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A B S T R A C T

Elevated manganese (Mn) exposure has been implicated in a broad spectrum of neurological disorders, including 
motor dysfunction and cognitive deficits. Previous studies have demonstrated that Mn induces neurotoxicity by 
disrupting the integrity of the blood–brain barrier (BBB), a critical regulator in maintaining central nervous 
system homeostasis and a contributing factor in the pathogenesis of numerous neurological disorders. However, 
the precise molecular mechanisms underlying Mn-induced BBB disruption and its role in facilitating neurotox
icity remain incompletely understood. The primary objectives of this study were to elucidate the mechanisms 
underlying the relationship between Mn exposure and BBB tight junction proteins (TJPs), and to further 
investigate potential neuroprotective strategies for mitigating Mn-induced cognitive impairments. In this 
investigation, we developed Mn exposure models utilizing both murine subjects and cell culture systems to 
elucidate the mechanisms underlying TJPs involvement and to assess the potential neuroprotective effects of 
gastrodin (GAS), a bioactive compound extracted from traditional Chinese medicine. Our findings revealed a 
significant reduction in TJPs expression, both in vivo and in vitro, in Mn-induced BBB disruption. The over
expression of Occludin (OCLN), a crucial component of TJPs, mitigated Mn-induced BBB damage. GAS admin
istration effectively attenuated Mn-induced disruption of the BBB, enhanced the expression of TJPs, and 
mitigated Mn-induced cognitive dysfunctions, potentially through the modulation of the RhoA/ROCK2 signaling 
pathway. This research sought to advance our understanding of the molecular pathways involved in Mn- 
mediated BBB disruption and to identify novel therapeutic approaches for mitigating the deleterious effects of 
Mn exposure on cognitive function.

1. Introduction

Manganese (Mn) is an essential trace element crucial for human 
physiology, required in minute quantities for optimal bodily functions. It 
plays a vital role in the growth and development of organisms and 
confers numerous health benefits. Various dietary sources, including 
nuts, chocolate, tea, and whole grains, serve as significant contributors 
to Mn intake (Peres et al., 2016). The significance of Mn as a trace 
element is paramount; while adequate levels are necessary for main
taining optimal physiological functioning, excessive amounts can lead to 
neurotoxicity (Balachandran et al., 2020). Elevated Mn concentrations 

in the brain are typically attributed to environmental overexposure, 
including occupational exposure to high Mn levels or consumption of 
Mn-contaminated drinking water (Guilarte, 2013; Li et al., 2021b; Roh 
et al., 2016). Excessive Mn exposure primarily manifests as motor dis
orders and can significantly impair cognitive function. However, the 
underlying mechanism of Mn-induced neurotoxicity is not yet fully 
understood. In this study, we developed Mn exposure models utilizing 
both murine subjects and cell culture systems to elucidate the detailed 
mechanisms of Mn neurotoxicity.

The blood–brain barrier (BBB) is a highly dynamic interface between 
the circulatory system and the brain, serving as a crucial component and 
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protective barrier of the central nervous system (CNS). Current evidence 
suggests that BBB dysfunction is implicated in the pathogenesis of nearly 
all neurological disorders (Sulzer, 2007). The BBB is composed of peri
cytes, microvascular endothelial cells, and astrocytes, which collectively 
regulate and maintain BBB function (Takata et al., 2021; Zhao et al., 
2022). Tight junction proteins (TJPs), including Occludin (Ocln), junc
tional adhesion molecules (JAM), ZO-1 and claudin-1, are integral 
components of the barrier system, playing a critical role in maintaining 
its structural and functional integrity (Li et al., 2021a; Zlokovic, 2008). 
Studies have shown that excessive Mn induced BBB disruption, but the 
specific effects of excessive Mn exposure on BBB tight junction proteins 
remain to be elucidated.

Rhizoma Gastrodiae (G. elata), a well-documented medicinal herb, is 
primarily valued for its rhizome, which contains gastrodin (GAS) as its 
principal bioactive constituent (Tao et al., 2009). GAS exhibits a diverse 
array of pharmacological properties (Ojemann et al., 2006; Peng et al., 
2013), and its broad therapeutic potential in various neurological con
ditions has garnered considerable attention in the neural scientific field 
(Li et al., 2019). In vitro studies have elucidated GAS’s capacity to 
attenuate oxidative stress and modulate the p38 MAPK/Nrf2 pathway, 
thereby conferring neuroprotection to dopaminergic neurons (He et al., 
2021; Jiang et al., 2014; Zhang et al., 2016). Moreover, GAS has 
demonstrated efficacy in preserving blood–brain barrier (BBB) integrity 
by maintaining tight junction proteins and reducing BBB permeability in 
neurocognitive disorders (Li et al., 2021a). Despite these promising 
findings, the potential protective effects of GAS against Mn toxicity and 
its underlying molecular mechanisms remain to be fully elucidated.

