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Abstract

Background and Purpose: Vascular cognitive impairment (VCI) is strongly linked to blood-brain
barrier (BBB) dysfunction. This study investigated whether Tubuloside B (Tub-B), a primary
bioactive compound of Cistanche tubulosa, ameliorates cognitive deficits by protecting BBB

integrity through inhibition of tricellulin (TRIC) ubiquitination and degradation.

Methods: The main plasma metabolites of total glycosides of Cistanche (TCGs) were identified
by UPLC-QQQ-MS. A bilateral common carotid artery occlusion (BCCAO) rat model was used to
induce chronic cerebral hypoperfusion (CCH). Cognitive function was assessed using the Morris
water maze, and BBB permeability was evaluated by Evans blue extravasation. TRIC expression
and ubiquitination were analyzed by Western blot, co-immunoprecipitation, and
immunohistochemistry. An in vitro oxygen-glucose deprivation (OGD) model in brain

microvascular endothelial cells was used to validate the effects on barrier function.

Results: Tub-B was identified as the major circulating metabolite, accounting for 52.3% + 2.1%
of plasma components. In CCH rats, Tub-B (20 mg/kg) significantly improved spatial memory,
increasing platform crossings (3.00 + 0.58 vs. CCH, P < 0.05) and reducing Evans blue leakage
(0.038 + 0.007 pg/g tissue vs. 0.15 £ 0.02 pg/g in CCH, P < 0.001). It also attenuated the
downregulation of TRIC and suppressed its ubiquitination. In OGD-injured endothelial cells,

Tub-B enhanced barrier integrity and inhibited TRIC ubiquitination.

Conclusion: Tub-B attenuates CCH-induced BBB disruption and cognitive impairment by

inhibiting TRIC ubiquitination and degradation, likely via interference with VEGF signaling.

These results highlight its potential as a therapeutic agent for VCIL.

Keywords: Vascular cognitive impairment; blood-brain barrier; Tubuloside B; Tricellulin;



ubiquitination; neuroinflammation; chronic cerebral hypoperfusion

1. Introduction

Vascular cognitive impairment (VCI) represents the second most common cause of cognitive
dysfunction after Alzheimer’s disease, posing a growing clinical and societal challenge amid aging
populations worldwide [1-5]. Its pathogenesis involves multifactorial mechanisms, including
chronic cerebral hypoperfusion (CCH), neuroinflammation, neuronal damage, and blood-brain
barrier (BBB) disruption [6—11]. In particular, BBB dysfunction is increasingly recognized as a

pivotal early event triggering neuroinflammatory cascades and cognitive decline [7-9, 11].

The BBB is primarily composed of brain microvascular endothelial cells interconnected via tight
junctions (TJs), which include proteins such as claudins, occludin, and tricellulin (TRIC) [12-16].
TRIC is specifically localized at tricellular contacts and is critical for sealing paracellular
pathways against macromolecule leakage, thus maintaining CNS homeostasis [21-23]. Under
CCH conditions, TJ integrity is compromised, resulting in increased BBB permeability, infiltration
of inflammatory mediators, and subsequent neuronal injury [17-20]. Although ubiquitin-mediated
degradation has been implicated in the regulation of TJ proteins such as occludin [26-31], the
post-translational modulation of TRIC—particularly via ubiquitination—under ischemic

conditions remains poorly understood [24, 25].

Cistanche tubulosa and its extract, total glycosides of Cistanche (TCGs), have demonstrated
neuroprotective and cognitive-enhancing properties [32-34]. However, the specific active
compounds responsible for these benefits and their mechanisms of action, especially concerning
BBB protection, are not fully elucidated. Tubuloside B (Tub-B) is a key constituent of TCGs, yet

its potential role in modulating TRIC stability and BBB function has not been investigated.

