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ARTICLE INFO ABSTRACT

Article history: Hyperglycemia in individuals with diabetes causes cognitive impairment, called diabetic encephalopathy
Received 26 January 2025 (DE). The pathogenesis of DE is closely related to angiopathy, and effective treatment is highly desirable.
/]ie‘”sed (13114\":“,}; ;g;s The botanical agent berberine (BBR) effectively lowers blood glucose in diabetic patients. Here, we show
ceepte Aprl > for the first time that BBR significantly improved cognitive function in type 2 diabetic encephalopathy
Available online 30 April 2025 . . . . . . . . ..
KK-Ay (2DEK) mice. High-resolution imaging via fluorescence micro-optical sectioning tomography
(fMOST) revealed that the integrity of brain vessels was improved by BBR treatment. The improvements
in average vessel diameter, vessel length, and total vessel volume were significant in the parietal associ-
Keywords: ation cortex (PtA), as well as in the CA1 and CA3 regions. A mechanistic study revealed that oral BBR
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inhibited 5-valerobetaine (5-VB, a metabolite of the gut microbiota) production in the intestine. As
intestinal 3-VB can enter the circulation and activate the Toll-like receptor-4 (TLR-4)/myeloid differenti-
ation factor 88 (MyD88)/nuclear factor kappa B (NF-kB) inflammatory pathway in the epithelial cells of

blood vessels through interacting with TLR-4, BBR might reduce the intestinal level of 3-VB to protect the
cerebral blood vessels of DE mice and improve their brain function. Fecal microbiota transplantation
(FMT) using the gut microbiota from BBR-treated mice confirmed the vital role of the gut microbiota.
BBR showed a wide range of effects on the gut flora, also increasing short-chain fatty acid (SCFA) produc-
tion and decreasing lipopolysaccharide (LPS) levels in the intestine by adjusting the abundance of SCFA-
or LPS-producing bacteria. The observed therapeutic efficacy in vivo revealed a synergistic effect of BBR
on the gut microbiota. Conclusively, we found an association between the gut microbiota and blood ves-
sels, of which intestinal 5-VB might be a chemical link. Mainly through downregulating 5-VB in the intes-
tine, BBR protected cerebral vessels and alleviated DE.
© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Diabetic encephalopathy

1. Introduction The risk of dementia in diabetic patients is approximately 73%
greater than that in nondiabetic patients, especially in middle-

Diabetic encephalopathy (DE) is a form of encephalopathy with aged patients with type 2 diabetes (T2D) [2]. DE is closely related
abnormal central nervous system function caused by diabetes [1]. to clinical manifestations such as memory loss and learning
dysfunction [3], which may lead to serious consequences such as
Alzheimer’s disease, also called type 3 diabetes [4]. The pathogen-
esis of DE is very complicated and has not yet been fully elucidated.
Among them, factors such as hyperglycemia can cause cerebrovas-
cular inflammation, and the possible mechanism of damage is
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closely related to the activation of galectin-3 (Gal-3) [5,6], Toll-like
receptor-4 (TLR-4) [7], and nuclear factor kappa B (NF-xB) [8,9],
among others, leading to compromised cerebral vascular walls,
endothelial cell necrosis, and subsequent development of signifi-
cant pathological injuries, including a reduction in the number of
cerebral blood vessels [10]. Therefore, interruption of the inflam-
matory pathways by targeting TLR-4 and NF-kB might partially
restore cerebrovascular physiology and improve brain function.

Research has revealed that the gut microbiota and their metabo-
lites play crucial roles, particularly in the treatment of neurological
and psychiatric disorders [11]. Targeting the “gut-brain axis” has
become a significant approach in the development of new drugs in
recent years. For example, Morinda officinalis oligosaccharides can
positively modulate the tryptophan—5-hydroxytryptophan—seroto-
nin metabolic pathway through the gut microbiota, thereby promot-
ing the release of 5-hydroxytryptophan and exerting an antidepres-
sant effect [12]. Compounds such as albiflorin or paeoniflorin in
Xiaoyao Pills can be metabolized by the gut microbiota and trans-
formed into active metabolites such as benzoic acid [13-15]. These
metabolites can cross the blood-brain barrier (BBB), reduce brain
fatty acid amide hydrolysis, and exhibit antidepressant effects [15].
Additionally, the metabolites of the gut microbiota may also con-
tribute to the onset and progression of brain diseases. &-
Valerobetaine (5-VB) is a metabolite of the gut microbiota discovered
in recent years, and it can cross the BBB and cause age-related cog-
nitive memory decline and cognitive dysfunction [16]. Studies have
shown that 3-VB might directly damage the brain microenviron-
ment, but the detailed mechanism remains unclear. Therefore, mod-
ulating the gut microbiota might be a potential strategy for treating
DE. Identifying the characteristics of the gut microbiota and their
metabolites that might be related to DE has great potential for the
discovery of drugs to treat this disease.

Berberine (BBR) is an isoquinoline alkaloid extracted from the
traditional Chinese herbal medicine Coptis chinensis French. Since
2004, our group, as well as others, has found that BBR is a safe
and effective drug in the clinic for the treatment of hyperlipidemia
and T2D [17,18]. Unlike most known glucose- or lipid-lowering
drugs, BBR administered via the oral route effectively interacts
with the gut microbiota [19]. As part of our continuous research
[20-25], we showed here that BBR largely improved blood vessels
in the brain and alleviated DE through inhibiting 5-VB production
in the gut microbiota, thereby interrupting the TLR-4/myeloid dif-
ferentiation factor 88 (MyD88)/NF-kB inflammatory pathway in
vessel endothelial cells. To the best of our knowledge, this is the
first report to demonstrate that intestinal 3-VB links the gut micro-
biota to cerebral vascular inflammation in DE. Currently, it remains
difficult to protect brain blood vessels from hyperglycemia-
induced inflammation in the clinic, and we consider this discovery
highly valuable for potential translation because BBR has been
used as an over-the-counter (OTC) drug with good safety records.