The RhoA-ROCK signaling pathway has been implicated in the 
pathogenesis of several neurological disorders (Iyer et al., 2021; Tonges 
et al., 2012). Previous research has extensively documented the critical 
role of the RhoA/ROCK signaling pathway in maintaining the integrity 
of the blood–brain barrier (BBB). Inhibition of this pathway has been 
shown to prevent the depolymerization of cytoskeletal actin in brain 
microvascular endothelial cells (BMECs) and mitigate the down
regulation of tight junction proteins (Zamboni et al., 2018). RhoA, a 
small GTPase belonging to the Ras superfamily, regulates various 
cellular functions and plays a crucial role in central nervous system 
development (Schmidt et al., 2022). Given the established role of the 
RhoA/ROCK pathway in BBB maintenance and its implication in 
neurodegenerative processes, it is imperative to investigate whether this 
signaling cascade mediates the alterations in BBB tight junction proteins 
caused by excessive Mn exposure. In the current research, we found that 
GAS administration effectively attenuated Mn-induced disruption of the 
BBB, enhanced the expression of TJPs, and mitigated Mn-induced 
cognitive dysfunctions, potentially through the modulation of the 
RhoA/ROCK2 signaling pathway.

2. Materials and methods

2.1. Antibodies and reagents

Gastrodin (GAS) was obtained from Aladdin (Shanghai, China). 
Abcam supplied ZO-1 (ab221547), Ocln (ab216327), anti-rabbit sec
ondary antibodies (Alexa Fluor 488) (A21206), anti-mouse HRP-linked 
antibody (7076S), and anti-rabbit HRP-linked antibody (7074S). Sigma- 
Aldrich (St. Louis, MO, USA) provided Corning® Transwell® cell culture 
inserts (CLS3470) and FITC-Dextran (46945). HA-1077, a RhoA/ROCK 
signaling pathway inhibitor, was purchased from Topscience.

2.2. Animals and exposure

Male Cdh5-Cre and female R26-tdTomato mice, aged 6–8 weeks, 
were procured from Cyagen (Suzhou, China). C57BL/6 male mice aged 
6–8 weeks were obtained from the Animal Center of Fourth Military 
Medical University. All procedures involving animals were performed 
following the standards of animal care guidelines. Throughout the 

experiment, mice were maintained at a constant temperature of 24 ◦C 
and approximately 45 % humidity with a 12-h light/dark cycle.

The animals used in the experiments were as follows: (i) Cdh5-Cre+/- 

and Cdh5-Cre-/- mice were obtained by mating the purchased male 
Cdh5-Cre+/- mice with C57BL6 mice, and the genetic identification in
formation was shown in Supplement Fig. 5A. (ii) Hybridization of male 
Cdh5-Cre+/- and female R26-tdTomato+/+ mice resulted in the genera
tion of R26-tdTomato-Cdh5-Cre offspring expressing red fluorescent 
protein in endothelial cells, and the identification information of the 
mice was shown in Supplement Fig. 5B. Mice of 6–8 weeks male were 
selected for the experiment.

In accordance with the experimental design, pre-treatment was 
administered to the Control (Con), Gastrodin (GAS), and Manganese 
plus Gastrodin (Mn + GAS) groups via abdominal subcutaneous injec
tion of GAS (100 mg/kg) or vehicle on days 1, 3, and 5. Preconditioning 
with GAS (50,100 and 200 mg/kg) could significantly improve the BBB 
damage induced by cerebral ischemia during perfusion, and the results 
showed that 100 mg/kg dose was especially significant. A dose of 100 
mg/kg was therefore used for pretreatment in our experiments (Li et al., 
2019). The GAS solution was prepared by dissolving 0.1 g of the com
pound in 10 ml of 0.9 % saline. Subsequent to this pre-treatment 
regimen, Mn was administered following previously established pro
tocols (Wang et al., 2017). The blood samples were collected from the 
heart for the determination of blood manganese content. The blood 
samples were perfused with normal saline to remove excess blood. The 
tissues used for molecular biology experiments were frozen at − 80 ◦C, 
and the tissues used for immunofluorescence were placed in 4 % 
paraformaldehyde.

2.3. Contextual fear conditioning

Cognitive ability assessment was conducted utilizing the Mouse Fear 
Conditioning System (Med Associates, USA). The experimental protocol 
encompassed a three-day procedure. On the initial day of the condi
tioning phase, auditory stimulation (2.3 kHz; 70 dB) was administered 
at 10-second intervals for a duration of 5 min. The subsequent day 
involved the presentation of an acoustic stimulus (2.3 kHz; 70 dB) for 30 
s, culminating in a synchronous 2-second electrical shock (0.75 mA). 
This sequence was iterated thrice, with the subjects being removed from 
the conditioning chambers 30 s post-final shock administration (Viellard 
et al., 2016). On the third day, auditory stimulation (2.3 kHz; 70 dB) was 
delivered once every 10 s. This protocol was executed daily for three 
consecutive days under standardized conditions. Memory function 
under the influence of the conditioned stimulus was quantified by 
measuring the percentage of freezing behavior exhibited over a 5-min
ute observation period.

2.4. Novel object recognition test

Mice were placed in a square arena measuring 400 mm × 400 mm. 
During the training phase, two identical cylindrical objects were posi
tioned at opposite diagonal corners of the arena’s base. The mice were 
allowed to freely explore these objects for a 5-minute period. Following 
this familiarization phase, one of the original objects was replaced with 
a novel object of a different shape for the test phase. The cognitive 
ability of the mice was quantified using the discrimination index (DI), 
calculated as follows: DI = [(Time spent exploring novel object − Time 
spent exploring familiar object)/(Total exploration time for both ob
jects)] × 100 %.