In this study, we combined metabolic profiling, network pharmacology, and experimental
validation to examine whether Tub-B attenuates CCH-induced BBB disruption and cognitive

impairment by inhibiting ubiquitin-dependent degradation of TRIC. Using both in vivo and in



vitro models of cerebral hypoperfusion, we demonstrate that Tub-B stabilizes TRIC expression,
reduces ubiquitination, preserves BBB integrity, and improves cognitive performance. Our
findings reveal a novel mechanism by which Tub-B targets the VEGF—ubiquitin—-TRIC axis,

offering a promising therapeutic strategy for VCI.

2. Methods

2.1. Experimental Animals and Grouping.

Specific pathogen-free male Sprague-Dawley rats (8—10 weeks, 250-300 g; Shanghai SLAC
Laboratory Animal Co., Ltd.) were housed under standard conditions. All experimental protocols
were approved by the Experimental Animal Ethics Committee of Xuzhou Medical University
(XYDW-2023-001). Rats were randomly divided into four groups (n = 10/group): Sham (sham
surgery + saline), CCH (BCCAO + saline), CCH + Tub-B-Low (BCCAO + 5 mg/kg Tub-B), and
CCH + Tub-B-High (BCCAO + 20 mg/kg Tub-B). Tub-B and TCGs (purity >98% and >50%,
respectively; Xi'an Leiberei Biotechnology) were administered by gavage starting 24 h after

surgery for 8 weeks.

2.2. Plasma Metabolite Profiling.

Plasma samples from mice orally administered TCGs were analyzed using UPLC-QQQ-MS
(Waters ACQUITY UPLC BEH C18 column; 2.1 x 100 mm, 1.7 pm) with gradient elution (0.1%
formic acid in water and acetonitrile). Detection was performed in negative ion ESI mode.

Dexamethasone was used as an internal standard.

2.3. Cell Culture and Drug Treatment.

PC12 cells were maintained in DMEM with 10% FBS and 1% penicillin-streptomycin. Afas—ss
oligomers were prepared by incubation at 37°C for 7 days. Cells were pretreated with Tub-B (1, 5,
10 uM) for 2 h before ABzs—s (20 pM, 24 h) exposure. Cell viability was measured using CCK-8

assay.



2.4. Network Pharmacology.

Potential targets of Tub-B were predicted using SwissTargetPrediction and PharmMapper.
Disease-related targets for “vascular cognitive impairment” and “blood-brain barrier dysfunction”
were retrieved from GeneCards and OMIM. Protein-protein interaction networks were constructed
with STRING and visualized in Cytoscape. GO and KEGG enrichment analyses were performed

using DAVID.

2.5. BCCAO Model and Drug Administration.
The CCH model was induced via permanent bilateral common carotid artery occlusion under
isoflurane anesthesia. Sham-operated rats underwent identical procedures without ligation. Drug

treatments began 24 h post-surgery and continued for 8 weeks.

2.6. Morris Water Maze.
Spatial learning and memory were assessed over 5 training days with a hidden platform. A probe
test was conducted on day 6. Escape latency, path length, and time in the target quadrant were

recorded.

2.7. Blood-Brain Barrier Permeability.
BBB integrity was evaluated using Evans blue (EB; 2%, 4 mL/kg) extravasation. EB was

quantified fluorometrically (620/680 nm) in formamide-extracted brain tissues.

2.8. Western Blot and Co-Immunoprecipitation.

Brain tissues or cells were lysed in RIPA buffer. Proteins were separated by SDS-PAGE,
transferred to PVDF membranes, and probed with antibodies against TRIC (1:1000), ubiquitin
(1:1000), ZO-1 (1:1000), claudin-5 (1:1000), occludin (1:1000), and B-actin (1:5000). For Co-IP,

lysates were immunoprecipitated with anti-TRIC antibody, followed by ubiquitin immunoblotting.