2. Materials and methods

2.1. Efficacy of BBR in type 2 diabetic encephalopathy KK-Ay (2DEK)
mice

C57BL/6] mice (male, 42-49 days) and KK-Ay mice (male, 42—
49 days) were supplied by HFK BIOSCIENCE Co., Ltd. (China). The
animals were housed in a controlled environment with free access
to food and water. The room temperature was maintained at
(22+2)°C with a 12-h light/dark cycle. The research was con-
ducted in accordance with institutional guidelines and ethics and
was approved by the Laboratories’ Institutional Animal Care and
Use Committee of the Chinese Academy of Medical Sciences &
Peking Union Medical College (No. 00005020). The research was
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conducted in accordance with all the ethics guidelines of the
Chinese Council on Animal Care.

Thirty KK-Ay mice and ten C57BL/6] mice were adapted for one
week before grouping. The C57BL/6] mice were subsequently fed
regular fodder (the control group, oral with purified water), and
the KK-Ay mice had free access to the KK fodder (No. 1042). The
body weight and six-hour fasting blood glucose were measured
every week. Fasting blood glucose was measured with an
ACCU-CHEK® Performa blood glucose meter (Roche Diabetes Care,
Inc., China). After ten weeks, 2DEK mice were selected from among
the KK-Ay mice whose six-hour fasting blood glucose level was >
11.1 mmol-L™! for three consecutive weeks. The 2DEK mice were
then randomly divided into three groups and given different drugs
for ten weeks. The three groups were the model group (oral with
purified water, Group M; n = 10), the low-dosage BBR group (oral,
100 mg-kg~'-d"!, Group BBR-L; n = 10), and the high-dosage BBR
group (oral, 200 mg-kg~'-d™!, Group BBR-H; n = 10). BBR was dis-
solved in purified water. Body weight and the six-hour fasting
blood glucose were measured at a fixed time every week during
the treatment. At the end of treatment, the oral glucose tolerance
test (OGTT) was performed on the mice in each group, with D-
glucose (2 g-kg!) administered intragastrically, and blood glucose
was measured after 15, 30, 60, and 120 min. Then, a novel object
recognition test [26] and a step-down test [27] were performed,
and fresh feces were collected for 16S ribosomal RNA (rRNA) gene
sequencing analysis. According to the results of the step-down test,
the mice with the median level in each group were selected for flu-
orescence micro-optical sectioning tomography (fMOST) [28]
(n = 3 for Group M; n = 3 for Group BBR-H). The serum, colons,
and brains of other mice were collected. The methods used to
determine the other indicators are presented in the supplementary
information.

2.2. High-resolution imaging via fMOST

Three KK-Ay mice (from Group M) and three BBR-treated KK-Ay
mice (from Group BBR-H) were anesthetized with 10% chloral
hydrate solution (0.4 mL per 10 g). Lycopersicon esculentum
lectin (LEL) DyLight 488 (140 pL for each mouse) was then injected
via the tail vein to label blood vessels. The mice were transcardially
perfused with 0.01 mol-L™! phosphate-buffered saline (PBS, pH 7.4)
and 4% paraformaldehyde (PFA, w/w). The excised brains were fixed
in 4% PFA for 24 h at 4 °C. Furthermore, each brain was rinsed in PBS
twice (once every 12 h). Then, the brain was dehydrated in a gradi-
ent of ethanol (50% and 75% for 2 h) and dehydrated in absolute
ethanol three times (the first two times for 2 h without 0.3% Sudan
black B (SBB); the third time overnight with 0.3% SBB). Afterward,
each brain was infiltrated using a graded series of LR white resin
(50%, 75%, 100% each for 2 h), followed by infiltration with 100%
LR white for 48 h. After infiltration, the brain samples were embed-
ded in gelatin capsules and polymerized in a vacuum drying oven
with a graded series of temperatures (45 °C for 2 h, 48 °C for 4 h,
50 °C for 2 h). The LR white resin and ethanol used for infiltration
and polymerization were combined with 0.3% SBB. The 100% LR
white resin was composed of filtrated LR white resin and 2,2’-
azobis(2,4-dimethylvaleronitrile) (0.03 g per 5 mL). After the intact
brains were removed, stained, and embedded in LR white resin, the
samples were subsequently imaged.

Imaging and image preprocessing the resin-embedded intact
mouse brains were automatically and continuously sectioned and
imaged with the fMOST system (Biomapping 5000; Wuhan OE-
Bio Co., Ltd., China). All the image files were saved at an 8-bit depth
with a voxel size of 0.35 pm x 0.35 pm x 2 pm. Continuous data
acquisition for each mouse brain lasted for four days; the total
uncompressed volume of each mouse brain exceeded 3 TB and
produced approximately 4500-5000 coronal sections. The raw
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imaging dataset of the cerebral vasculature was preprocessed with
OE-Bio mapping preprocessing software to assemble mosaics and
correct the illumination to improve image quality. The prepro-
cessed dataset was saved in tag image file format (TIFF).

