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Rutin ameliorates stress–induced blood‒brain 
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via the endothelial HDAC1‒Claudin–5 axis
Zhao–Wei Sun1†, Zhao–Xin Sun1,2†, Yun Zhao1†, Ling Zhang1, Fang Xie1, Xue Wang1, Jin–Shan Li1,2, Mao–
Yang Zhou1, Hong Feng2* and Ling–Jia Qian1* 

Abstract 

Background  Emerging evidence suggests that chronic stress compromises blood‒brain barrier (BBB) integrity 
by disrupting brain microvascular endothelial cells (BMECs), contributing to the development of cognitive impair-
ments. Thus, targeting the BBB is expected to be a promising treatment strategy. The biological function of rutin 
has been investigated in neurological disorders; however, its regulatory role in stress–induced BBB damage and cogni-
tive decline and the underlying mechanisms remain elusive.

Methods  In a chronic unpredictable mild stress (CUMS) mouse model, a fluorescent dye assay and behavioral tests, 
including a novel object recognition test and Morris water maze, were performed to evaluate the protective effects 
of rutin on BBB integrity and cognition. The effects of rutin on BMEC function were also investigated in hCMEC/D3 
cells (a human brain microvascular endothelial cell line) in vitro. Furthermore, the molecular mechanisms by which 
rutin restores BBB endothelium dysfunction were explored via RNA–seq, quantitative real–time PCR, western blot-
ting, immunofluorescence and chromatin immunoprecipitation. Finally, biotinylated tumor necrosis factor–α (TNF–α) 
was employed to test the influence of rutin on the ability of circulating TNF–α to cross the BBB.

Results  We identified that rutin attenuated BBB hyperpermeability and cognitive impairment caused by the 8–
week CUMS procedure. Moreover, rutin promoted the proliferation, migration and angiogenesis ability of BMECs, 
and the integrity of the cellular monolayer through positively regulating the expression of genes involved. Further-
more, rutin impeded histone deacetylase 1 (HDAC1) recruitment and stabilized H3K27ac to increase Claudin–5 
protein levels. Ultimately, normalization of the hippocampal HDAC1‒Claudin–5 axis by rutin blocked the infiltration 
of circulating TNF–α into the brain parenchyma and alleviated neuroinflammation.

Conclusions  This work establishes a protective role of rutin in regulating BMEC function and BBB integrity, 
and reveals that rutin is a potential drug candidate for curing chronic stress–induced cognitive deficits.
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Introduction
Stress is a nonspecific and adaptive response caused by 
social and environmental factors and is correlated with 
various neurodegenerative diseases. Specifically, sub-
stantial evidence has recognized chronic stress as a risk 
factor for the development of cognitive impairments and 
even dementia [1, 2]. In humans, proneness to distress 
increases the risk of developing dementia by 2.4 times [3]; 
Alzheimer’s disease (AD) patients present elevated levels 
of plasma cortisol, which is a typical endocrine marker of 
chronic stress [4]. Thus, there is an urgent need to eluci-
date the mechanism underlying stress–induced cognitive 
decline to explore potential therapeutic strategies.

Microvascular disruption is a remarkable feature of 
stress–induced cognitive impairments, and specifically, 
defective blood‒brain barrier (BBB) function appears 
to be a key driver of pathology [5–7]. The BBB, which 
is composed of brain microvascular endothelial cells 
(BMECs) lining brain capillaries, maintains an envi-
ronment that allows neurons to function properly [8]. 
Numerous studies in animal models of cognitive decline 
have revealed a series of BBB abnormalities, including 
BMEC dysfunction, tight junction (TJ) loss and aberrant 
molecule transport [9, 10]. Given that the BBB is a key 
modulator of brain homeostasis, great efforts have been 
made to discover effective drugs that can directly stabi-
lize BMEC integrity and BBB function. To date, however, 
no such compound exists in clinic.

Many natural products have progressed toward the 
prevention and treatment of stress–induced BBB break-
down and cognitive decline [11–13]. Rutin (quercetin–
3–O–rutinoside), a flavonoid glycoside commonly found 
in numerous plants, possesses various pharmacological 
properties, including anti–inflammatory, antioxidative, 
immunomodulatory and antidepressant activities [14, 
15]. Recent studies suggest that rutin and its derivatives 
can defend against neuroinflammation, stimulate neuro-
genesis and ameliorate spatial memory in several models 
of neurodegenerative diseases [11, 16, 17]. Meanwhile, 
evidence has indicated that rutin can inhibit the oxidative 
stress and apoptosis of endothelial cells [18, 19]. Also, 
rutin is able to improve cerebrovascular damage caused 
by ischemia–reperfusion [20, 21], suggesting that it plays 
a potential role in protecting neurovascular function. 
However, the effects of rutin on chronic stress–induced 
BBB damage and cognitive decline and the underlying 
mechanisms are not fully understood.

In the present study, we observed that rutin enhanced 
the proliferation, migration and angiogenesis capac-
ity of BMECs to promote its integrity. Moreover, rutin 
facilitated the expression of the TJ protein Claudin–5 by 
eliminating the inhibitory effect of histone deacetylase 
1 (HDAC1). Finally, the ability of rutin to restore BBB 

integrity restricted the aggregation of peripheral TNF–α 
in the hippocampus to alleviate neuroinflammation and 
cognitive dysfunction, indicating that rutin is a promis-
ing drug candidate for the clinical treatment of stress–
induced cognitive impairments.

Materials and methods
Mice
Six–week–old male C57BL/6 mice (20–22  g) were 
obtained from the Laboratory Animal Center of the 
Academy of Military Sciences (AMS) and were provided 
ad  libitum access to food and water. The standard 12–h 
light/12–h dark cycle was changed only during the course 
of the stress intervention. All mouse experiments com-
plied with the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals (NIH Publication 
No. 8023) and were approved by the Animal Care and 
Use Committee at the AMS (IACUC-DWZX-2022–738).

CUMS paradigm
Eight–week CUMS procedures were carried out to 
induce cognitive deficits in the mice according to a pre-
vious protocol [22]. During CUMS, the mice were sub-
jected to two different randomly chosen stressors to 
prevent habituation, including water and food depriva-
tion for 24 h, cage tilting at 45° for 24 h, wet bedding for 
12  h, physical restriction for 8  h, forced swimming for 
2 min at 4 °C, shaking at 120 rpm for 30 min and inver-
sion with a 12–h light/12–h dark cycle.