2.5. Blood manganese (Mn) concentration analysis

Following the completion of the animal behavior study, a blood 
sample (0.1 mL) was extracted from the heart under sodium pentobar
bital anesthesia. Mn concentration was determined using hydride gen
eration atomic fluorescence spectrometry, in accordance with national 
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standard methods.

2.6. Permeability assays in vitro and in vivo

In vivo, experimental animals received an intravenous injection of 2 
% fluorescein sodium (2 mL/kg) via the tail vein. After approximately 
30 min, anesthesia was induced by intraperitoneal injection of 10 % 
sodium pentobarbital (3 mL/kg), followed by perfusion with normal 
saline. Subsequently, various brain regions were harvested from the 
fluorescein-injected mice, blotted with filter paper, and subjected to 
extraction using 30 % trichloroacetic acid. Optical density (OD) mea
surements were performed at 440 nm excitation and 525 nm emission 
wavelengths(Li et al., 2021a).

In vitro, BEnd.3 cells were seeded in 6.5-mm Transwell® plates at the 
cell density of 1 × 10^4 cells per well with 0.4 µm Pore Polycarbonate 
Membrane Inserts (Corning, NY). Following convergence, Mn (100 μM) 
was added for 24 h. The next test was of the permeability of FITC- 
dextran in various molecular weights. The transepithelial permeability 
was estimated with 20 μg/mL FITC-dextran (molecular weight of 4 kDa 
and 70 kDa) (Kim et al., 2020) in phosphate buffered saline (PBS). 
Subsequently, the integrity of the junction was assessed and the OD 
values were obtained and represented under 490 excitation and 520 nm 
emission wavelengths.

2.7. Cell culture conditions

The bEnd.3 cell line (immortalized mouse brain endothelial cells) 
was utilized for in vitro experiments. Cells were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 10 % fetal bovine 
serum (FBS), 100 units/mL penicillin, and 100 μg/mL streptomycin. The 
bEnd.3 cells were maintained in an incubator at 37 ◦C with 5 % CO2 and 
95 % air.

2.8. Cell viability assessment

BEnd.3 cells were seeded onto 96-well plates and exposed to varying 
concentrations of Mn for durations of 6, 12, 24, or 48 h. Subsequently, 
0.5 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) was added and incubated for 4 h. Absorbance values 
were measured at a wavelength of 570 nm to assess cell viability.

2.9. RNA extraction and RT-qPCR

Total RNA was extracted from bEnd.3 cells and mouse brain tissue 
using TRIzol reagent (Takara, Japan) according to the manufacturer’s 
instructions. Detailed methodologies can be found in the Supplementary 
Material and Methods section. The primer sequences utilized in the 
experiments are presented in Table 1. β-actin was selected as the refer
ence gene for normalization.

2.10. Immunostaining

The experimental protocol involved seeding 5000 cells per well onto 
small circular slides within a 6-well plate. Upon reaching confluence, the 

cells were subjected to a 24-hour Mn treatment. Post-treatment, the cells 
were fixed in ice-cold methanol and subsequently permeabilized with a 
buffer containing 0.25 % Triton X-100 in PBS for 30 min. Each slide was 
then blocked with 5 % BSA for an additional 30 min. Primary antibodies 
diluted in 5 % BSA were applied for overnight incubation at 4 ◦C. The 
following day, fluorescent rabbit/mouse secondary antibodies diluted in 
PBS were used for incubation at room temperature for 2 h. Finally, the 
slides were mounted using a DAPI-containing mounting solution.

2.11. Western blot

Subsequent to rinsing the cells or tissues with PBS, lysis was per
formed using a homogenizer in RAPI lysates containing a 1 % mixture of 
protease hydrolase and phosphatase inhibitors. Protein samples were 
lysed in loading buffer for 10 min at 100 ◦C. Equal amounts of protein 
samples (30 μg/lane) were resolved by Tris–HCl, the membranes were 
then blocked with BSA. Primary antibodies for ZO-1, Ocln, β-actin (hour 
4 ◦C incubation) were added and then followed with HRP-conjugated 
secondary antibodies. Finally, the protein expression was normalized 
with the loading control, and quantitation was performed using ImageJ 
software.

2.12. Statistics analysis

Means ± SEM were determined. Two-group comparisons were per
formed using Student’s t-test and multiple-group comparisons were 
performed using two-way ANOVA followed by Tukey’s multiple com
parison test. Statistical analyses were conducted using GraphPad Prism 
8.0 software. Sample size N ≥ 3 for each set of data and a significance 
level of p < 0.05 was used.

3. Result

3.1. Mn exposure exposure impairs cognitive function and compromises 
blood–brain barrier integrity in mice

This study employed Cdh5-Cre mice to investigate vascular 
morphology and integrity. These mice were crossed with R26-tdTomato 
reporter mice to generate offspring expressing red fluorescent protein in 
endothelial cells (Fig. 1A). Specifically, R26-tdTomato-Cdh5-Cre-/+ and 
R26-tdTomato-Cdh5-Cre-/- mice were obtained, with R26-tdTomato- 
Cdh5-Cre negative mice serving as controls (Con).

