapitulate the phenotypic, functional, and shear-stress response profiles of arterial
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endothelial cells, particularly those of the thoracic aorta. Therefore, our cellular findings,
while informative, should be interpreted within the context of this model limitation. Future
studies employing primary aortic endothelial cells (e.g., HAECs) or more complex arterial-
specific models are warranted to confirm the inflammatory response and CLDNG5 release
dynamics in a context more directly relevant to TAAD pathophysiology. Furthermore, the
precise molecular mechanisms governing the release of CLDN5 from endothelial junctions,
including the specific proteases involved, require further in-depth investigation. Third, the
absence of mortality events in our cohort during the study period precluded an assessment
of whether CLDNS5 levels correlate with fatal outcomes.

5. Conclusions

In this study, we systematically reveals the important predictive role of CLDN5 in
TAAD, providing substantial evidence for its utility as a novel biomarker and experimental
support for its functional role in the pathogenesis of TAAD. These findings offer new insight
into the diagnosis of TAAD and lay a theoretical foundation for developing protective
therapeutic strategies targeting the endothelial barrier.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jem15031219/5s1, Figure S1: Analysis of plasma claudin-5 (CLDN5)
levels in relation to hypertension status; Figure S2: Validation of claudin-5 (CLDNS5) knockdown
efficiency in human umbilical vein endothelial cells (HUVECs); Table S1: Prediction of Protein
Phosphorylation Sites by NetPhos 3.1 (Score > 0.5); Table S2: Potential cleavage sites in the protein
sequence were predicted using the PeptideCutter tool, which maps the locations of enzymatic
and chemical proteolysis; Table S3: Functional enrichment analysis of diseases associated with
CLDNS5 interactome.

Author Contributions: Conceptualization, Q.D., X.Y. and X.C.; methodology, software, validation,
investigation, resources, data curation, Q.D., X.Y., Z.D., H.L. and S.Y,; formal analysis— Q.D., X.Y.,
Z.D., HL, SY, WK. and Q.M.; writing—original draft preparation, Q.D.; writing—review and
editing, X.C.; visualization, X.C.; supervision, WK., X.C. and Q.M.; project administration, funding
acquisition, WK., Q.M., X.C. and X.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by funding from the National Natural Science Founda-
tion of China (NSFC, 82570507 and 82400498), National Science and Technology Major Project
(2024ZD0526400), and China Postdoctoral Science Foundation (GZB20230045).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of Peking University Third Hospital (protocol
code M2020410, approved 21 October 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Data is unavailable due to privacy and ethical restrictions.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

TAAD Thoracic aortic aneurysm and dissection
CLDN5 Claudin-5
HUVEC Human umbilical vein endothelial cells

https://doi.org/10.3390 /jcm15031219


https://www.mdpi.com/article/10.3390/jcm15031219/s1
https://www.mdpi.com/article/10.3390/jcm15031219/s1
https://doi.org/10.3390/jcm15031219

J. Clin. Med. 2026, 15,1219 14 of 15

ELISA Enzyme-linked immunosorbent assay
FBS Fetal bovine serum
TFBS Transcription factor binding sites

References

1.  Cong, X.; Kong, W. Endothelial tight junctions and their regulatory signaling pathways in vascular homeostasis and disease. Cell
Signal 2020, 66, 109485. [CrossRef]

2. Gal, Z.; Torok, D.; Gonda, X.; Eszlari, N.; Anderson, I.M.; Deakin, B.; Juhasz, G.; Bagdy, G.; Petschner, P. Inflammation
and Blood-Brain Barrier in Depression: Interaction of CLDN5 and IL6 Gene Variants in Stress-Induced Depression. Int. .
Neuropsychopharmacol. 2023, 26, 189-197. [CrossRef]

3.  Carus-Cadavieco, M.; Gonzalez de la Fuente, S.; Berenguer Lopez, I.; Serrano-Lope, M.A.; Aguado, B.; Guix, F; Palomer, E.; Dotti,
C.G. Loss of Cldn5 -and increase in Irf7-in the hippocampus and cerebral cortex of diabetic mice at the early symptomatic stage.
Nutr. Diabetes 2024, 14, 64. [CrossRef]

4. Hashimoto, Y.; Greene, C.; Munnich, A.; Campbell, M. The CLDNS5 gene at the blood-brain barrier in health and disease. Fluids
Barriers CNS 2023, 20, 22. [CrossRef] [PubMed]