Cell culture
The human brain microvascular endothelial cell line 
hCMEC/D3 (ATCC, USA) preserves the in vivo endothe-
lial phenotype [23]. The cells were maintained in 
EndoGRO–MV Complete Culture Medium (SCME004, 
Millipore) containing 0.2% EndoGRO–LS Supplement, 
5 ng/mL recombinant human endothelial growth factor, 
10 mM L–glutamine, 1 μg/mL hydrocortisone hemisuc-
cinate, 0.75 U/mL heparin sulfate, 50  μg/mL ascorbic 
acid, 5% fetal bovine serum (FBS) and 1  ng/mL basic 
fibroblast growth factor in a humidified incubator at 
37 °C containing 5% CO2.

Rutin treatment
For in vivo treatment, rutin was dissolved in 0.5% sodium 
carboxymethyl cellulose (CMC–Na) to 5  mg/ml. After 
being subjected to the CUMS procedure for 6  weeks, 
all the mice received daily intragastric administration of 
rutin (100 mg/kg) or vehicle (0.5% CMC–Na) for 14 con-
secutive days. After the last administration, the behavio-
ral tests were performed, and the mice were sacrificed. 
For in vitro treatment, rutin was dissolved in DMSO and 
diluted with sterile phosphate–buffered saline (PBS) to 
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the indicated concentrations. The cells were collected for 
further analysis following 12–48 h of treatment.

Cell proliferation assay
Cell proliferative activity was evaluated via the CCK8 
method as described previously [24]. Briefly, cells were 
grown at a density of 5 × 103 cells per well on 96–well 
plates and cultured with 100 μM glucocorticoid (GC) or 
12.5, 25 or 50 μM rutin or vehicle. At the indicated time 
points (0, 24 and 48 h), the cells were incubated with the 
10 μl CCK8 reagent for 1 h at 37 °C. The OD value of the 
supernatant was measured at 450 nm with a microplate 
reader.

Transwell assay
The cell migratory capacity was determined via a tran-
swell assay. Briefly, 1 × 104 cells were seeded into the 
upper chamber of a 8  μm polycarbonate transwell filter 
without FBS, and DMEM containing 10% FBS was added 
to the bottom chamber. After 24  h, the nonmigratory 
cells were removed with cotton swabs, and the invading 
cells were fixed with formalin for 20 min and dyed with 
0.1% crystal violet for 15 min. Images were acquired via 
a microscope and analyzed via Image–Pro Plus software.

Wound healing assay
The cells were seeded in a 6–well plate at a density of 
5 × 105 cells per well and cultured to 90% confluency. 
200 μl pipette tips were used to generate three horizontal 
scratches in each well, which were subsequently washed 
with PBS to remove cell debris. The cells were subse-
quently incubated with 100 μM GC or 12.5, 25 or 50 μM 
rutin or vehicle. Finally, the distances of the wound 
boundaries at 0 (D0), 12 (D12) and 24 h (D20) were meas-
ured, and the travelled distance percentage was deter-
mined as (D0– D12/24)/D0 × 100%.

Tube formation assay
The angiogenic effect of rutin was assessed via a tube for-
mation assay as previously reported [25]. The cells were 
seeded in 96–well plates coated with Matrigel (354230, 
Corning) at a density of 2 × 104 cells per well and incu-
bated at 37 °C for 24 h. Tube formation images were cap-
tured with an inverted microscope, and the numbers of 
tubes were analyzed via Image–Pro Plus software.

Assessment of hCMEC/D3 integrity
The transendothelial electrical resistance (TEER) 
across cellular monolayers was measured as previously 
described [26]. The cells (2 × 105 cells per well) were cul-
tured on 12–well transwell inserts coated with rat tail 
collagen type I. After a monolayer was formed, cells were 
incubated with 100  μM GC or 12.5, 25 or 50  μM rutin 

or vehicle, and the EndOhm ohmmeter with chopstick 
electrodes was used to measure TEER. The TEER values 
(Ω.cm2) of cells were obtained by subtracting the TEER 
of the blank insert and multiplying by the surface area of 
the membrane for calculation. For the paracellular per-
meability of endothelial cell monolayers, 10 μM NaFI was 
added into the upper chambers and incubated for 1 h in 
37  °C after treatment with GC and rutin. Then, 100  µl 
medium in the bottom chambers were collected and the 
content of NaFI in a microplate reader at 480 nm excita-
tion and 538 nm emission wavelengths.

RNA–seq and data analysis
RNA–seq and data analysis were performed by Novo-
gene (Beijing, China). Total RNA was extracted from 
hCMEC/D3 cells following incubation with rutin for 
24 h via TRIzol reagent, and high–quality samples were 
selected using Bioanalyzer 2100 (Agilent Technologies, 
USA) for further analysis (RNA integrity number > 9, 
260/280 ≈ 2.1). 3 μg of total RNA was used to construct 
sequencing RNA libraries using Rneasy Mini Plus Kit 
(Qiagen) and SMARTER mRNA–Seq Library Prep Kit, 
and the library was checked using Qubit 4.0 (Life Tech-
nologies, Waltham, USA) and Bioanalyzer 2100. The 
sequencing was then performed on the Illumina NovaSeq 
6000 platform. Raw reads were firstly processed through 
FASTX–Toolkit software to obtain the clean data with 
high quality. Paired–end clean reads were aligned to the 
reference human genome (hg38) using Hisat2 software, 
and the numbers of reads mapped to each gene were 
counted using FeatureCounts software. DESeq2 R pack-
age software was applied to analyze differential expres-
sion between two groups. A corrected p value ≤ 0.05 or 
|log2(fold change) |≥ 1 was set as the threshold for sig-
nificantly differential expression. Gene Ontology (GO) 
analysis was used to classify the differentially expressed 
genes (DEGs) by the ClusterProfiler R package. GO terms 
were regarded as significantly enriched by differentially 
expressed genes when the corrected p value < 0.05.

Pharmacological treatment with pyroxamide
The mice were anesthetized with 1% isoflurane (v/v) and 
implanted with an indwelling cannula in the bilateral 
hippocampus via the following flat skull coordinates: 
− 2.2 mm caudal to the bregma, ± 1.9 mm from the mid-
line, and − 1.9 mm deep from the skull. The cannula was 
secured to the skull with a stainless–steel screw and den-
tal cement. After 6  weeks of CUMS procedures, 0.5  μl 
of pyroxamide (20 μM) per side was infused over 5 min, 
followed by 5 additional min to allow diffusion before 
withdrawal, and the injection was performed for 14 con-
secutive days.
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Morris water maze (MWM)
The MWM apparatus was used to test the spatial learn-
ing and memory performance of the mice as previ-
ously described [27, 28]. Briefly, the maze was divided 
into four quadrants filled with opacified water, and the 
platform was placed 1  cm beneath the water surface 
in the center of one quadrant. For the navigation test, 
the mice were allowed to swim freely for 60  s. If the 
mice could not find the platform within 60 s, they were 
guided to the platform and allowed to stay there for 
30 s. The probe trial was performed 24 h after the navi-
gation test. The platform was removed, and the mice 
were allowed to pool for 60 s. The swimming activity of 
each mouse was recorded with a digital camera via the 
computer software of Water Maze.