All coronal sections were resampled to a voxel size of
1 um x 1 pum x 2 pm using the preprocessing software. For conve-
nience in computing the diameter, length, and volume of blood
vessels, it was essential to resample high-resolution sections. We
converted the resampled sections to Imaris file format (IMS) and
used Imaris 9.5 to reconstruct the whole brain. The surface module
of Imaris software was applied to build surfaces fit to the blood
vessels as much as possible. Considering the differences in brain
region volume, the blood vessel surface-to-volume ratio of the
brain region was calculated to evaluate the impact of diabetes on
mouse cerebral vessels. The single brain subregion was three-
dimensionally cropped into a 245 pm x 140 pm x 200 pum cube
with an original voxel size of 0.35 um x 0.35 pm x 2 pm. The
selected locations of the brain subregions were as consistent as
possible between the KK-Ay mouse group and the BBR-treated
mouse group. The filament trace function of Imaris software was
used to automatically trace the vascular network. The major quan-
titative parameters included average blood vessel diameter, vessel
length density, and vessel volume. The brain subregion vascular
volume and fragment counts were analyzed via the surface func-
tion. The filament trace function could have been used to compute
the vascular volume, but the filament-measured intravascular vol-
ume would be lower than the actual volume.

2.3. Efficacy of fecal microbiota transplantation (FMT) in 2DEK mice

A total of 45 KK-Ay mice (male, 42-49 days) and 15 C57BL/6]
mice (male, 42-49 days) were obtained after receiving approval
(No. 00005468) and allowed to adapt for one week before group-
ing. C57BL/6] mice were fed regular fodder (the control group, oral
with purified water), and KK-Ay mice had free access to the KK fod-
der to establish the 2DEK mice. Then, the 2DEK mice were ran-
domly divided into three groups: the model group (oral with
purified water, Group M; n = 15), the high-dose BBR group (oral,
200 mg-kg~'-d”!, Group BBR-H; n = 15), and the FMT group (oral
with purified water, Group FMT; n = 15). After six weeks of BBR-
H treatment, an antibiotic cocktail was used to establish the
pseudo-germ-free model, and then FMT was performed using fresh
feces from mice in the BBR-H group for three weeks. The antibiotic
cocktail preparation and administration protocol was as follows: a
mixture containing 10 mg-kg™! each of cefoxitin, gentamicin,
metronidazole, and vancomycin was dissolved in PBS. This combi-
nation was orally administered to FMT-treated mice for three con-
secutive days to establish a short-term pseudo-germ-free model,
effectively depleting the indigenous gut microbiota. Subsequently,
clindamycin hydrochloride (33.3 mg-kg™') was administered on
day 4 to maintain microbiota suppression during the experimental
timeline [16]. At the end of treatment, an OGTT was performed.
Afterward, the Morris water maze [29], a novel object recognition
test, and a step-down test were performed, and fresh feces were
collected for 16S rRNA gene sequencing analysis. The serum,
colons, and brains of other mice were collected. The methods used
to determine the other indicators are presented in the supplemen-
tary information.

2.4. Determination of Gal-3 and TLR-4/MyD88/NF-kB signaling in
high-glucose-induced bEnd.3 cells

The experiment comprised nine groups, including the control
group (only complete medium), Group M (only complete medium),
Group lipopolysaccharide (LPS) (100 ng-mL™'), Group &-VB
(200 umol-L™!), Group sodium acetate (SA) (1 mmol-L™!), Group
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sodium propionate (SP) (1 mmol-L™!), Group sodium butyrate
(SB) (2 mmol-L™!), Group sodium isobutyrate (SIB) (2 mmol-L™!),
and Group modified citrus pectin (MCP) (2 mg-mL™"). bEnd.3 cells
(Procell Life Science & Technology Co., Ltd., China) in the logarith-
mic growth phase were plated in six-well plates and cultured for
24 h until the cells filled the wells. Medium with an additional
30 mmol-L™! D-glucose was added to each well, except in the con-
trol group, in which an equal amount of complete medium was
added. After culturing for 24 h, the compounds mentioned above
were added to the respective groups (n = 6). After culturing for
24 h, the bEnd.3 cells were collected and lysed for quantitative
determination of the levels of Gal-3, TLR-4, MyD88, NF-xB P65,
NF-xB p-P65, tumor necrosis factor-o. (TNF-at), interleukin (IL)-
1B, and IL-6 by enzyme-linked immunosorbent assay (ELISA) (Bei-
jing Winter Song Boye Biotechnology Co., Ltd., China).

2.5. Statistical analysis

The statistical analysis was performed by the two-tailed Stu-
dent’s t test or one-way analysis of variance (ANOVA) followed
by Dunnett’s t test using GraphPad Prism version 8 (GraphPad Soft-
ware, USA). Homogeneity of variance was confirmed using
Levene’s test prior to ANOVA. Statistical analysis of correlations
was performed with Spearman correlation. P values less than
0.05 were considered statistically significant.

The detailed methods and materials are available in the Appen-
dix A.

3. Results

3.1. BBR reduced cerebral vessel damage and protected brain function
from hyperglycemia-induced encephalopathy

To determine whether BBR can improve type 2 diabetic
encephalopathy, 30 KK-Ay mice were used to construct the 2DEK
model (ten C57BL/6] mice were used as the control group). The
2DEK mice were then randomly divided into three groups and
given different drugs for ten weeks. The three groups were the
model group (Group M; n = 10), the low-dosage BBR group (oral,
100 mg-kg~'-d"!, Group BBR-L; n = 10), and the high-dosage BBR
group (oral, 200 mg-kg™!-d™!, Group BBR-H; n = 10) (Fig. S1(a) in
Appendix A). At the end of treatment, according to the results of
the behavioral test, the mice with the median level in each group
were selected for fMOST (n = 3 for Group Model; n = 3 for Group
BBR-H). We first examined blood vessels in the brain. To visualize
the whole brain vessels with high resolution, we performed a
three-dimensional (3D) reconstruction of the vascular network
from the imaged sections of both groups. Five hundred sections
were projected to a 1000-pum-thick coronal section to reveal 3D
images of the brain vessels. In the coronal view, all blood vessels
in the entire brain were clearly labeled in red (Fig. 1). The blood
vessels in the cortex were particularly abundant, with a greater
density than those in other regions, such as the hippocampus
and striatum (Fig. 1(a)). When we enlarged the image (with the
scale bars was 50 pum or 20 pm), we found that, compared with
that of the BBR-H-treated mice, the image background of the KK-
Ay model mice was more blurred, with numerous small red dots
scattered between blood vessels in the whole brain, including the
cortex, hippocampus, and striatum. We then selected the parietal
association cortex (PtA), an area rich in blood vessels [30], to
observe the notable vascular changes in the KK-Ay mice. The right
panel of Fig. 1(a) clearly shows the difference between the
untreated KK-Ay model mice (Group M) and the BBR-H-treated
KK-Ay mice (Group BBR-H). The integrity of brain capillaries and
the permeability of the BBB can be damaged in diabetic mice
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Whole brain
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Whole brain CA1