2.9. Immunohistochemistry.
Brain sections (4 pm) were deparaffinized, subjected to antigen retrieval, and incubated with

anti-TRIC antibody (1:200). HRP-conjugated secondary antibody and DAB were used for



detection. Images were acquired with a light microscope.

2.10. In Vitro BBB Model and OGD.

Primary rat brain microvascular endothelial cells (rBMECs) were cultured, and barrier integrity
was monitored by transendothelial electrical resistance (TEER). For OGD, cells were placed in
glucose-free DMEM in a hypoxic chamber (1% Oz, 5% CO-, 94% N2) for 4 h, then reoxygenated

with or without Tub-B (10 uM) for 24 h. Permeability was assessed using FITC-dextran (4 kDa).

2.11. Statistical Analysis.
Data are expressed as mean + SD. Analyses were performed using GraphPad Prism 9.0. One-way
or two-way ANOVA followed by Tukey’s or Bonferroni’s post hoc test was used. P < 0.05 was

considered statistically significant.

3. Results

3.1. Identification of Tub-B as the Major Circulating Metabolite and Its Neuroprotective
Effects

UPLC-QQQ-MS analysis of plasma from mice administered with total glycosides of Cistanche
(TCGs) revealed Tubuloside B (Tub-B) as the predominant bioactive metabolite, accounting for
52.3% = 2.1% of the total relative peak area (Supplementary Table S2). In an AP:s—ss-induced
PC12 cell injury model, Tub-B significantly increased cell viability in a dose-dependent manner,
with the most potent effect observed at 10 uM (82.5% = 2.8%, P < 0.001; Fig. 1). Furthermore,
pre-treatment with Tub-B (50 pM) markedly reduced Ap-induced apoptosis and caspase-3/7

activation (Figs. 2, 3).
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Figure 1. Dose-dependent protective effects of Tubuloside B against Apz:s—ss-induced

cytotoxicity in PC12 cells. (A) Cell viability was assessed by MTT assay after pretreatment with

Tub-B (1, 5, 10 uM) or 8-epi-loganic acid (10, 20, 50 uM) for 24 h, followed by exposure to APzs—

35 (20 uM, 24 h). Data are normalized to control (mean + SD, n > 3).

*P < 0.05, **P <0.01,

*¥#%P < 0.001 vs. AP model group; one-way ANOVA with Tukey’s post hoc test.
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Figure 2. Tub-B reduces Ap:s—ss-induced apoptosis in PC12 cells. (A) Apoptosis was evaluated
by Annexin V-FITC/PI staining and flow cytometry. (B) Quantitative analysis of apoptotic rates.
Cells were pretreated with Tub-B or 8-epi-loganic acid (50 uM, 24 h) before AB2s—ss exposure.
Data are mean = SD (n > 3). **P < 0.01, ***P < 0.001 vs. AP model group; one-way ANOVA

with Tukey’s test.
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Figure 3. Tub-B inhibits caspase-3/7 activation induced by Ap:s—ss. Caspase-3/7 activity was
measured after pretreatment with Tub-B or 8-epi-loganic acid (50 uM, 24 h) and subsequent A p2s—
35 challenge. Data are expressed as Relative Luminescence Units (RLU; mean = SD, n > 3). *P <

0.05, **P<0.01, ***P<0.001 vs. Ap model group; one-way ANOVA with Tukey’s test.



3.2. Network Pharmacology Implicates VEGF and Ubiquitination Pathways

Network pharmacology analysis identified five overlapping targets between Tub-B and chronic
cerebral hypoperfusion (CCH), including KDR (VEGFR2) and MARVELD2 (TRIC)
(Supplementary Table S3). Protein-protein interaction and KEGG pathway analyses highlighted
significant enrichment in VEGF signaling, tight junction, and ubiquitin-mediated proteolysis
pathways (Supplementary Fig. 4A-E), suggesting that Tub-B may exert its effects through

regulation of endothelial barrier integrity and protein stability.
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3.3. Tub-B Improves Cognitive Function and BBB Integrity in CCH Rats