Novel object recognition test (NORT)
The mice were allowed to habituate to the empty test 
apparatus 1 day before the experiment. In the training 
session, the mice were placed individually into the test 
apparatus containing two identical objects and allowed 
to explore freely for 10  min. One hour later, the mice 
were placed again for 10 min in the test chamber con-
taining one familiar object and one novel object. The 
cognitive index was calculated according to the fol-
lowing formula: cognitive index = exploration time for 
novel object exploration/total exploration time during 
the test session × 100%.

Magnetic–activated cell sorting (MACS) of CD31+ BMECs
The mouse hippocampus was harvested and digested 
into a single–cell suspension using Adult Brain Dis-
sociation Kit (130107677, Miltenyi Biotec) by a gen-
tleMACS Dissociator. The single-cell suspension was 
incubated with CD45 microbeads (10  μl per 1 × 107 
cells) for 15  min at 4  °C and centrifuged at 300  g for 
5 min. Then, the CD45–fraction was collected and incu-
bated with CD31 microbeads (10 μl per 1 × 107 cells) for 
15 min at 4 °C. After centrifugation at 300 g for 5 min, 
the BMECs were isolated as CD45– CD31+ cells using a 
MACS Separator.

Quantitative real–time PCR (qRT‒PCR)
Total RNA from the cells or tissues was isolated with 
TRIzol reagent (#93,289, Sigma‒Aldrich). Then, 2  μg 
RNA was used for the synthesis of cDNA via RT Mas-
ter Mix (G490, Abmart) and SYBR–Green–based qPCR 
was conducted to evaluate the relative expression of the 

target genes using a LightCycler 96 Realtime PCR Sys-
tem (Roche, Switzerland). The relative levels of the target 
genes were calculated by 2−ΔΔCt method. The sequences 
of the primers used are shown in Table S1.

Western blotting
Brain capillaries were extracted according to Menard 
et  al. [1] with minor modifications. The bilateral hip-
pocampus of 6–7 mice were homogenized in 1  mL of 
cold DMEM. The homogenate was centrifuged at 4000 g 
for 5 min at 4  °C and the pellet was resuspended in the 
18% dextran solution followed by centrifugation at 6000 g 
for 10  min at 4  °C. The pellet obtained was then resus-
pended in DMEM containing 1  mg/mL collagenase/
dispase, 40  μg/mL DNase 1 and 0.147  μg/mL tosylly-
sine chloromethyl ketone. The mixture was incubated at 
37 °C for 75 min and centrifuged at 4000 g for 10 min at 
room temperature to collect the capillary extracts. Cap-
illary extracts and cell samples were then lysed in RIPA 
lysis buffer (C1053 + , Applygen) supplemented with 
protease inhibitor cocktail (B14001, Bimake). The cell 
lysates were cleared by centrifugation at 12,000  rpm at 
4 °C for 15 min, and the protein concentration was quan-
tified via a bicinchoninic acid (BCA) assay. Each sample 
containing 20 μg of protein was denatured, loaded onto 
a 10–12.5% SDS‒polyacrylamide gel for electrophore-
sis, and then transferred onto polyvinylidene difluoride 
(PVDF) membranes. The membranes were incubated in 
5% nonfat milk for 1 h at room temperature and probed 
with the following antibodies at 4  °C: Claudin–5 (1:500, 
35–2500, Thermo Fisher Scientific,), HDAC1 (1:1000, 
#34,589, CST), H3K27ac (1:1000, A7253, ABclonal), C/
EBPα (1:1000, #8178, CST), β–actin (1:50,000, AC038, 
ABclonal) and GAPDH (1:50,000, AC19056, ABclonal). 
After being washed in TBST for 3 × 10  min, the mem-
branes were incubated with the following secondary 
antibodies for 2 h at room temperature: goat anti–mouse 
IgG (H + L) (1:5000, ZB–5305, ZSGB–BIO) and goat 
anti–rabbit IgG (H + L) (1:5000, ZB–5301, ZSGB–BIO). 
The membranes were visualized with enhanced chemilu-
minescence, and the band intensities were quantified via 
ImageJ. The relative expression of the target proteins was 
normalized to the β–actin level on the same blot.

Immunofluorescence
Immunostaining was performed according to Menard 
et al. [29]. The mouse brains were quickly frozen in Tis-
sue–Tek O.C.T. compound (#4583, SAKURA) on dry ice, 
and sectioned at 15 μm. The sections were fixed in metha-
nol for 10 min at − 20 °C, blocked in PBS containing 0.1% 
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Triton X–100 and 3% bovine serum albumin (BSA) and 
incubated with primary antibodies against CD31 (1:100, 
#5550274, BD Biosciences), Claudin–5 (1:100, 35–2500, 
Thermo Fisher Scientific), HDAC1 (1:200, #34589, CST) 
and H3K27ac (1:200, A7253, ABclonal) at 4 °C overnight. 
The sections were then rinsed with PBS and incubated 
with appropriate secondary antibodies (Cy3 AffiniPure 
donkey anti–mouse IgG (H + L), 1:200, 715–165–151, 
Jackson; Alexa Fluor 488 AffiniPure donkey anti–mouse 
IgG (H + L), 1:200, 715–545–150, Jackson; Cy3 Affin-
iPure donkey anti–rabbit IgG (H + L), 1:200, 711–165–
152, Jackson; Cy3 goat anti-rat IgG (H + L), A10522, 
Thermo Fisher Scientific; Oregon Green–488 conjugate 
of NeutrAvidin biotin-binding protein, A6374, Thermo 
Fisher Scientific). The sections were stained with Hoe-
chst (1:500, C0031, Solarbio), and images were acquired 
via a confocal laser–scanning microscope (Leica TCS 
SP8 STED). Cells exhibiting specific Claudin–5 fluores-
cence signals accompanied by clearly visible nuclear were 
defined as Claudin–5 positive regions and subjected to 
quantification using Image–Pro Plus software.