A subacute manganese (Mn) exposure model was established as 
illustrated in Fig. 1A. Mn levels in blood were quantified using atomic 
fluorescence spectrophotometry (Fig. 1B). The Mn-exposed group 
exhibited a ~30-fold increase in blood Mn levels compared to the con
trol group. Further analysis revealed elevated Mn levels in both cortical 
and hippocampal regions two weeks post-exposure (Fig. 1C and 
Fig. S1A).

To assess cognitive function following Mn exposure, we conducted 
novel object recognition and fear conditioning tests. The novel object 
recognition test revealed a significant decline in the mice’s ability to 
discriminate new objects (Fig. 1E, G, and H). The fear conditioning test, 
which provides insights into short-term memory under conditioned 
stimuli, showed no significant difference in freezing time percentage 
between Mn-exposed and control groups on the first day of conditioning. 
However, on the second day (acoustic and electrical co-stimulation) and 
the third day (acoustic stimulus alone), the Mn-exposed group exhibited 
a significantly lower freezing time percentage compared to the control 
group (Fig. 1F, I, and J). These findings collectively indicate that Mn 
exposure impairs cognitive function in mice.

To evaluate blood–brain barrier (BBB) integrity, we assessed brain 
microvascular permeability via tail vein injection of sodium fluorescein. 
Both cerebral cortex and hippocampus of Mn-treated mice displayed 
significantly increased sodium fluorescein fluorescence intensity 
(Fig. 1D and Fig. S1A right). Furthermore, tdTomato-Cdh5-Cre mice 

Table 1 
Primer Sequence.

Number Gene Sequence(3′-5′)

1 ZO-1-F TGAGCCGGTGTCTGATAATG
2 ZO-1-R TTCTGTTCGCTCTCCTCTCC
3 Claudins-1-F GTAATTGGCATCCCCTTGCT
4 Claudins-1-R ATCATCTTCCAGGCACCTCA
5 Claudins-2-F TTTGGTAGCCGGAGAGATTG
6 Claudins-2-R GGAGAGCTCCTAGTGGCAAG
7 Occludin-F TCCAGGACATTCATCGCTTC
8 Occludin-R GATCGTGGCAATAAACACCA
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were utilized to determine the extent of Mn-induced damage to BBB 
endothelial cells. A significant decrease in the radial length of cortical 
blood vessels was observed in the Mn-exposed group (Fig. 1K). These 
results demonstrate that Mn exposure leads to increased vascular injury 
and compromised BBB integrity in mice.

3.2. Mn exposure decreases tight junction proteins in vitro and in vivo

To investigate the effects of Mn exposure on tight junction proteins, 
we conducted both in vitro and in vivo studies. For the in vitro 

experiments, we utilized bEnd.3 cells, a brain microvascular endothelial 
cell line. Cell viability was assessed using MTT assays at various Mn 
concentrations and exposure times. No significant changes were 
observed after 24 h of exposure to 100 μM MnCl2 (Fig. S2). Subse
quently, we employed this concentration (100 μM) for our in vitro 
experiments.

To evaluate cell permeability following Mn treatment, we used 
different molecular weights of FITC-dextran (Fluorescein 5-isothiocya
nate-dextran). While small molecular weight dextran (4 kDa) can 
freely diffuse through cell membranes, large molecular weight dextran 

Fig. 1. Mn exposure reduces cognitive ability and increases BBB injury in mice. (A and B) Experiment schema of Mn treatment in mice. (C and D) Mn concentrations 
in blood (N = 6) and brain (N = 3). (E, F, G) Novel object recognition test. (H, I) Freezing behavior was expressed as percentage of time in the training and testing 
session for Mn (N = 6). (J) Fluorescence intensity of sodium fluorescein in cortex (N = 3). (K) Fluorescent signaling of blood vessels in the cerebral cortex of Cdh-5- 
Cre-tdTomato mice. Scale bars, 50 μm (N = 3). All graphs showed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Con. The same applies below.
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(70 kDa), which mimics albumin in vivo (66 kDa), typically cannot pass 
through cell membranes under normal physiological conditions. Our 
results showed no effect of Mn exposure on the fluorescence intensity of 
small molecular weight FITC-dextran, but a significant increase in the 
fluorescence intensity of large molecular weight FITC-dextran (Fig. 2A 
and B). These findings indicate an increase in cell membrane perme
ability following Mn exposure.

Next, we analyzed tight junction proteins using both reverse- 
transcription polymerase chain reaction (RT-qPCR) and Western blot 
assays. RT-qPCR analysis revealed significant downregulation of ZO-1 
and Ocln mRNA levels in Mn-treated bEnd.3 cells, while the expres
sion of claudin-1 and claudin-2 remained unchanged (Fig. 2C). Western 
blot analysis confirmed a significant decrease in protein expression of 
ZO-1 and Ocln following Mn treatment (Fig. 2D and E). Furthermore, 
immunofluorescence staining demonstrated a significant decrease in the 

mean fluorescence intensity (MFI) of ZO-1 in Mn-exposed cells (Fig. 2F 
and 2G).We also examined TJP expression levels in brain tissues of Mn- 
exposed mice. RT-qPCR analysis showed significantly reduced ZO-1 and 
Ocln expression in both hippocampus and cortex tissues of Mn-exposed 
mice (Fig. 2H and Fig. S1C). Western blotting results corroborated these 
findings, revealing significantly reduced ZO-1 and Ocln protein levels in 
both cortical and hippocampal tissues of Mn-exposed mice compared to 
control mice (Fig. 2I and Fig. S1B). In conclusion, our research consis
tently demonstrates that Mn exposure leads to downregulated expres
sion of tight junction proteins in both in vitro and in vivo models.