BBR-H

(b)

Whole brain CA3
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Fig. 1. 3D ultrastructural imaging of cerebral vessels in the 2DEK mice. Typical
coronal view of the high-resolution vessel images from whole brain and (a) PtA,
(b) CAT1, and (c) CA3 before and after BBR-H treatment in KK-Ay mice. The left part
of each group is the whole brain vascular imaging and the top-right corner is an
enlargement of selected PtA, CA1, and CA3 area (245 um x 140 um) indicated as
white box in the whole brain, and the bottom-right corner of each group is an
enlargement of top-right 1/4 part of selected PtA, CA1, and CA3 area
(245 pm x 140 pm).

[31,32]. In the present study, DyLight488 (a red lectin fluorescent
dye) was given to the mice to determine its distribution in blood
vessels after tail vein injection because the dye only binds to the
vascular endothelium and should not appear outside blood vessels.
As shown in the right panel of Fig. 1 (PtA, CA1, and CA3), many red
fluorescent signals appeared in the tissue between blood vessels,
indicating leakage in the brain blood vessels of the untreated KK-
Ay model mice and suggesting damage to the endothelial cells of
the brain blood vessels. To verify that the permeability of the blood
vessels was indeed damaged, we demonstrated that, as shown in
Figs. 2(a) and (b), by measuring the grayscale values of the original
unprocessed images, the grayscale values of the images from the
untreated KK-Ay model mice were markedly greater than those
of the BBR-H mice. The results revealed that the image background
in the BBR-H group was much clearer than that in the KK-Ay model
group, indicating DyLight488 leakage from blood vessels into sur-
rounding tissues in the KK-Ay model mice and a protective effect
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on blood vessels after BBR treatment. These findings suggest that
the integrity of brain vessels is improved by BBR treatment.

To determine how BBR-H improves vascular function, we
selected three brain regions, the PtA, CA1, and CA3 regions of the
hippocampus, each with a tissue sample size of 245 pm x
140 um x 200 pm, and measured the changes in vessel diameter,
vessel length density, and vessel volume before and after BBR-H
administration. As shown in Figs. 2(c)-(e), the average vessel diam-
eter in the PtA and CA1 regions significantly increased by 6.91%
and 8.20%, respectively, after BBR-H treatment (n = 3 for each
group; *P < 0.05, Group BBR-H vs Group M; Figs. 2(c) and (d)),
whereas in CA3, the increase was 8.35%, with a P value of 0.10
(Group BBR-H vs Group M; Fig. 2(e)). In the present study, vessel
length density refers to the total vessel length in the
245 pm x 140 pm x 200 wm tissue mass, vessel length density is
an indicator which was previously reported [33]. BBR-H treatment
significantly increased total vessel length density by 25.62% in the
PtA region (n = 3 for each group; *P < 0.05, Group BBR-H vs Group
M; Fig. 2(f)), 9.64% in the CA3 region (P = 0.16; Fig. 2(g)), and had
no effect in the CA1 region (Fig. 2(h)). The total vessel volume in
the PtA and CA3 regions also significantly increased by 39.80%
and 27.73%, respectively, after BBR-H treatment (n = 3 for each
group; *P < 0.05, **P < 0.01, Group BBR-H vs Group M; Figs. 2(i)
and (j)); in the CA1 region, the increase was 9.64%, but the differ-
ence was not statistically significant (P = 0.42; Fig. 2(k)). Taken
together, these findings suggest that BBR-H improved blood vessel
function in KK-Ay mice. The improvements in average vessel diam-
eter, vessel length density, and total vessel volume in the PtA were
more apparent than those in the CA1 and CA3 regions, which might
reflect the rich blood vessel supply in the PtA region [30]. We
assumed that the cloudiness of the brain images of the KK-Ay
model mice was caused by the hyperglycemia-induced damage
to the integrity of blood vessels, which then led to the leakage of
fluorescent dye outside the vessels and the labeling of damaged
endothelial fragments.

To quantitatively analyze the clarity of the images from the two
groups, we compared the grayscale values of the blood vessels in
the original unprocessed images; Image] software was used to ran-
domly detect the grayscale values of ten data points for blood ves-
sels in each image. The grayscale values of the 100 detected points
were then averaged as the grayscale value of the images for each
mouse (Fig. 2(a)). The calculated grayscale values of the original
images from the KK-Ay model mice and BBR-H-treated mice were
(56.32 + 1.74)% and (29.09 * 2.21)%, respectively (n = 3; **P < 0.01,
Group BBR-H vs Group M; Fig. 2(b)). The grayscale value of the
images from the KK-Ay model mice was 1.94-fold greater than that
of the BBR-H-treated mice. The original brain images of the KK-Ay
model mice indeed had a blurry background compared with those
of the BBR-H mice, suggesting a protective effect of BBR on the
integrity of blood vessels in the brain.