Chromatin immunoprecipitation (ChIP)
ChIP was performed according to the instructions of 
the SimpleChIP® Plus Enzymatic Chromatin IP Kit 
(#9005, CST). Dissected mouse hippocampus or cul-
tured hCMEC/D3 cells were cross–linked with 1.5% for-
maldehyde for 20 min at room temperature and glycine 
was then added to stop cross–linking. The samples were 
centrifuged at 500 g for 5 min at 4  °C and the collected 
pellets were disaggregated into a single–cell suspension 
using a Dounce homogenizer. Chromatin fragments of 
150–900 bp were subsequently generated via incubation 
with micrococcal nuclease (0.5 μl per 4 × 106 cells or per 
25  mg tissue) for 20  min. Next, the samples were incu-
bated with antibodies against H3K27ac (1:100, A7253, 
ABclonal), HDAC1 (1:100, ab280198, Abcam) and C/
EBPα (1:100, #8178, CST) overnight at 4  °C followed by 
incubation with ChIP–grade Protein G magnetic beads 
for 2  h at 4  °C. The DNA was purified for qPCR analy-
sis after the reversal of protein‒DNA cross–linking. The 
primers used for ChIP‒qPCR were listed in Table S2.

Enzyme–linked immunosorbent assay (ELISA)
The levels of TNF–α in the blood and hippocampus of the 
mice were determined via a solid–phase sandwich TNF–α 
ELISA kit (D721217, Sangon Biotech) according to the 
manufacturer’s protocols. Briefly, 100  μl of the standard 
working solution or samples was added to each well of 

reaction plates and incubated for 90  min at 37  °C. Then, 
100 μl of biotin-labeled TNF-α antibody working solution 
was added to each well and incubated for 60 min at 37 °C. 
Each well was soaked with 350 μl of washing buffer for 4 
times and incubated with 100 μl of HRP-labeled streptavi-
din working solution for 30 min at 37 °C. Finally, 90 μl of 
chromogenic reagent was added to each well for 15  min 
at 37  °C in the dark. The absorbance of each sample was 
measured at 450 nm via a Spectra microplate reader.

BBB permeability measurement
Mouse BBB permeability was assessed as previously 
described [30]. The mice were given 10 mg of sodium fluo-
rescein (NaFI) or fluorescein isothiocyanate (FITC)–dex-
tran and permitted to circulate for 1 h. Blood serum was 
collected, and the hippocampus was then isolated fol-
lowing transcardial perfusion with 0.9% saline. The hip-
pocampus was subsequently homogenized in a 1:1 volume 
of 2% trichloroacetic acid and centrifuged at 3000 rpm for 
10 min. The supernatants were mixed with 0.05 M borate 
buffer at a ratio of 1:1, and the fluorescence was measured 
in 100 μl of the mixture via a microplate reader (excitation 
at 480 nm, emission at 538 nm). BBB permeability was cal-
culated as the ratio of the brain region fluorescence inten-
sity to the serum fluorescence intensity and is presented as 
the fold increase compared with the permeability in non–
stressed control mice.

Transmission electron microscopy (TEM)
TEM was used for the morphological examination of the 
TJ structures. The mouse hippocampus was fixed in 2.5% 
glutaraldehyde for 2 h at 4 °C and washed in 0.1 M phos-
phate buffer. The samples were subsequently postfixed in 
1% osmium tetroxide/0.1  M cacodylate buffer and dehy-
drated through a graduated ethanol to propylene oxide 
series followed by resin infiltration polymerization at 60 °C 
for 48  h. Ultrathin sections (60–80  nm) were counter-
stained with uranyl acetate and lead citrate, and the sam-
ples were detected via electron microscopy.

Statistical analysis
All the data are presented as the means ± standard errors 
of the means (SEM), and the statistical analysis was con-
ducted via GraphPad Prism 9.0 software. Normality 
assumptions were evaluated via the D’Agostino‒Pearson 
omnibus normality test, and nonparametric tests were 
used for the data that failed the test. Two groups were com-
pared via a two–tailed Student’s t test following a normal 
distribution. Comparisons among three or more groups 
were performed by one–way ANOVA, followed by Tukey’s 
multiple comparisons test or two–way ANOVA, followed 
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by Bonferroni post hoc correction. The samples, sizes, sta-
tistical tests, and statistical results are indicated in the cor-
responding figure legends. Significance was determined as 
p < 0.05.

Results
Rutin alleviates stress–induced cognitive impairments 
and BBB breakdown in mice
To investigate the effects of rutin on the cognitive deficits 
induced by chronic stress, we evaluated the behavioral 
performance of the mice through the NORT and MWM. 
The oral administration of rutin increased the cogni-
tive index in the NORT of CUMS mice (F(2,18) = 6.814, 
p = 0.0063; Fig. 1A, B). Moreover, the CUMS + Rutin mice 
displayed reversion of spatial learning and memory defi-
cits, as reflected by a shorter escape latency to the target 
quadrant, more target entries and more time spent in the 
target quadrant than the CUMS mice did (escape latency 
during the training trial: F(10,90) = 5.740, p < 0.0001; escape 
latency during the probe trial: F(2, 18) = 14.12, p = 0.0002; 
target entries: F(2,18) = 7.032, p = 0.0055; time spent in tar-
get quadrants: F(2,18) = 9.338, p = 0.0017; Fig.  1C–F, Fig. 
S1A). Moreover, there were no significant differences in 
the mean swimming speed among the mice (Fig. S1B), 
suggesting that the improvements in these phenotypes 
in the CUMS + Rutin mice did not result from altered 
motor function.

The involvement of BBB disruption in the development 
of cognitive impairment has been increasingly confirmed 
[31, 32]. Considering the protective role of rutin in vas-
cular barrier function [33, 34], we examined its effect on 
BBB integrity under stressful circumstances. The TEM 
analysis revealed that rutin rescued the morphological 
abnormalities of the hippocampal capillaries character-
ized by increased discontinuous TJs in the CUMS model 
mice (F(2,6) = 68.52, p < 0.0001; Fig. 1G, H). We next com-
pared BBB integrity in Ctrl, CUMS and CUMS + Rutin 
mice via two types of fluorescent dyes (NaFI and FITC–
Dextran) individually. High infiltrations of both NaFI and 
FITC–dextran dyes were observed in the hippocampus 
of CUMS but not Ctrl or CUMS + Rutin mice (NaFI: 

F(2,9) = 20.9, p = 0.0004; FITC–Dextran: F(2,9) = 34.5, 
p < 0.0001; Fig. 1I, J), suggesting that rutin could prevent 
BBB breakdown in these mice. Together, these results 
indicate that rutin treatment significantly ameliorates 
learning and memory deficits and BBB damage induced 
by chronic stress.