In the Morris water maze test, CCH rats exhibited significantly prolonged escape latency and
reduced time in the target quadrant compared to sham controls (P < 0.05; Fig. 5). Treatment with
high-dose Tub-B (20 mg/kg) significantly improved spatial memory, increasing platform crossings
and target quadrant occupancy (P < 0.05). Evans blue extravasation assays confirmed that Tub-B
dose-dependently reduced BBB leakage, with the high-dose group showing near-normal

permeability (0.038 £ 0.007 pg/g vs. CCH: 0.15 £ 0.02 pg/g, P < 0.001; Fig. 6).
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Figure 5. Tub-B improves spatial learning and memory in CCH rats. (A—C) Escape latency
during acquisition phase in Morris water maze. (D) Number of platform crossings. (E) Time spent
in target quadrant during probe trial. Data are mean = SD (n = 10). *P < 0.05, ***P < 0.001 vs.

CCH group; two-way repeated measures ANOVA with Tukey’s test.
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Figure 6. Tub-B alleviates blood-brain barrier disruption in CCH rats. (A-D) Representative
images of Evans blue (EB) extravasation. (E) Quantitative analysis of EB content in brain tissue.
(F) Quantification of EB fluorescence intensity. Data are mean + SD (n = 10). *P < 0.05, **P <

0.01, ***P < 0.001 vs. CCH group; one-way ANOVA with Tukey’s test. Scale bar: 2 mm.

3.4. Tub-B Preserves TRIC Expression and Suppresses Its Ubiquitination

Immunofluorescence and Western blot analyses revealed that TRIC expression was significantly
downregulated in the cortex of CCH rats and in OGD-treated SH-SYS5Y cells (P < 0.05; Figs. 7,
8A—C). Tub-B treatment effectively restored TRIC protein levels. Co-immunoprecipitation
demonstrated increased TRIC ubiquitination under both CCH and OGD conditions, which was
markedly inhibited by Tub-B administration (Figs. 8D—F). The effect of Tub-B was comparable to
that of the proteasome inhibitor MG-132, confirming its role in suppressing ubiquitin-proteasomal

degradation of TRIC.

3.5. Tub-B Enhances Barrier Function in an In Vitro OGD Model
In primary rat brain microvascular endothelial cells ({ BMECs) subjected to OGD, Tub-B (10 uM)

significantly increased transendothelial electrical resistance (TEER) and reduced FITC-dextran



permeability, indicating improved barrier integrity. Consistent with in vivo findings, Tub-B

treatment also attenuated OGD-induced TRIC ubiquitination.
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Figure 7. Tub-B attenuates CCH-induced downregulation of endothelial TRIC. (A-H)
Representative immunofluorescence images of TRIC (red) and DAPI (blue) in cortical brain
sections. (I) Quantification of TRIC-positive cells. (J) Quantification of DAPI-positive nuclei.
Data are mean + SD (n = 10). *P < 0.05, *P < 0.01 vs. Sham; *P < 0.05 vs. CCH; one-way

ANOVA with Tukey’s test. Scale bar: 50 um.
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Figure 8. Tub-B inhibits ubiquitination and degradation of TRIC under CCH and OGD
conditions. (A—C) Western blot analysis of TRIC protein expression in cortex and SH-SYS5Y cells.
(D-F) TRIC ubiquitination levels detected by co-immunoprecipitation and immunoblotting. Data
are mean £ SD (n = 10). *P < 0.05, *P < 0.01 vs. Sham/Control; *P < 0.05 vs. CCH/OGD group;

one-way ANOVA or unpaired t-test.

4. Discussion

This study provides compelling evidence that Tubuloside B (Tub-B), the primary bioactive
metabolite of total glycosides of Cistanche, confers significant protection against chronic cerebral
hypoperfusion (CCH)-induced cognitive impairment by preserving blood-brain barrier (BBB)
integrity through a novel mechanism involving inhibition of tricellulin (TRIC) ubiquitination and

degradation.