In terms of brain function, all 40 mice recognized similar objects
normally (Fig. 3(a)). However, for recognition of new objects,
impaired cognitive and memory function in 2DEK mice was
restored after oral BBR (100 or 200 mg-kg™!) treatment, as the time
spent with new objects significantly increased to 11.50 and 13.70 s
in Groups BBR-L and BBR-H, respectively, compared with 10.00 s in
Group M (*P < 0.05, ***P < 0.001; Fig. 3(b)). The step-down latency
significantly increased to 156.60 and 167.60 s in Groups BBR-L and
BBR-H, respectively, compared with 92.10 s in Group M (*P < 0.05,
**P < 0.01; Fig. 3(c)). Additionally, the number of errors signifi-
cantly decreased from 2.0 to 0.6 or 0.3 in Groups BBR-L and BBR-
H compared with Group M (*P < 0.05, **P < 0.01; Fig. 3(d)).

From a systemic perspective, BBR could also significantly
reduce body weight and fasting blood glucose in 2DEK mice in a
dose-dependent manner (***P < 0.001; Figs. S1(b) and S1(c) in
Appendix A), improve their glucose tolerance (***P < 0.001;
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Fig. 2. Evaluation of cerebral vessels in the type 2 DE KK-Ay (2DEK) mice. (a) Comparison of grayscale values of original images between KK-Ay and BBR-H-treated mice. A
and B: typical original images from KK-Ay and BBR-H-treated mice, respectively. (b) Statistical histograms of grayscale values for two groups of original images. n = 3,
**P < 0.01 vs Group M. (c)-(k) Quantitative analysis of three parameters of vascular morphology in three areas in KK-Ay and BBR-H treated mice. Data were analyzed in
262.5 pm x 150 pm x 200 pm tissue volume. (c)-(e) The average vessel diameter in (c) PtA, (d) CA1, and (e) CA3 region before and after BBR-H treatment; (f)-(h) the vessel
length density in (f) PtA, (g) CA3, and (h) CA1 region before and after BBR-H treatment; (i)-(k) the total vessel volume in (i) PtA, (j) CA3, and (k) CA1 region before and after

BBR-H treatment. n = 3, *P < 0.05, **P < 0.01 vs Group M.

Figs. S1(d) and (e) in Appendix A), and reduce glycated hemoglobin
(**P < 0.01, **P < 0.001; Fig. S1(f) in Appendix A).

DE is closely related to inflammation [34,35]. Compared with
those in the control group, the serum TNF-a, IL-1B, and IL-6 levels
in Group M were significantly higher (**P < 0.01, ***P < 0.001).
However, the serum levels of TNF-a, IL-1B, and IL-6 of mice treated
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with BBR were significantly decreased (*P < 0.05, **P < 0.01,
***P < 0.001; Figs. S1(g)-(i) in Appendix A), indicating that BBR
could ameliorate the high level of inflammation in 2DEK mice.
Accordingly, the results from the histological examination revealed
that BBR could reduce inflammatory pathological manifestations
such as neuronal atrophy in the hippocampus (Fig. 3(e)) and



Engineering 49 (2025) 290-303

Z.-W. Zhang, W.-P. Wang, J.-C. Hu et al.

© © % N o O
sawil} Jol3

o

©

~

©

5

3 X
TSR E
8 o
o

e

oN

o

ﬁ
b
&

o

o|o
o
é\

(oo
ol®

' o
>
«&©
o

o o o o o o VO

siéffic |«
‘ws.,wmv
o g 9 Pa <
o o <
2 %
tipds |,
9 o
o 3 o \0600

(s) y08lqo sejiis ynm swi |

(d)

(c)

(a)

peggr

e o“b j

i

(,-B-Jowu) uojoo ul G-

I

uipne|g

751

(,-B-6u) uojoo ur uipnPoQ

Hkk

Hokok
|

1 1
o o
~  ©

6.0

1
10
'e]

50

220

210
200 r
190
180

(,-6-Bu) uojoo ur -0z

)

(h)

(,-6-jowu) ureiq ur g-uipne|n

*|

*|

*|
L

ek
S
10+ ——

L
w0
1

=

: %‘
=
]

o 3
S

THMU

o v o ww
- -

(,-B-6u) ureaq ur uipnPOQ

¢

: %!
ragl)

1
o o o o
(o>} @ ~ (]

(,-6-6u) utesq ui L-0Z

50

295



Z.-W. Zhang, W.-P. Wang, ].-C. Hu et al.

intestinal leakage (Fig. 3(f)) in 2DEK mice and significantly restore
the expression of tight junction proteins such as zonula occluden-1
(Z0-1), occludin, and claudin-5 in the epithelial barrier of the colon
(*P < 0.05, **P < 0.01, ***P < 0.001; Figs. 3(g)-(i)) and brain
(*P < 0.05, **P < 0.01, ***P < 0.001; Figs. 3(j)-(1)). In addition, Gal-
3 was examined as it is an inflammation-related protein that could
accelerate inflammation and insulin resistance and thus partici-
pate in the occurrence and development of diabetes [36]. In this
study, we showed that, compared with those in the control group,
Gal-3 levels in the colon and brain were greater in Group M (Figs.
4(a) and (b)); however, BBR treatment significantly reduced the
expression of Gal-3 in the colon, serum, and brain of mice in the
2DEK group (*P < 0.05, **P < 0.01, ***P < 0.001; Figs. 4(c)-(e)).
BBR alleviated inflammatory damage in the colon and hippocampal
regions through either local restoration of impaired BBB and
intestinal barrier function in 2DEK mice or systematic decreases
in inflammatory factors.