5. Ling, Y,; Kang, X.; Yi, Y,; Feng, S.; Ma, G.; Qu, H. CLDN5: From structure and regulation to roles in tumors and other diseases
beyond CNS disorders. Pharmacol. Res. 2024, 200, 107075. [CrossRef] [PubMed]

6. Sun, H,; Li, H.; Yan, J.; Wang, X.; Xu, M.; Wang, M.; Fan, B; Liu, J.; Lin, N.; Wang, X.; et al. Loss of CLDNS5 in podocytes
deregulates WIF1 to activate WNT signaling and contributes to kidney disease. Nat. Commun. 2022, 13, 1600. [CrossRef]

7. Nienaber, C.A,; Clough, R.E.; Sakalihasan, N.; Suzuki, T.; Gibbs, R.; Mussa, F,; Jenkins, M.P.; Thompson, M.M.; Evangelista, A.;
Yeh, ].S.; et al. Aortic dissection. Nat. Rev. Dis. Primers 2016, 2, 16053. [CrossRef] [PubMed]

8. Pinard, A.; Jones, G.T.; Milewicz, D.M. Genetics of Thoracic and Abdominal Aortic Diseases. Circ. Res. 2019, 124, 588-606.
[CrossRef]

9. Yang, X.; Xu, C.; Yao, F; Ding, Q.; Liu, H.; Luo, C.; Wang, D.; Huang, J.; Li, Z.; Shen, Y,; et al. Targeting endothelial tight junctions
to predict and protect thoracic aortic aneurysm and dissection. Eur. Heart ]. 2023, 44, 1248-1261. [CrossRef]

10. Chen, W.S,; Ni, B.Q.; Li, S.Q.; Shao, Y.F.; Zhang, W.H. Novel risk factors for the healthcare associated infections (HAIs) in patients
with Stanford type A aortic dissection (TAAD). J. Thorac. Dis. 2018, 10, 2135-2141. [CrossRef]

11. Isselbacher, E.M.; Preventza, O.; Hamilton Black, J., 3rd; Augoustides, J.G.; Beck, A.W.; Bolen, M.A_; Braverman, A.C.; Bray, B.E,;
Brown-Zimmerman, M.M.; Chen, E.P,; et al. 2022 ACC/AHA Guideline for the Diagnosis and Management of Aortic Disease: A
Report of the American Heart Association/American College of Cardiology Joint Committee on Clinical Practice Guidelines.
Circulation 2022, 146, €334—e482. [CrossRef]

12.  Lu,J;Li, P;Ma, K; Li, Y,; Yuan, H.; Zhu, ].; Duan, W.; Ou, J.; Huang, Y.; Wu, L.; et al. OPG/TRAIL ratio as a predictive biomarker
of mortality in patients with type A acute aortic dissection. Nat. Commun. 2021, 12, 3401. [CrossRef] [PubMed]

13. Liu, K,; Wang, Y;; Ye, Z,; Chen, Z.; Liang, Y.; Shen, F.; Meng, X,; Liu, J.; Guan, L.; Yang, W.; et al. Serum Proteomics Analysis of
Patients with Ascending Aortic Dilation. Cardiovasc. Toxicol. 2025, 25, 750-761. [CrossRef] [PubMed]

14. Lasek-Bal, A.; Kokot, A.; Gendosz de Carrillo, D.; Student, S.; Pawletko, K.; Krzan, A.; Puz, P.; Bal, W.; Jedrzejowska-Szypulka, H.
Plasma Levels of Occludin and Claudin-5 in Acute Stroke Are Correlated with the Type and Location of Stroke but Not with the
Neurological State of Patients-Preliminary Data. Brain Sci. 2020, 10, 831. [CrossRef] [PubMed]

15. Pi, Z;Liu, ], Xiao, Y,; He, X.; Zhu, R; Tang, R,; Qiu, X.; Zhan, Y.; Zeng, Z.; Shi, Y.; et al. ATRA ameliorates fibrosis by suppressing
the pro-fibrotic molecule Fra2/AP-1 in systemic sclerosis. Int. Immunopharmacol. 2023, 121, 110420. [CrossRef]

16. Rice, P; Longden, I; Bleasby, A. EMBOSS: The European Molecular Biology Open Software Suite. Trends Genet. 2000, 16, 276-277.
[CrossRef]

17. Takai, D.; Jones, P.A. Comprehensive analysis of CpG islands in human chromosomes 21 and 22. Proc. Natl. Acad. Sci. USA 2002,
99, 3740-3745. [CrossRef]

18. Kall, L.; Krogh, A.; Sonnhammer, E.L. Advantages of combined transmembrane topology and signal peptide prediction—The
Phobius web server. Nucleic Acids Res. 2007, 35, W429-W432. [CrossRef]