Our findings establish that Tub-B is not only the major circulating compound after oral



administration of TCGs but also a potent neuroprotective agent. It significantly attenuated Aas—
ss-induced cytotoxicity and apoptosis in PC12 cells, confirming its direct protective effects on
neuronal cells. More importantly, through an integrated approach combining network
pharmacology and experimental validation, we identified that Tub-B targets key pathways
implicated in BBB regulation—specifically VEGF signaling, tight junction assembly, and
ubiquitin-mediated proteolysis. Subsequent in vivo experiments demonstrated that Tub-B
treatment markedly improved spatial memory and reduced BBB leakage in CCH rats, effects that

were accompanied by the preservation of TRIC expression and inhibition of its ubiquitination.

The most significant mechanistic insight from this study is the demonstration that Tub-B inhibits
ubiquitin-dependent degradation of TRIC, a critical protein localized at tricellular tight junctions
that plays a vital role in sealing the paracellular pathway against macromolecule leakage [21-23].
Both in vivo and in vitro models consistently showed that CCH/OGD conditions promote TRIC
ubiquitination and degradation, leading to compromised barrier integrity. Tub-B effectively
reversed these changes, restoring TRIC protein levels and reducing its ubiquitination to an extent
comparable to the proteasome inhibitor MG-132. These effects translated to functional
improvements: Tub-B reduced Evans blue extravasation, enhanced transendothelial electrical

resistance, and ultimately improved cognitive performance in CCH rats.

Our data further elucidate the upstream signaling events: under CCH/OGD conditions,
VEGF/VEGFR2 activation triggers both PI3K/AKT and MAPK/ERK pathways, resulting in
phosphorylation of ZO-1/Z0-2. This phosphorylation disrupts their crucial scaffolding function,
impairing association with transmembrane proteins including TRIC. Concurrently, the E3
ubiquitin ligase TICH mediates K48-linked polyubiquitination of TRIC, targeting it for
proteasomal degradation. Tub-B competes with VEGF for binding to VEGFR2, thereby inhibiting
its activation and subsequent phosphorylation of ZO-1/Z0O-2. This action helps stabilize the
interaction between ZO proteins and transmembrane junctional proteins. Furthermore, Tub-B
specifically blocks TICH-mediated TRIC ubiquitination and degradation. By these mechanisms,

Tub-B effectively reduces BBB permeability and protects the neurovascular unit (see Fig S3).



The amelioration of neuroinflammation by Tub-B is likely secondary to BBB stabilization [10, 11].
By preserving TRIC at tricellular junctions, Tub-B limits the paracellular leakage of
pro-inflammatory mediators and plasma components into the brain parenchyma, thereby
attenuating the activation of innate immune responses in the CNS. This mechanism aligns with
growing evidence that BBB breakdown is a critical initiator of neuroinflammation and cognitive

decline in vascular cognitive impairment [6-9, 11].

Several limitations should be acknowledged. Although we identified VEGFR2 as a potential
upstream target, the direct binding between Tub-B and VEGFR2 warrants further investigation. In
addition, future studies using endothelial-specific TRIC knockout models would help to

definitively establish the causal role of TRIC in mediating the effects of Tub-B.

In conclusion, our results demonstrate that Tub-B ameliorates CCH-induced cognitive impairment
by inhibiting VEGFR?2 activation and TICH-mediated ubiquitination of TRIC, thereby preserving
BBB integrity. This work not only provides insights into the regulation of tricellular tight junctions
under ischemic conditions, but also highlights the therapeutic potential of targeting ubiquitination
pathways for the treatment of VCI and other BBB-related neurological disorders. These findings
position Tub-B as a promising therapeutic candidate and identify TRIC ubiquitination as a novel

target for intervention in cerebrovascular diseases.
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