These inflammatory markers, including Gal-3 in the brain,
serum, and colon, as well as TNF-a, IL-1B, and IL-6 in the serum,
were negatively correlated with the behavioral results
(*P < 0.05), with correlation coefficients ranging from -0.4867 to
-0.6069 in the new object recognition test and from -0.2639 to
-0.6914 in the step-down test (Table S1 in Appendix A). Among
the inflammatory factors, Gal-3 in the brain might be the one most
indicative of the progression of DE, as the largest correlation coef-
ficients of -0.6069 or -0.6914 were observed for Gal-3 in the
recognition tests (Table S1), suggesting more severe memory dam-
age with higher levels of Gal-3 in the brain. BBR could reduce Gal-3
in the brain through, at least in part, lowering Gal-3 in the colon in
a dose-dependent manner and then alleviate memory impairment.

3.2. BBR relieved DE through its effects on the gut microbiota

As a large amount of BBR accumulates in the intestine after oral
administration [37], FMT was used to explore the mode of action of
BBR (Fig. S2(a) in Appendix A). To meet the prerequisites for FMT
treatment, an antibiotic cocktail was used to remove 87.3% of aer-
obic bacteria (***P < 0.001; Figs. S2(b) and (c) in Appendix A) and
93.86% of anaerobic bacteria (***P < 0.001; Figs. S2(d) and (e) in
Appendix A) in feces. Subsequently, BBR-H was used to treat
2DEK mice as donors for FMT, and the fecal samples were washed
with PBS via centrifugation prior to transplantation. In terms of
brain function, FMT significantly restored cognitive function
impaired by high levels of blood glucose in 2DEK mice (Figs. 4(f)
and (g)), as the time spent with the new object significantly
increased to 12.60 and 12.50 s in Groups BBR-H and FMT, respec-
tively, with respect to 9.92 s in Group M (*P < 0.05, ***P < 0.001).
FMT also significantly restored the impaired memory function in
the 2DEK mice (Figs. 4(h) and (i)), as indicated by the step-down
latency significantly increasing to 164.46 and 159.29 s in Groups
BBR-H and FMT, respectively, with respect to 91.54 s in Group M
(*P < 0.05, **P < 0.01). Moreover, the number of errors significantly
decreased from 2.31 in Group M to 0.46 and 0.50 in Groups BBR-H
and FMT, respectively (*P < 0.05, ***P < 0.001). In addition, BBR-H
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and FMT further restored the impaired spatial memory in 2DEK
mice, indicating that the escape latency was significantly
decreased in Groups BBR-H and FMT on the 5th day of training
compared with that in Group M (*P < 0.05, ***P < 0.001; Fig. 4(j)).
Compared with that in Group M, the first crossing time was signif-
icantly decreased to 31.82 or 37.44 s in Group BBR-H and FMT,
respectively, compared with 72.34 s in Group M (*P < 0.05,
P < 0.01, **P < 0.001; Fig. 4(k)). Additionally, the number of
crossings was significantly increased from 0.54 in Group M to
2.62 and 2.50 in Groups BBR-H and FMT, respectively (*P < 0.05,
**P < 0.01, **P < 0.001; Fig. 4(1)). These results suggest that the
improvement in brain function caused by BBR in mice with DE
might result from the gut microbiota.

Furthermore, FMT significantly reduced body weight
(***P < 0.001; Fig. S2(f) in Appendix A), fasting blood glucose levels
(***P < 0.001; Fig. S2(g) in Appendix A), and glycosylated hemoglo-
bin levels (***P < 0.001; Fig. S2(h) in Appendix A), and improved
glucose tolerance in 2DEK mice (***P < 0.001; Figs. S3(a) and (b)
in Appendix A). In combination with Group M, FMT also signifi-
cantly inhibited inflammation in 2DEK mice, as indicated by
reduced levels of TNF-a, IL-1B, and IL-6 (*P < 0.05, **P < 0.01,
***P < 0.001; Figs. S3(c)—(e) in Appendix A). Moreover, FMT signif-
icantly decreased Gal-3 levels in the brain, serum, and colon
(*P<0.05, **P < 0.01; Figs. S3(f)-(h) in Appendix A) and suppressed
Gal-3 expression in the colon and brain (Figs. S3(i) and (j) in
Appendix A). Owing to the significant recovery of the expression
of tight junction proteins (ZO-1, occludin, and claudin-5) in the
colon (*P < 0.05, **P < 0.01; Figs. S4(a)-(c) in Appendix A) and
the brain (*P < 0.05, **P < 0.01; Figs. S4(d)-(f) in Appendix A),
intestinal leakage caused by inflammatory damage (Fig. S4(g) in
Appendix A) and neuronal atrophy of the hippocampus (Fig. S4
(h) in Appendix A) were reduced in the 2DEK mice.

3.3. BBR ameliorated DE by regulating the production of the gut
microbiota metabolites 5-VB, short-chain fatty acids (SCFAs), and LPS

By analyzing the results from 16S rRNA gene sequencing, we
found that BBR could significantly change the diversity and rich-
ness of the gut microbiota in 2DEK model mice (Figs. S5(a)-(d) in
Appendix A). Moreover, the composition of the gut microbiota
differed after BBR treatment (Figs. S5(e) and (f) in Appendix A).
At the phylum level, BBR increased the proportion of Bacteroidota
and inhibited the excessive growth of Proteobacteria (Fig. 5(a)),
which was consistent with the trend of the corresponding order
and family level (Figs. 5(b) and (c)). At the genus level, 13 genera,
marked with red arrows in Fig. 5(d), such as Bacteroides, Allobacu-
lum, and Akkermansia, were more abundant after BBR treatment,
and these genera are closely related to the synthesis of SCFAs
[38,39]. Moreover, the other seven genera, marked with blue
arrows, especially Escherichia-Shigella, Klebsiella, and Citrobacter,
were less abundant (Fig. 5(d)); these genera are closely related to
the production of LPS [40].