Rutin facilitates the integrity of hCMEC/D3 cells
Given that BMECs are the major functional constitu-
ents of the BBB, it is tempting to hypothesize that rutin 
alleviates BBB breakdown by modifying BMEC func-
tion. To validate this hypothesis, the stress hormone GC 
was applied to hCMEC/D3 cells to construct an in vitro 
model of chronic stress as previously reported [35, 36], 
and the role of rutin in endothelial cell proliferation was 
investigated. The CCK8 assay indicated that GC inhib-
ited the proliferation of hCMEC/D3 cells following 24 
and 48  h of treatment, whereas rutin at 12.5–50  μM 
reversed this phenomenon within a certain concentration 
range (24  h: F(4,15) = 5.186, p = 0079; 48  h: F(4,15) = 10.85, 
p = 0002; Fig.  2A). We also performed a wound heal-
ing assay and a transwell assay to examine the migration 
capacity of endothelial cells. The percentage of distance 
traveled by the cells incubated with rutin was greater 
than that traveled by the GC group (12 h: F(4,15) = 24.82, 
p < 0.0001; 24  h: F(4,15) = 65.29, p < 0.0001; Fig.  2B, C). 
Consistently, the transwell assay results revealed that the 
numbers of migrated hCMEC/D3 cells increased upon 
rutin treatment (F(4,15) = 101.4, p < 0.0001; Fig.  2D, E). 
These findings reveal that rutin antagonizes the inhibi-
tory effect of stress on endothelial cell proliferation and 
migration. Angiogenesis is another major intrinsic prop-
erty of BMECs. In the tube formation assay, rutin–incu-
bated hCMEC/D3 cells exhibited greater angiogenetic 
ability than the GC group did (F(4,15) = 31.75, p < 0.0001; 
Fig. 2F, G). Further, rutin could enhance barriers proper-
ties of hCMEC/D3 cells characterized by the increased 
TEER value and the reduced permeability to NaFI 
(TEER: F(4,15) = 8.234, p = 0.0010; NaFI flux: F(4,15) = 10.93, 
p = 0.0002; Fig. 2H, I). Collectively, these results indicate 
that rutin treatment enhances the function of BMECs.

(See figure on next page.)
Fig. 1  Rutin ameliorates cognitive and BBB deficits in CUMS mice. A Experimental timeline of the CUMS procedure and rutin treatment in mice. 
B Cognitive index of Ctrl, CUMS and CUMS with rutin treatment (CUMS + Ru) mice in the NORT (One–way ANOVA with Tukey’s post hoc test, n = 7 
mice for each group). C Escape latency to reach the platform of the mice during the training trials in the MWM (One–way ANOVA with Tukey’s 
post hoc test, n = 7 mice for each group). D–F Escape latency (D), target entries (E) and time spent in the target quadrant (F) by the mice 
in the probe trial of the MWM (One–way ANOVA with Tukey’s post hoc test, n = 7 mice for each group). G Representative TEM images of TJ 
structure in Ctrl, CUMS and CUMS + Ru mice. Scale bar, 500 nm (white arrowheads: intact TJs; red arrowheads: discontinuous TJs). H Quantification 
of the percentages of discontinuous TJs in the (G) (One–way ANOVA with Tukey’s post hoc test, n = 3 mice for each group, 50–60 TJs per mouse). I, J 
Hippocampal permeability of the BBB to NaFI (I) and FITC–Dextran (J) in the mice (One–way ANOVA with Tukey’s post hoc test, n = 4 mice for each 
group). The data are presented as the mean ± SEM. **p < 0.01, ***p < 0.001, vs Ctrl; #p < 0.05, ##p < 0.01, ###p < 0.001, vs CUMS
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Fig. 1  (See legend on previous page.)
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Genome–wide identification of target genes of rutin 
in hCMEC/D3 cells
To decipher the molecular mechanisms by which rutin 
regulates BMEC function and BBB integrity, we per-
formed high–throughput RNA–seq analysis in hCMEC/
D3 cells. Compared with those in the DMSO group, 
6430 DEGs were identified in the rutin–treated hCMEC/
D3 cells, of which 3407 were upregulated and 3023 were 
downregulated (Fig. 3A, B). The main functions of these 
DEGs were classified via GO pathway analysis. The 
results suggested that the rutin–targeting genes were 
involved in 65 significant biological processes includ-
ing cell junction organization, cell migration and prolif-
eration, and histone modification (Fig. 3C). To verify the 
RNA–seq results at the individual gene level, we per-
formed qRT‒PCR on selected genes, including CLDN5, 
MACF1, PRKDC, SPHK1, CYBA, VEGFB, HDAC1 
and TADA3, which represent each of the representa-
tive classified pathways of the GO analysis. The changes 
in the mRNA levels of these genes were consistent with 
the findings of the RNA–seq data (CLDN5: t4 = 9.816, 
p = 0.006; MACF1: t4 = 20.34, p < 0.0001; PRKDC: 
t4 = 13.11, p = 0.0002; SPHK1: t4 = 17.37, p < 0.0001; 
CYBA: t4 = 15.65, p < 0.0001; VEGFB: t4 = 7.122, 
p = 0.0021; HDAC1: t4 = 4.864, p = 0.0083; TADA3: 
t4 = 11.11, p = 0.0004; Fig. 3D). These results indicate that 
rutin administration facilitates the expression of genes 
some of which are involved in endothelial cell prolifera-
tion, cell junctions and epigenetic regulation.

Rutin promotes H3K27ac recruitment at the Cldn5 
promoter to restore its expression in CUMS mice
Notably, Cldn5 (the gene encoding the protein Clau-
din–5), a dominant regulator of BBB integrity [8], was 
identified as a target gene of rutin via RNA–seq analy-
sis. We confirmed a specific reduction in the Claudin–5 
protein level in the hippocampus, which was reversed 
by rutin treatment under stressful conditions (Claudin–
5/β–actin: F(2,9) = 31.72, p < 0.0001; Fig.  4A, B). Next, 
we explored the underlying mechanism by which rutin 
restores Claudin–5 expression. Previous studies have 
revealed that aberrant histone modifications such as 