Fig. 2. Mn exposure decreases tight junction proteins in vitro and in vivo. (A and B) The permeability of bEnd.3 cell monolayer after Mn treatment. (C) The mRNA 
level of tight junction proteins. (D) Western blot gel images analysis of ZO-1 and Ocln expression in vitro. (E) Western blot assay revealed ZO-1 and Ocln protein 
expression. (N = 4). (F) Immunofluorescence staining red ZO-1 and blue DAPI in bEnd.3 cell. (N = 3). Scale bars, 100 μm. (G) The mean fluorescence intensity (MFI) 
of ZO-1 in bEnd.3 cells exposed to Mn was analyzed. (H) RT-qPCR assay of ZO-1, Ocln, claudin-1 and claudin-2 expression in cortex. (N = 4). (I) Western blot gel 
images of ZO-1 and Ocln expression level in cortex. (J) Western blot assay of protein expression of ZO-1 and Ocln quantification. (N = 3). All bar graphs showed as 
mean ± SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3. Overexpression of Ocln (OE-Ocln) improves cognitive ability and 
increases blood–brain barrier tight junction protein expression in Mn 
exposed mice

To further elucidate the role of Occludin (Ocln) in manganese (Mn) 
toxicity, we employed a gene overexpression approach using adeno- 
associated virus (AAV) vectors. The experimental design involved 
administering either the AAV-overexpression-Ocln (OE-Ocln) vector or a 
control vector (AAV-control, NC) to tdTomato-Cdh5-Cre mice (Fig. 3A). 
Following Mn exposure, we conducted a series of behavioral tests and 
biochemical analyses to assess the effects of Ocln overexpression.

Consistent with previous findings, blood Mn levels increased signif
icantly after Mn exposure in all treated groups (Fig. 3B). Interestingly, 
the Mn concentration in brain tissue, particularly in the cortex region, 
was significantly reduced in the OE-Ocln + Mn group compared to the 
NC + Mn group (Fig. 3C). This suggests that Ocln overexpression may 
play a role in reducing Mn accumulation in the brain.

Behavioral testing revealed notable differences between the experi
mental groups. In the novel object recognition test, Mn-treated mice 
generally exhibited reduced exploration of new objects. However, the 
discrimination index was significantly higher in the OE-Ocln + Mn 
group compared to the NC + Mn group (Fig. 3D-F), indicating improved 
cognitive function with Ocln overexpression. Morphological analysis of 
the cortical vasculature showed that the OE-Ocln + Mn group had a 
significantly increased radial length of blood vessels compared to the 
NC + Mn group (Fig. 3G). This observation suggests that Ocln over
expression may promote vascular development or maintenance in the 
presence of Mn toxicity. To investigate the molecular mechanisms un
derlying these effects, we examined changes in TJPs in the mouse cortex 
using RT-PCR and Western blot analyses. The results demonstrated that 
OE-Ocln + Mn treatment significantly elevated the expression of Ocln at 
both mRNA and protein levels. Interestingly, no significant changes 
were observed for the ZO-1 protein compared to the NC + Mn group 
(Fig. 3H and I). This selective upregulation of Ocln suggests a specific 
role for this protein in mediating the protective effects against Mn 
toxicity.

Collectively, these findings indicate that overexpression of Ocln can 
alleviate cognitive impairment and enhance the expression of the tight 
junction protein Ocln in mice exposed to manganese. Further research is 
warranted to elucidate the precise mechanisms by which Ocln exerts 
these protective effects and to explore potential therapeutic applications 
in managing Mn-related disorders.

3.4. Gastrodin (GAS) protects the BBB and alleviates cognitive 
dysfunction in Mn-exposed mice

To investigate the potential of GAS in preventing cognitive impair
ment induced by manganese (Mn) exposure in mice, we conducted a 
comprehensive study using a well-designed experimental protocol 
(Fig. 4A). Upon completion of the treatment regimen, cognitive function 
was assessed using behavioral tests, including fear conditioning and 
novel object recognition tests. Blood Mn levels were quantified across 
different treatment groups using atomic absorption spectrometry. The 
Mn-exposed group exhibited significantly elevated blood Mn levels 
compared to the control group. Notably, the GAS treatment resulted in a 
marked reduction of Mn levels in the blood of Mn-exposed mice 
(Fig. 4B). Further analysis of Mn concentration in the cortex and hip
pocampus revealed significant decreases in Mn levels following GAS 
treatment, relative to the Mn-exposed group (Fig. 4C and Fig. S3A). In 
the fear conditioning experiment, no significant differences in freezing 
time percentages were observed among the Mn, Con, GAS, and GAS +
Mn groups during the initial conditioning stage. However, on the second 
day (contextual test, Fig. 4H) and third day (cue test, Fig. 4J), the GAS +
Mn group demonstrated increased freezing time percentages compared 
to the Mn treatment group, indicating improved cognitive function.