Similarly, FMT also significantly changed the diversity and rich-
ness of the gut microbiota in the 2DEK model mice (Figs. S5(g)-(1)

Fig. 3. BBR improved the brain function and reduced inflammation damage in hippocampus and intestinal leakage of 2DEK mice. (a) Time with similar object in new object
recognition (NOR) test after BBR treatment (n = 10). (b) Time with new object in NOR test after BBR treatment (n = 10). (c) Step-down latency in step-down test after BBR
treatment (n = 10). (d) Error times in step-down test after BBR treatment (n = 10). (e) Representative images of hematoxylin and eosin (H&E) staining in brain after BBR
treatment (scale: 50 um; the red arrows indicated the pathological manifestations such as neuronal atrophy in the hippocampus). (f) Representative images of AB-PAS
staining in colon after BBR treatment (scale: 100 um, top) and their local enlarged images (scale: 20 pm, bottom). (g) ZO-1 in colon after BBR treatment (n = 8). (h) Occludin in
colon after BBR treatment (n = 8). (i) Claudin-5 in colon after BBR treatment (n = 8). (j) ZO-1 in brain after BBR treatment (n = 8). (k) Occludin in brain after BBR treatment
(n = 8). (1) Claudin-5 in brain after BBR treatment (n = 8). Error bars represent SEM. Statistical analysis was performed with one-way ANOVA followed by Dunnett-t test
(*P < 0.05, **P < 0.01, ***P < 0.001). NS: no significance; SEM: standard errors of the mean.
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Fig. 4. BBR increased tight junction proteins in brain while reducing Gal-3 in 2DEK mice and FMT improved the brain function of 2DEK mice. (a) Representative western blot
images of Gal-3 in colon after BBR treatment. (b) Representative western blot images of Gal-3 in brain after BBR treatment. (c) Gal-3 in colon after BBR treatment (n = 8).
(d) Gal-3 in serum after BBR treatment (n = 8). (e) Gal-3 in brain after BBR treatment (n = 8). (f) Time with similar object in NOR test after BBR/FMT treatment (n = 13-15).
(g) Time with new object in NOR test after BBR/FMT treatment (n = 13-15). (h) Step-down latency in step-down test after BBR/FMT treatment (n = 13-15). (i) Error times in
step-down test after BBR/FMT treatment (n = 13-15). (j) Escape latency in pretraining of Morris water maze after BBR/FMT treatment (n = 13-15). (k) First crossing time in
probe trial of Morris water maze after BBR/FMT treatment (n = 13-15). (1) Number of crossings in probe trial of Morris water maze after BBR/FMT treatment (n = 13-15).
Statistical analysis was performed with one-way ANOVA followed by Dunnett-t test (*P < 0.05, **P < 0.01, ***P < 0.001).

in Appendix A). Moreover, the composition of the gut microbiota in
the FMT group was consistent with that in the BBR-H group
(Figs. S5(a)-(f)). FMT promoted the restoration of beneficial bacte-
rial genera, such as Bacteroides, Allobaculum, and Akkermansia, but
inhibited the excessive growth of several harmful bacterial genera,
such as Escherichia-Shigella, Klebsiella, and Citrobacter (Fig. 6).
Interestingly, both BBR and FMT significantly inhibited the pro-
duction of §-VB (*P < 0.05, **P < 0.01, ***P < 0.001; Figs. 7(a)-(f)), a
metabolite of the gut microbiota that has been reported to cause
cognitive decline [16]. The level of 3-VB was negatively correlated
with the results of the new object recognition (NOR) test (time
with a new object) and step-down test (step-down latency). The
correlation coefficient between 3-VB and NOR test result was
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-0.4629 in feces, -0.4395 in serum, and -0.5888 in the brain, and
the correlation coefficient between §-VB and the step-down
latency was -0.5301 in feces, —0.5239 in serum, and -0.7354 in
the brain (Table S2 in Appendix A). Therefore, the 5-VB level in
the brain could also be a potential biomarker for the therapeutic
effect of BBR on DE, and its level was most strongly correlated with
the abundance of Allobaculum and Bilophila, with a correlation
coefficient of -0.7136 and 0.7160, respectively (Table S3 in Appen-
dix A).

In addition, SCFAs were analyzed in vivo via gas chromatogra-
phy-mass spectrometry. The results revealed that BBR signifi-
cantly increased the levels of acetic acid (AA), propionic acid
(PA), butyric acid (BA), and isobutyric acid (IBA) in the feces of
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Fig. 5. BBR changed the composition and proportion of gut microbiota from 2DEK. (a) The phylum proportion of gut microbiota in feces after BBR treatment (n = 8). (b) The
order proportion of gut microbiota in feces after BBR treatment (n = 8). (c) The family proportion of gut microbiota in feces after BBR treatment (n = 8). (d) The genus
proportion of gut microbiota in feces after BBR treatment (n = 8, 13 genera marked with red arrows were significantly up-regulated and seven genera marked with blue

arrows were significantly down-regulated after BBR treatment).

2DEK mice (*P < 0.05, **P < 0.01, ***P < 0.001; Figs. S6(a)-(d) in
Appendix A). The trends in SCFA levels in the serum and brain were
consistent with those in the feces (*P < 0.05, **P < 0.01, ***P < 0.001;
Figs. S6(e)-(l) in Appendix A). However, the levels of other SCFAs
in vivo were not significantly increased after BBR treatment
(Fig. S7 in Appendix A). Similarly, FMT also significantly increased
AA, PA, and BA levels in 2DEK mice (*P < 0.05, **P < 0.01,
***P < 0.001) and upregulated IBA expression to a certain extent
(Fig. S8 in Appendix A). Among them, AA, PA, and BA in fecal sam-
ples could be potential pharmacodynamic biomarkers for the
effects of BBR on improving the behavioral symptoms of 2DEK
mice, with good coefficients of correlation (Table S4 in Appendix
A), mainly with Alloprevotella, Butyricicoccus, and Allobaculum
(Table S5 in Appendix A).