H3K27me3 and H3K27ac result in Cldn5 transcriptional 
repression [37–39], and our RNA–seq data also suggested 
that rutin–targeting genes were enriched in histone mod-
ification pathways (Fig.  3C). Therefore, we propose that 
rutin regulates the epigenetic signature to drive beneficial 
changes in Claudin–5. Rutin strengthened endothelial 
permissive H3K27ac modification in the hippocampus 
of CUMS mice, whereas rutin failed to alter repressive 
H3K27me3 deposition (H3K27ac/β–actin: F(2,9) = 9.821, 
p = 0.0128; H3K27ac labeling intensity: F(2,6) = 7.669, 
p = 0.0222; Fig.  4C, D; Fig. S2; Fig. S3A and B). Moreo-
ver, in line with the RNA–seq data, the expression of 
HDAC1, which is the deacetylase of H3K27ac, was also 
reduced by rutin treatment in the hippocampal BMECs 
of stressed mice, whereas other H3K27ac modification 
enzymes, including HDAC2 and EP300, showed no obvi-
ous changes (Hdac1 mRNA: F(2,9) = 29.21, p = 0.0001; 
HDAC1/β–actin: F(2,9) = 23.03, p = 0.0003; HDAC1 labe-
ling intensity: F(2,6) = 6.935, p = 0.0275; Fig.  4E–G; Fig. 
S3C and D). We subsequently examined the content 
of Cldn5 promoter–bound H3K27ac and HDAC1 via 
a ChIP assay. Compared with those in the Ctrl group, 
decreased H3K27ac and increased HDAC1 signals were 
observed 600  bp upstream from the transcription start 
site (TSS) of Cldn5 in the CUMS group, while these 
phenotypes were abolished in the CUMS + Rutin group 
(H3K27ac enrichment: F(2,6) = 24.14, p = 0.0014; HDAC1 
enrichment: F(2,6) = 60.94, p = 0.0001; Fig. 4H–J).

Additionally, to validate the causal role of increased 
HDAC1–dependent histone deacetylation in stress–
induced Cldn5 loss, the HDAC1 inhibitor pyroxa-
mide or vehicle was also directly infused into the 
bilateral hippocampus through an implanted cannula 
for 14 consecutive days following the 6–week CUMS 
procedure (Fig. S4A). The administration of pyroxamide 
increased Claudin–5 expression in line with the rescue 
of H3K27ac loss (H3K27ac enrichment: F(2,9) = 26.87, 
p = 0.0002; H3K27ac/β–actin: F(2,6) = 21.14, p = 0.0019; 
Claudin–5/β–actin: F(2,6) = 28.86, p = 0.0008; Fig. S4B–
F). In the hCMEC/D3 cells, pyroxamide at doses of 10 
and 20  μM enhanced the bound H3K27ac modifica-
tion and increased Claudin–5 expression following 

Fig. 2  Rutin promotes the integrity of cerebral microvascular endothelial cells. A Proliferation of rutin–treated hCMEC/D3 cells after 24 and 48 h 
determined by a CCK8 assay (One–way ANOVA with Tukey’s post hoc test, n = 4 biological replicates). B Representative images of wound healing 
in rutin–treated cells at 0, 12 and 24 h. Scale bar: 200 μm. C Quantification of the distances traveled during wound healing in the (B) (One–way 
ANOVA with Tukey’s post hoc test, n = 4 biological replicates). D Representative images of transwell assays in rutin–treated cells. Scale bar: 200 μm. E 
Quantification of the numbers of migrated cells in the (D) (One–way ANOVA with Tukey’s post hoc test, n = 4 biological replicates). F Representative 
images of tube formation in rutin–treated cells. Scale bar, 50 μm. G Quantification of the tubes in the (F) (One–way ANOVA with Tukey’s post hoc 
test, n = 4 biological replicates). H The TEER value of rutin-treated cells (One–way ANOVA with Tukey’s post hoc test, n = 4 biological replicates). I The 
flux of NaFI in rutin-treated cells (One–way ANOVA with Tukey’s post hoc test, n = 4 biological replicates). The data are presented as the mean ± SEM. 
*p < 0.05, **p < 0.01, ***p < 0.001, vs DMSO; #p < 0.05, ##p < 0.01, ###p < 0.001, vs GC

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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Fig. 3  Genome–wide identification of rutin-targeting genes in hCMEC/D3 cells via whole–transcriptome RNA sequencing. A Volcano plot 
of the DEGs in hCMEC/D3 cells with rutin treatment. B Heatmap of the DEGs in hCMEC/D3 cells with rutin treatment. C The biological process 
categories of the DEGs by GO analysis. D Representative DEG mRNA levels in rutin-treated hCMEC/D3 cells determined by RT‑qPCR (One–way 
ANOVA with Tukey’s post hoc test, n = 3 biological replicates). The data are presented as the mean ± SEM. **p < 0.01, ***p < 0.001
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24  h of incubation (H3K27ac enrichment: F(2,9) = 34.59, 
p < 0.0001; H3K27ac/β–actin: F(2,6) = 70.68, p < 0.0001; 
Claudin–5/β–actin: F(2,6) = 34.23, p = 0.0005; Fig. 
S4G–K). Also, pyroxamide could increase the TEER 
value and inhibit the NaFI flux of the hCMEC/D3 cells 
(TEER: F(2,9) = 18.88, p = 0.0006; NaFI flux: F(4,15) = 7.281, 
p = 0.0132; Fig. S4L and M). These findings suggest that 
rutin prevents HDAC1 from binding to the Cldn5 pro-
moter to facilitate H3K27ac recruitment, contributing to 
the restoration of Claudin–5 expression.

Rutin induced Cldn5 upregulation 
through the enhancement of C/EBPα transcriptional 
activity in CUMS mice
Having established that rutin can repair the epigenetic 
modification of Cldn5, we next investigated how rutin 
transcriptionally regulates Cldn5 expression. C/EBPα 
has been identified as a transcription factor to evoke the 
expression of Claudin–5 [40, 41]. Consistent with previ-
ous studies, we found that C/EBPα knockdown inhib-
ited Claudin–5 expression (C/EBPα/β–actin: t4 = 6.654, 
p = 0.026; Claudin–5/β–actin: t4 = 5.086, p = 0.071; Fig. 
S5). Although endothelial C/EBPα expression in the 
hippocampus remained unchanged among the differ-
ent groups (Fig.  5A, B), rutin treatment remarkably 
stabilized the interaction of C/EBPα with the Cldn5 pro-
moter region where H3K27ac deposition was increased 
(F(2,9) = 27.01, p = 0.0002; Fig.  5C, D). Additionally, we 
found that the interaction of C/EBPα with the Cldn5 
promoter was enhanced in the presence of pyroxam-
ide in CUMS mice and hCMEC/D3 cells (CUMS mice: 
F(2,9) = 23.09, p = 0.0003; hCMEC/D3 cells: F(2,9) = 11.63, 
p = 0.0032; Fig. 5E, F). Together, the above data demon-
strate that rutin restores Cldn5 transcription through 
increasing C/EBPα binding to its promoter.