To assess blood–brain barrier (BBB) integrity, we administered 

intravenous fluorescein sodium. The Mn + GAS group exhibited notably 
reduced fluorescent intensity in both cortex and hippocampus tissues 
compared to the Mn-exposed group (Fig. 4D and Fig. S3B). Collectively, 
these data provide evidence for the protective effects of GAS against Mn- 
induced cognitive impairment in mice, potentially through the preser
vation of BBB integrity and reduction of Mn accumulation in the brain.

3.5. GAS protects against BBB damage induced by Mn treatment through 
upregulation of TJPs expression

To investigate the protective effects of GAS on BBB integrity after Mn 
exposure, we examined the expression of ZO-1 and Ocln both in vivo and 
in vitro. In the in vivo study, RT-qPCR and Western blot (WB) assays were 
performed to detect ZO-1 and Ocln expression in mouse brain tissues 
(hippocampus and cortex). Intragastric administration of GAS signifi
cantly reversed the Mn-induced decrease in mRNA expression of both 
ZO-1 and Ocln (Fig. S2D and E). At the protein level, WB analysis 
revealed that GAS treatment alleviated the Mn-induced decline in Ocln 
protein expression in cortex tissues (Fig. 4K-L). A similar effect was 
observed for ZO-1 protein expression. Comparable results were also 
found in the hippocampus (Fig. S3C).

To further validate these findings, we conducted additional experi
ments using bEnd.3 cells, an in vitro model of the BBB. Initially, we 
assessed the effect of GAS on cell viability to determine the optimal 
concentration for treatment. GAS concentrations below 100 μM showed 
no significant impact on cell viability (Fig. 5A). Subsequently, bEnd.3 
cells were treated with 10, 20, and 50 μM of GAS. The results demon
strated that 20 μM GAS effectively mitigated the Mn-induced decrease in 
ZO-1 and Ocln mRNA levels (Fig. 5B). Based on these findings, 20 μM 
GAS was selected for subsequent experiments.

To determine whether protein levels were similarly affected, we 
performed WB experiments. Treatment with Mn alone caused a signifi
cant decrease in ZO-1 protein expression, while the addition of 20 μM 
GAS increased the expression of both ZO-1 and Ocln compared to the 
Mn-treated group (Fig. 5C). To assess the functional implications of 
these changes, we conducted permeability assays using FITC-dextran. 
While no significant difference was observed in the permeability of 
small molecular weight FITC-dextran (4 kDa) (Fig. 5D), treatment with 
20 μM GAS significantly reduced the Mn-induced increase in bEnd.3 cell 
permeability to large molecular weight FITC-dextran (70 kDa) (Fig. 5E). 
Collectively, these results suggest that GAS protects against BBB damage 
induced by Mn treatment by upregulating the expression of tight junc
tion proteins, thereby maintaining BBB integrity.

3.6. GAS inhibits the RhoA/ROCK2 pathway in Mn-treated bEnd.3 cells

To investigate the effects of manganese (Mn) exposure on this 
pathway, we examined the protein expression of RhoA and ROCK iso
forms in Mn-treated bEnd.3 cells using Western blot analysis. Our re
sults, as illustrated in Fig. 6A and B, demonstrate that Mn treatment 
significantly upregulated the expression of RhoA and ROCK2 proteins, 
while ROCK1 protein levels remained unchanged compared to the 
control. These findings suggest that Mn exposure activates the RhoA/ 
ROCK2 signaling pathway. Given the established importance of the 
Rho/ROCK pathway in modulating cytoskeleton-based functions, 
including cell morphology, migration, adhesion, and barrier function 
(both epithelial and blood–brain), we sought to determine the potential 
inhibitory effects of gastrodin (GAS) on the Mn-activated RhoA/ROCK2 
signaling pathway. Treatment with GAS resulted in significantly atten
uated changes in RhoA and ROCK2 protein levels (Fig. 6C and D). To 
further elucidate the relationship between the RhoA/ROCK2 pathway 
and tight junction proteins (TJPs), we conducted in vitro experiments 
using HA-1077, a potent inhibitor of the RhoA/ROCK signaling pathway 
(Fig. 6E and F). Western blot analysis revealed that HA-1077 signifi
cantly downregulated the protein expression of both RhoA and ROCK2 
following Mn intoxication. Subsequently, we examined the expression of 
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Fig. 3. Overexpression of Ocln (OE-Ocln) improves the Mn-induced impaired cognition and increased the expression of tight junction proteins of the blood–brain 
barrier. (A) The sketch map showed the processes of Mn exposure in this study. (B) and (C) Mn concentrations in blood and brain of tdTomato-Cdh5-Cre mice with 
tail vein injected AAV-Cdh5-NC or AAV-Ocln OE. (N = 3) (D, E and F) Novel object recognition test in Mn-exposed mice. (E) The time of new object exploration. (F) 
New object recognition experiment discrimination index. (N = 5). (G) The fluorescence signs of blood vessels in the cerebral cortex of Cdh-5-Cre-tdTomato mice. 
Scale bar, 50 μm. (H) The qRT-PCR analyzed the level of tight junction proteins in cortex. (I) Western blot gel images of ZO-1 and Ocln expression in cortex. (J) 
Quantification of western blot analysis of ZO-1 and Ocln proteins. (N = 3) Graphs show group mean ± SEM.
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cellular TJPs after suppressing the RhoA/ROCK pathway. Our findings 
demonstrated that HA-1077 treatment significantly upregulated ZO-1 
and Ocln proteins compared to Mn-exposed cells. Based on these re
sults, we postulate that GAS may mitigate Mn toxicity through the in
hibition of the RhoA/ROCK2 pathway.