19. Buchan, D.W.; Minneci, F; Nugent, T.C.; Bryson, K.; Jones, D.T. Scalable web services for the PSIPRED Protein Analysis
Workbench. Nucleic Acids Res. 2013, 41, W349-W357. [CrossRef]

20. Warde-Farley, D.; Donaldson, S.L.; Comes, O.; Zuberi, K.; Badrawi, R.; Chao, P,; Franz, M.; Grouios, C.; Kazi, F,; Lopes, C.T; et al.
The GeneMANIA prediction server: Biological network integration for gene prioritization and predicting gene function. Nucleic
Acids Res. 2010, 38, W214-W220. [CrossRef]

21. Rappaport, N.; Fishilevich, S.; Nudel, R.; Twik, M.; Belinky, F.; Plaschkes, I.; Stein, T.I.; Cohen, D.; Oz-Levi, D.; Safran, M.; et al.

Rational confederation of genes and diseases: NGS interpretation via GeneCards, MalaCards and VarElect. Biomed. Eng. Online
2017, 16, 72. [CrossRef]

https://doi.org/10.3390/jcm15031219


https://doi.org/10.1016/j.cellsig.2019.109485
https://doi.org/10.1093/ijnp/pyac079
https://doi.org/10.1038/s41387-024-00325-y
https://doi.org/10.1186/s12987-023-00424-5
https://www.ncbi.nlm.nih.gov/pubmed/36978081
https://doi.org/10.1016/j.phrs.2024.107075
https://www.ncbi.nlm.nih.gov/pubmed/38228255
https://doi.org/10.1038/s41467-022-29277-6
https://doi.org/10.1038/nrdp.2016.53
https://www.ncbi.nlm.nih.gov/pubmed/27440162
https://doi.org/10.1161/circresaha.118.312436
https://doi.org/10.1093/eurheartj/ehac823
https://doi.org/10.21037/jtd.2018.03.73
https://doi.org/10.1161/CIR.0000000000001106
https://doi.org/10.1038/s41467-021-23787-5
https://www.ncbi.nlm.nih.gov/pubmed/34099729
https://doi.org/10.1007/s12012-025-09991-5
https://www.ncbi.nlm.nih.gov/pubmed/40169515
https://doi.org/10.3390/brainsci10110831
https://www.ncbi.nlm.nih.gov/pubmed/33182224
https://doi.org/10.1016/j.intimp.2023.110420
https://doi.org/10.1016/S0168-9525(00)02024-2
https://doi.org/10.1073/pnas.052410099
https://doi.org/10.1093/nar/gkm256
https://doi.org/10.1093/nar/gkt381
https://doi.org/10.1093/nar/gkq537
https://doi.org/10.1186/s12938-017-0359-2
https://doi.org/10.3390/jcm15031219

J. Clin. Med. 2026, 15,1219 15 of 15

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Chen, J.; Bardes, E.E.; Aronow, B.J.; Jegga, A.G. ToppGene Suite for gene list enrichment analysis and candidate gene prioritization.
Nucleic Acids Res. 2009, 37, W305-W311. [CrossRef]

Jurcik, J.; Cipakova, I.; Karika, L.O.; Bellova, J.; Kohutova, L.; Gregan, J.; Barath, P.; Cipak, L. Exploring the Ckal kinase
interactome: Unveiling novel potential regulatory roles of CKII kinase in S. pombe. Biochem. Biophys. Res. Commun. 2025, 778,
152382. [CrossRef] [PubMed]

Wilkins, M.R.; Gasteiger, E.; Bairoch, A.; Sanchez, ].C.; Williams, K.L.; Appel, R.D.; Hochstrasser, D.F. Protein identification and
analysis tools in the ExPASy server. Methods Mol. Biol. 1999, 112, 531-552. [CrossRef]

Yang, Z.; Lin, P; Chen, B.; Zhang, X.; Xiao, W.; Wu, S.; Huang, C.; Feng, D.; Zhang, W.; Zhang, J. Autophagy alleviates
hypoxia-induced blood-brain barrier injury via regulation of CLDNS5 (claudin 5). Autophagy 2021, 17, 3048-3067. [CrossRef]
Hashimoto, R.; Takahashi, J.; Shirakura, K.; Funatsu, R.; Kosugi, K.; Deguchi, S.; Yamamoto, M.; Tsunoda, Y.; Morita, M.; Muraoka,
K.; et al. SARS-CoV-2 disrupts respiratory vascular barriers by suppressing Claudin-5 expression. Sci. Adv. 2022, 8, eabo6783.
[CrossRef]