Rutin blocks the infiltration of circulating TNF–α 
into the brain of CUMS mice
The hyperpermeable BBB results in the leakage of 
peripheral proinflammatory cytokines into the central 

nervous system (CNS), contributing to the development 
of neurological diseases [29, 37]. TNF–α, a proinflam-
matory cytokine involved in stress vulnerability, has 
previously been reported to penetrate the compromised 
BBB of CUMS model mice [37]. Accordingly, we evalu-
ated whether rutin could attenuate the CUMS–induced 
invasion of circulating TNF–α. We observed an intense 
increase in TNF–α in the plasma and hippocampus of 
CUMS model mice, which could be rescued by rutin 
treatment (serum: F(2,15) = 24.08, p < 0.0001; hippocam-
pus: F(2,15) = 21.57, p < 0.0001; Fig.  6A, B). To determine 
whether rutin could restrain the ability of circulating 
TNF–α to penetrate the brain, we intravenously injected 
biotinylated recombinant TNF–α into the blood of 
Ctrl, CUMS and CUMS + Rutin mice and examined its 
abundance in the hippocampus via the Oregon Green–
488 conjugate of NeutrAvidin biotin–binding protein 
(Fig.  6C). The hippocampus was largely permeable to 
circulating TNF–α under stressful conditions, whereas 
rutin replenishment prevented TNF–α aggregation 
around the blood vessels where Claudin–5 was down-
regulated (Fig.  6D, E). Together, these findings suggest 
that rutin treatment inhibits the direct passage of TNF–α 
through the damaged BBB, thus alleviating chronic 
stress–induced cognitive dysfunction.

Discussion
Our findings demonstrated that rutin boosted the abil-
ity of proliferation, migration and angiogenesis, and 
the monolayer integrity in BMECs. Moreover, rutin 
abrogated the recruitment of the histone deacetylase 
HDAC1 to the Cldn5 promoter and stabilized permis-
sive H3K27ac deposition, thereby activating Claudin–5 
generation. Furthermore, the restorative effect of rutin 
treatment on BMEC function and Cldn5 transcription 
reversed BBB damage, and blocked the passage of circu-
lating TNF–α into the hippocampus parenchyma, which 
subsequently attenuated stress–induced cognitive defi-
cits (Fig. 6F). Collectively, our results suggest that rutin is 

Fig. 4  Rutin maintains H3K27ac modification to rescue Claudin–5 expression in CUMS mice. A Representative images of Claudin–5 protein levels 
in the hippocampus of mice as determined by western blotting. B Quantification of the Claudin–5 protein levels in the (A) (One–way ANOVA 
with Tukey’s post hoc test, n = 4 biological replicates). C Representative images of H3K27ac protein levels in the hippocampus of Ctrl, CUMS 
and CUMS + Ru mice by western blotting. D Quantification of the H3K27ac protein levels in the (C) (One–way ANOVA with Tukey’s post hoc test, 
n = 4 biological replicates). E Hdac1, Hdac2 and Ep300 mRNA levels in the hippocampus of the mice (One–way ANOVA with Tukey’s post hoc test, 
n = 4 biological replicates). F Representative images of HDAC1 protein levels in the hippocampus of mice by western blotting. G Quantification 
of the HDAC1 protein levels in the (F) (One–way ANOVA with Tukey’s post hoc test, n = 4 biological replicates). H Diagram of the designed primer 
pairs for the indicated regions. I Enrichment of H3K27ac modifications at different sites of the Cldn5 promoter in the hippocampus of mice (One–
way ANOVA with Tukey’s post hoc test, n = 3 biological replicates). J Enrichment of HDAC1 600 bp upstream from the Cldn5 TSS in the hippocampus 
of mice (One–way ANOVA with Tukey’s post hoc test, n = 3 biological replicates). The data are presented as the mean ± SEM. *p < 0.05, ***p < 0.001, vs 
Ctrl; #p < 0.05, ##p < 0.01, ###p < 0.001, vs CUMS

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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a promising drug candidate for stress–induced cognitive 
impairments by targeting crucial components of the BBB.

Despite its poor water solubility and low bioavail-
ability, rutin is able to cross the BBB to exert multiple 

neuroprotective effects [15, 18]. Rutin prevents the 
microglial synapse engulfment and the neuronal syn-
apse loss by the normalization of NF–κB pathway and 
the reduction of tau pathology in AD mouse models [14]. 

Fig. 5  Rutin enhances the binding of C/EBPα to the Cldn5 promoter in CUMS mice. A Representative images of C/EBPα protein levels 
in the hippocampus of Ctrl, CUMS and CUMS + Ru mice by western blotting. B Quantification of the C/EBPα protein levels in the (A) (One–way 
ANOVA with Tukey’s post hoc test, n = 4 biological replicates). C Diagram of the predicted binding site of C/EBPα to the Cldn5 promoter. D 
Enrichment of C/EBPα 600 bp upstream from the Cldn5 TSS in the hippocampus of mice (One–way ANOVA with Tukey’s post hoc test, n = 4 
biological replicates). E Enrichment of C/EBPα 600 bp upstream from the Cldn5 TSS in CUMS mice with pyroxamide (Pyro) treatment (One–
way ANOVA with Tukey’s post hoc test, n = 4 biological replicates). F Enrichment of C/EBPα 600 bp upstream from the Cldn5 TSS in hCMEC/
D3 cells treated with 0, 10 and 20 μM Pyro (One–way ANOVA with Tukey’s post hoc test, n = 4 biological replicates). The data are presented 
as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, vs Ctrl; ###p < 0.001, vs CUMS

Fig. 6  Rutin inhibits the passage of circulating TNF–α into the hippocampus of CUMS mice. A, B TNF–α protein levels in the blood (A) 
and hippocampus (B) of Ctrl, CUMS and CUMS + Ru mice (One–way ANOVA with Tukey’s post hoc test, n = 6 mice for each group). C Experimental 
timeline of CUMS, rutin treatment and biotinylated TNF–α detection. D Representative images of DAPI (blue), biotinylated TNF–α (green) 
and Claudin–5 (red) immunostaining in the hippocampus of Ctrl, CUMS and CUMS + Ru mice. Scale bar, 2 μm. E Representative images of DAPI 
(blue), biotinylated TNF–α (green) and CD31 (red) immunostaining in the hippocampus of Ctrl, CUMS and CUMS + Ru mice. Scale bar, 2 μm. F 
Schematic showing that rutin treatment promoted endothelial cell proliferation, migration and angiogenesis. Moreover, rutin inhibited HDAC1–
dependent H3K27 deacetylation to facilitate the transcriptional activity of C/EBPα at the Cldn5 promoter. As a result, rutin reversed chronic 
stress–induced Cldn5 loss and BBB breakdown. Furthermore, the restoration of rutin on the BBB blocked the infiltration of circulating TNF–α 
into the hippocampus and attenuated cognitive dysfunction. The data are presented as the mean ± SEM. ***p < 0.001, vs Ctrl; ###p < 0.001, vs CUMS

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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The inhibitory effect of rutin on Aβ oligomer level and 
neuronal apoptosis also contribute to the cognitive dis-
turbances [42, 43]. Additionally, rutin can suppress the 
release of pro–inflammatory cytokines such as TNF–α 
and IL–6, and reverse the oxidative stress characterized 
by low antioxidants and lipid peroxidation in discrete 
brain regions, thus ameliorating learning and memory 
impairments [44, 45]. In our current study, oral adminis-
tration of rutin successfully rescued the CUMS–induced 
cognitive decline as observed in the form of memory via 
repairing neurovascular dysfunction.