In conclusion, our study provides evidence for the protective effects 
of GAS against Mn-induced toxicity, potentially mediated through the 
modulation of the RhoA/ROCK2 signaling pathway and subsequent 
preservation of tight junction integrity.

4. Discussion

Mn is an essential trace element for the human body, playing a 
crucial role in various physiological processes. However, excessive Mn 
exposure can lead to neurotoxicity and damage to the CNS (Wang et al., 
2017). The BBB is a critical component in maintaining CNS homeostasis 
and has been implicated in several neurodegenerative disorders, 
including Alzheimer’s disease (AD), Parkinson’s disease (PD), and 
Huntington’s disease (HD) (Huang et al., 2020; Iyer et al., 2021). In this 
study, we found that Mn exposure could lead to the increase of BBB 
permeability and the decline of learning and memory ability in mice. We 
found that tight junction proteins played an important role in the in
crease of BBB permeability induced by Mn exposure. In addition, the 
protection of BBB by GAS could alleviate the damage caused by Mn 
exposure in mice, and the RhoA/Rock2 signaling pathway may be 
involved.

The primary routes by which Mn enters the brain microenvironment 
include transport across the BBB, absorption through inhaled cerebro
spinal fluid (CSF), and passage through the blood-cerebrospinal fluid 
barrier (Horning et al., 2015; McCabe & Zhao, 2021). The BBB serves as 
a critical regulatory interface within the CNS, tightly controlling the 
microenvironment. The BBB is mainly composed of endothelial cells, 
astrocytes, microglia and pericytes. Numerous previous studies have 
shown that manganese-induced neurotoxicity leads to significant acti
vation of astrocytes and microglia and expression of many neuro
inflammatory genes, which aggravates neuronal damage (Kisler et al., 
2017). The results also suggest that microglia are activated after Mn 
exposure and that the neuroinflammation mediated by microglia is 
involved in the pathological mechanism of the body (Kirkley et al., 
2017). Studies have shown that manganese can activate microglia and 
increase the release of proinflammatory cytokines, leading to damage to 
dopaminergic neurons in the brain of rats (Zhao et al., 2009). Mn 
exposure dysfunctions mitochondrial biology in astrocytes, leading to 
the release of proinflammatory cytokines and adjacent neuronal damage 
(Sarkar et al., 2018). The endothelium also plays a key role in regulating 
the entry of immune cells and molecules into the CNS. Normally, the 
BBB tightly controls the entry of substances to protect the neuronal 
environment (Abbott et al., 2006). However, during neuro
inflammation, activated endothelial cells can increase the permeability 
of the BBB, thereby allowing immune cells and inflammatory mediators 
to enter the brain (Oliveira-Paula et al., 2024). It is composed of capil
lary endothelial cells expressing TJPs that form a highly selective barrier 

Fig. 4. Gastrodin (GAS) reverses the BBB effects and alleviates the cognitive dysfunction induced by Mn in mice. (A) Schematic diagram of the experiment. (B, C) Mn 
levels detected in the blood and brain (N = 3). (D) Amount of sodium fluorescein measured in the cortex of the brain (N = 3). (E, F and G, H) Multiple forms of 
cognition were tested for. (F and G) Amount of time Mn treated mice will explore objects during the novel object recognition test. (F) Percentage of discrimination. 
(G) Freezing behavior of the mice treated with Mn during the training and testing sessions represented as a percentage of time (N = 5). Data are mean ± SEM. 
Significant differences were analyzed using Two-way ANOVA.
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between the blood and brain parenchyma (Crossgrove & Zheng, 2004). 
TJPs, including Ocln, Claudin-5, and ZO-1, are major structural com
ponents of the BBB (Willis et al., 2004). Alterations in TJP expression, 
localization, or post-translational modifications can significantly impact 
BBB function (Burek et al., 2019). BBB dysfunction has been associated 
with various neuropathologies, potentially triggering a cascade of events 
including neuroinflammation, disruption of ion homeostasis, matrix 
metalloproteinase activation, aberrant synaptogenesis, and pathological 
synaptic plasticity (David et al., 2009; Kim et al., 2017; Levy et al., 2015; 
Salar et al., 2016; Weissberg et al., 2015). Recent studies have identified 

BBB disruption as an early biomarker for cognitive dysfunction in 
humans (Nation et al., 2019). Furthermore, BBB dysfunction in AD has 
been linked to alterations in brain endothelial cells, which can be 
mitigated through targeted regulation of the Wnt/β-catenin signaling 
pathway, suggesting a potential therapeutic approach (Wang et al., 
2022). Our research corroborates these findings, demonstrating that 
excessive Mn exposure leads to a significant reduction in TJPs ZO-1 and 
Ocln at both mRNA and protein levels. Under normal physiological 
conditions, Mn homeostasis is regulated by various transport proteins, 
including divalent metal ion transporter protein 1 (DMT1, SLC11A2), 