Tachibana, K.; Hirayama, R.; Sato, N.; Hattori, K.; Kato, T.; Takeda, H.; Kondoh, M. Association of Plasma Claudin-5 with Age
and Alzheimer Disease. Int. J. Mol. Sci. 2024, 25, 1419. [CrossRef] [PubMed]

Shen, M.; Hu, M.; Fedak, PW.M.; Oudit, G.Y.; Kassiri, Z. Cell-Specific Functions of ADAM17 Regulate the Progression of Thoracic
Aortic Aneurysm. Circ. Res. 2018, 123, 372-388. [CrossRef] [PubMed]

Zhou, H.; Gao, F; Yang, X.; Lin, T,; Li, Z.; Wang, Q.; Yao, Y.; Li, L.; Ding, X.; Shi, K.; et al. Endothelial BACE1 Impairs Cerebral
Small Vessels via Tight Junctions and eNOS. Circ. Res. 2022, 130, 1321-1341. [CrossRef]

Zhu, ]J.C.; Si, M.Y,; Li, Y.Z.; Chen, H.Z,; Fan, Z.C.; Xie, Q.D.; Jiao, X.Y. Circulating tight junction proteins mirror blood-brain barrier
integrity in leukaemia central nervous system metastasis. Hematol. Oncol. 2017, 35, 365-373. [CrossRef]

Nitta, T.; Hata, M.; Gotoh, S.; Seo, Y.; Sasaki, H.; Hashimoto, N.; Furuse, M.; Tsukita, S. Size-selective loosening of the blood-brain
barrier in claudin-5-deficient mice. J. Cell Biol. 2003, 161, 653-660. [CrossRef] [PubMed]

Argaw, A.T.; Gurfein, B.T.; Zhang, Y.; Zameer, A.; John, G.R. VEGF-mediated disruption of endothelial CLN-5 promotes
blood-brain barrier breakdown. Proc. Natl. Acad. Sci. USA 2009, 106, 1977-1982. [CrossRef] [PubMed]

Aveleira, C.A.; Lin, C.M.; Abcouwer, S.F.; Ambrosio, A.F.; Antonetti, D.A. TNF-alpha signals through PKCzeta/NF-kappaB
to alter the tight junction complex and increase retinal endothelial cell permeability. Diabetes 2010, 59, 2872-2882. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jcm15031219


https://doi.org/10.1093/nar/gkp427
https://doi.org/10.1016/j.bbrc.2025.152382
https://www.ncbi.nlm.nih.gov/pubmed/40700808
https://doi.org/10.1385/1-59259-584-7:531
https://doi.org/10.1080/15548627.2020.1851897
https://doi.org/10.1126/sciadv.abo6783
https://doi.org/10.3390/ijms25031419
https://www.ncbi.nlm.nih.gov/pubmed/38338697
https://doi.org/10.1161/CIRCRESAHA.118.313181
https://www.ncbi.nlm.nih.gov/pubmed/29930147
https://doi.org/10.1161/CIRCRESAHA.121.320183
https://doi.org/10.1002/hon.2289
https://doi.org/10.1083/jcb.200302070
https://www.ncbi.nlm.nih.gov/pubmed/12743111
https://doi.org/10.1073/pnas.0808698106
https://www.ncbi.nlm.nih.gov/pubmed/19174516
https://doi.org/10.2337/db09-1606
https://www.ncbi.nlm.nih.gov/pubmed/20693346
https://doi.org/10.3390/jcm15031219

	Introduction 
	Materials and Methods 
	Analysis of CLDN5 Gene 
	Analysis of CLDN5 Protein 
	Analysis of CLDN5 Interactors 
	Analysis of CLDN5 Phosphorylation and Proteolytic Cleavage Sites 
	Measurement of Plasma Claudin-5 Level 
	Cell Culture 
	Immunofluorescence Staining 
	Detection of CLDN5 in Cell Culture Supernatant 
	siRNA Transfection 
	Measurement of Transendothelial Electrical Resistance (TER) 
	Paracellular Permeability Assay 
	Statistical Analysis 

	Results 
	Circulating CLDN5 Serves as a Potential Biomarker for TAAD 
	Loss of CLDN5 Leads to Disrupted Endothelial Barrier Function 
	CLDN5 Interaction Network Implicates Its Role in Vascular Function and Disease 
	Integrated Analysis Shows the Translational and Post-Translational Modification of CLDN5 

	Discussion 
	Conclusions 
	References