BBB dysfunction has been demonstrated to be a key 
pathogenic step in the initiation and progression of neu-
rological deficits [46, 47]. As the core constituent of the 
BBB, BMEC dysfunction alone is sufficient to promote 
BBB defects, and evidence for its destruction exists in 
various neurodegenerative diseases, including AD, Par-
kinson disease (PD) and amyotrophic lateral sclerosis 
(ALS) [48–50]. A previous study has reported that CUMS 
could inhibit the proliferation, migration, and angiogen-
esis of BMECs [51]. Here, our in  vitro results showed 
that rutin promoted the proliferation, migration and tube 
formation of BMECs under GC stimulation, implicating 
the role of rutin in recovering BMEC functionality after 
exposure to chronic stress. Notably, the optimal main-
tenance of the BBB necessitates coordinated crosstalk 
between BMECs and other cells in the neurovascular unit 
(NVU) [52]. Further investigations of the mechanism 
underlying the effects of rutin should consider cell–to–
cell contacts to better understand its neuroprotective 
potential.

In–depth explorations regarding the molecular 
mechanisms of rutin in neuroprotection is of great 
necessity for expanding its clinical applications. Unlike 
peripheral endothelial cells, BMECs express specialized 
intercellular TJs to maintain low paracellular permea-
bility [53]. Claudin–5 is the dominant component of TJ 
proteins and is indispensable for BMEC integrity [54]. 
Loss of Claudin–5 leads to the breakdown of BBB and 
disruption of the brain microenvironment [54, 55]. Our 
recent study complements a series of studies showing 
that BBB decomposition reflected by Claudin–5 decline 
is sufficient to elicit neurobehavioral alterations under 
chronic stress [29, 37, 56, 57]. Moreover, the epigenetic 
patterns of Claudin–5 have been shown to be correlated 
with the pathogenesis of cognitive decline [37, 38, 58], 
highlighting the importance of Claudin–5 expression 
in maintaining the normal function of the CNS. There-
fore, the discovery of novel drug targets to restore neu-
rovascular health may reduce the pathologies of CNS 
diseases. A major impediment to this goal is the lack of 
therapeutic agents that can enhance Claudin–5 expres-
sion to repair BBB damage, as no such compounds 

exist thus far in clinic. Herein, we demonstrated that 
rutin inhibited HDAC1–dependent histone deacetyla-
tion and thus facilitated the activation of C/EBPα on 
the Cldn5 gene transcription. As a result, rutin treat-
ment reversed Claudin–5 loss and endothelium dam-
age, thus alleviating cognitive deficits in CUMS model 
mice. Importantly, histone acetylation has been pro-
posed as one of the main epigenetic modifications that 
contribute to the pathologic mechanisms of cognitive 
decline. Abnormal histone acetylation such as H3K27ac 
is proved to correlate with Aβ and tau pathology in the 
prefrontal cortex of AD patients [59]. HDAC inhibitors 
including vorinostat (SAHA) and valproic acid (VPA) 
are able to facilitate the transcription of genes involved 
in synaptic plasticity and reverse long–term memory 
impairments [60, 61], bringing promising results for 
the therapeutics of cognitive decline. A handful of stud-
ies have indicated the participation of rutin and its 
derivatives in the regulation of histone acetylation [45, 
62–64]. Using drug repurposing strategy, our present 
study identified that rutin possess HDAC1 inhibition 
ability to facilitate neurovascular H3K27ac modifica-
tion. Given the importance of histone acetylation in 
neurological functions, the interplay of rutin with his-
tone acetylation modifiers in other models of cognitive 
decline should attract more attention and warrants fur-
ther research.

Inflammation is both a cause and a result of BBB dis-
ruption. Inflammatory responses caused by chronic 
stress compromise BBB integrity [65], and in turn, the 
loss of Claudin–5 and leaky BBB result in the infiltra-
tion of proinflammatory cytokines into the brain [66]. 
Previous studies have highlighted the significance of 
rutin in protecting against neuroinflammation [67, 68]; 
however, the anti–inflammatory roles of rutin remain 
not fully understood. Herein, we found that the res-
toration of rutin on the BBB could hinder the accu-
mulation of circulating proinflammatory cytokines in 
stress–related regions. Notably, the direct inhibitory 
effect of rutin on the production and release of proin-
flammatory factors may also contribute to its influence 
on BBB function [69–71]. Considering the neuropro-
tective activity of rutin, a greater understanding of 
the mechanisms by which rutin repairs neurovascu-
lar damage induced by chronic stress can promote the 
design of more effective strategies for treating cognitive 
impairments. It is also worthing that the limited solu-
bility and unsatisfactory bioavailability of rutin remain 
substantial challenges for its clinical use [39]. Effective 
strategies to improve the oral absorption of rutin, such 
as converting it to the salt formation or loading into 
nanoparticles [15, 40], need to be further developed to 
release its ultimate therapeutic potency.
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Conclusions
In summary, we revealed the contribution of rutin to 
restoring stress–induced BBB damage and cognitive 
deficits. Rutin leads to the recovery of BMEC function, 
including proliferation, migration and tube formation, 
through regulating the expression of genes involved in 
theses processes. Additionally, rutin activates hippocam-
pal Cldn5 transcription epigenetically and stabilizes BBB 
integrity. Our study provides strong evidence of the posi-
tive regulatory effect of rutin on BBB function and iden-
tifies tantalizing therapies for stress–induced cognitive 
impairments.
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NVU	� Neurovascular unit
PBS	� Phosphate–buffered saline
PD	� Parkinson’s disease
PFA	� Paraformaldehyde
PVDF	� Polyvinylidene difluoride
qRT‒PCR	� Quantitative real–time PCR
SEM	� Standard error of the mean
TEER	� Trans-endothelial electrical resistance
TEM	� Transmission electron microscopy
TJs	� Tight junctions
TNF–α	� Tumor necrosis factor–α
TSS	� Transcription start site
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