Fig. 5. GAS protects against BBB damage after Mn treatment by increasing TJPs expression in vitro and in vivo. (A) Cell viabilities of bEnd.3 cells were analyzed by 
MTT assay when exposed to GAS at indicated doses. N = 6. (B) RT-qPCR was used to measure the mRNA levels of ZO-1 and Ocln in bEnd.3 cells after GAS treatment. 
(C) The protein levels of ZO-1 and Ocln in bEnd.3 cells were determined by Western blot. (D and E) Transwell assay was used to determine the permeability of FITC 
across the monolayer of bEnd.3 cells with or without GAS treatment. (F) In the cortex, Western blot assay was used to measure the protein levels of ZO-1 and Ocln. 
(G) Quantification of Western blot analysis in cortex was obtained. (N = 3). Data are reported as mean ± SEM.

Y. Ma et al.                                                                                                                                                                                                                                      Current Research in Toxicology 8 (2025) 100207 

9 



and metal cation cotransport proteins ZIP8 (SLC39A8) and ZIP14 
(SLC39A14) (Chen et al., 2015). However, our experiments revealed 
that excess Mn did not alter DMT1 expression, suggesting alternative 
mechanisms of Mn-induced neurotoxicity. Our findings demonstrate 
that excessive Mn exposure results in altered BBB permeability, 

decreased TJP expression, and increased neurotoxicity, although the 
precise mechanisms underlying these effects require further 
investigation.

Small molecule drugs play a crucial role in BBB protection due to 
their ability to penetrate the BBB. For instance, Zebularine has been 

Fig. 6. GAS inhibited the RhoA/ROCK pathway in Mn-treated bEnd.3 cells. (A, C) The expression of RhoA and ROCK protein was assessed by western blotting (B) 
Quantitative analysis of protein bands. The student’s t-test. (N = 4). (D) Quantitative analysis of protein bands. (E–F) bEnd.3 cells were treated with or without RhoA/ 
ROCK inhibitor (HA-1077, 25 μM) 2 h before Mn treatment. (E) Protein levels of ZO-1, Ocln, RhoA and ROCK2 were measured by western blotting. (F) Gray analysis 
of protein expression. These comparisons were carried out using ANOVA with the post-hoc Tukey test (N = 4).
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shown to protect against BBB disruption by increasing the expression of 
ZO-1 and vascular endothelial (VE)-cadherin, while catalpol demon
strates protective effects against fibrillar Amyloid-β (1–42)-induced BBB 
disruption (Mo et al., 2021; Yang et al., 2021). Resveratrol, a poly
phenolic compound, has been observed to restore neuronal TJPs 
(Vairappan et al., 2019). Resveratrol, a polyphenolic compound, has 
been observed to restore neuronal TJPs (Bavarsad et al., 2019). Gas
trodin (GAS), upon entering systemic circulation, rapidly distributes and 
concentrates in the central nervous system, exerting a protective effect 
(Liu et al., 2018; Zhan et al., 2016). Xiao et al. reported that GAS 
exhibited memory-enhancing effects by promoting hippocampal neu
rogenesis in memory-impaired mice. Furthermore, GAS has shown ef
ficacy in treating neuroinflammation induced by lipopolysaccharide 
(LPS) in rats and can protect cognitive and memory abilities in patients 
with cognitive impairment (Wu et al., 2019). GAS has also been found to 
enhance the function of endothelial cells through increased expression 
of tight junction proteins (Li et al., 2021a). Moreover, GAS demonstrated 
anxiolytic action through the RhoA/ROCK signaling pathway (Chen 
et al., 2016). In our experiment, we observed that GAS can alleviate 
cognitive injury induced by manganese (Mn), mitigate BBB damage, and 
reverse the inhibition of the RhoA/ROCK pathway. RhoA, a member of 
the Rho family of small GTPases, regulates various signaling pathways 
and influences diverse cellular functions. In the CNS, Rho GTPases play a 
vital role in brain development (Zamboni et al., 2018). RhoA mediates 
cytoskeleton formation and cytokinesis (Naydenov et al., 2021). In 
neurological diseases, RhoA/ROCK signaling is particularly important in 
regulating cytoskeletal dynamics (Roser et al., 2017). hoA specifically 
binds to the TJPs and exerts a protective effect (Jaiswal et al., 2011). 
Additionally, our study confirmed that Mn can affect the expression of 
TJPs (Occludin, ZO-1) through activation of the RhoA/ROCK2 signaling 
pathway.

In conclusion, our study revealed that Mn causes BBB damage and 
decreases the expression of tight junction proteins, which has never been 
demonstrated in previous studies. GAS, as a protective agent of the 
barrier system, can attenuate Mn-induced BBB damage, and thus, may 
attenuate cognitive deficits caused by Mn toxicity. We propose that 
future studies should further elucidate the therapeutic modalities of GAS 
and the mechanisms involved in the alteration of BBB permeability in 
neurodegenerative diseases characterized by cognitive dysfunction.

5. Conclusions

This new study provides evidence that GAS ameliorates cognitive 
impairment and attenuates altered tight junction protein permeability 
following Mn exposure via the RhoA/ROCK2 pathway in bEnd.3 cells.
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