In contrast, both BBR and FMT significantly reduced the levels of
LPS and lipopolysaccharide-binding protein (LBP) in the serum of
2DEK mice (*P < 0.05, **P < 0.01, ***P < 0.001), which is in agree-
ment with the changes in the brain (*P < 0.05, **P < 0.01,
***P < 0.001; Fig. S9 in Appendix A). Thus, a reduction in LPS and
LBP in the serum might also be important to BBR in ameliorating
DE (Table S6 in Appendix A), particularly regarding its action on
LPS- or LBP-producing bacteria such as Escherichia-Shigella and
Citrobacter (Table S7 in Appendix A).
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3.4. 5-VB of the gut microbiota regulated the TLR-4/MyD88/NF-xkB
pathway in the brain microvasculature

Given that the gut flora-derived metabolite 5-VB could be a key
molecule associated with DE, we investigated whether and how &-
VB affects the TLR-4/MyD88/NF-kB inflammatory pathway. Thus,
molecular docking simulations between 3-VB and TLR-4 were per-
formed first. The results showed that §-VB could steadily form firm
molecular bonds (Table S8 in Appendix A) with all the binding sites
of TLR-4, especially the third site (Fig. S10 in Appendix A). Further-
more, the activation of the TLR-4/MyD88/NF-kB pathway and the
subsequent production of TNF-a, IL-1B8, and IL-6 were inhibited
(*P<0.05,**P < 0.01, *** P< 0.001; Figs. 7(g)-(1)) by a selective inhi-
bitor of TLR-4, TAK-242 [41], in high-glucose-induced cerebral
microvascular endothelial (bEnd.3) cells in the presence of 3-VB.
These results suggested that 35-VB could activate the TLR-4/
MyD88/NF-kB inflammatory pathway through direct binding to
TLR-4.

In addition, we found that Gal-3, the inflammatory marker of
DE, as mentioned above, was significantly negatively correlated
with AA, PA, BA, and IBA levels in feces and was positively corre-
lated with LPS in the brain and §-VB in vivo (*P < 0.05, **P < 0.01,
***P < 0.001; Fig. 8(a)). Moreover, SA, SP, SB, and MCP (a specific
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Fig. 6. FMT changed the composition and proportion of gut microbiota from 2DEK. (a) The phylum proportion of gut microbiota in feces after FMT treatment (n = 8). (b) The
order proportion of gut microbiota in feces after FMT treatment (n = 8). (c) The family proportion of gut microbiota in feces after FMT treatment (n = 8). (d) The genus
proportion of gut microbiota in feces after FMT treatment (n = 8, 13 genera marked with red arrows were significantly up-regulated and seven genera marked with blue

arrows were significantly down-regulated after FMT treatment).

inhibitor of Gal-3) inhibited the production of Gal-3 in
high-glucose-treated bEnd.3 cells (*P < 0.05, **P < 0.01,
***P < 0.001; Fig. 8(b)), accompanied by inhibition of the activation
of the TLR-4/MyD88/NF-kB pathway (*P < 0.05, **P < 0.01,
P < 0.001; Figs. 8(c)-(e)) and the production of TNF-a, IL-1B,
and IL-6 (*P < 0.05, **P < 0.01, ***P < 0.001; Figs. 8(f)-(h)). In con-
trast, LPS and §-VB further aggravated the activation of this inflam-
matory pathway (*P < 0.05; Fig. 8(b)), followed by increased
production of TNF-a (*P < 0.05), IL-1B (*P < 0.05), and IL-6 (Figs.
8(f)~(h)).

4. Discussion

The pathogenesis of secondary diseases in T2D is often associ-
ated with hyperglycemia-induced chronic inflammation in the
blood vessels of diseased organs, and DE is an example in the brain
[42]. In the present study, we discovered that the homeostasis of
the gut microbiota appears to be associated with the status of
blood vessels, at least in the brain. In addition, intestinal 5-VB
might be the chemical link between the gut and blood vessels, as
it can enter the blood, activate the TLR-4/MyD88/NF-kB pathway
and then cause blood vessel inflammation in the brain. Oral BBR
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downregulated §-VB production in the gut microbiota and inhib-
ited the TLR-4/MyD88/NF-xB inflammatory pathway in brain
microvessels, thereby ameliorating DE. As T2D is a systemic dis-
ease, optimal drug treatment for its secondary diseases, such as
DE, should include D reducing blood glucose and @ suppressing
inflammation in blood vessels. We consider BBR, which has been
successfully used to lower blood glucose in patients, to be an ideal
agent for treating DE [18].

The most notable discovery in this study is the remarkable
improvement in the microvessel structure and volume by BBR in
the DE brain, and to our knowledge, such a substantial beneficial
effect on blood vessels by therapeutic agents has not been reported
before. This cerebral vessel examination in 2DEK mice was per-
formed using a new technology combining 3D ultrastructural
imaging (3DUI) with fMOST (Fig. 1). Notably, the fMOST system,
a novel neuro-optical imaging system, also has great advantages
in the reconstruction and quantitative analysis of cerebral vessels
with a resolution as high as a 1-pum voxel [43]. Thus, the methods
and techniques used for blood vessel analysis are considered to be
cutting-edge and precise methods for drawing conclusions. With
these new methods, we found that BBR improved cerebral vessel
parameters overall, including diameter, length, density, and total
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Fig. 7. BBR regulates the production of 3-VB in 2DEK mice, thereby mediating the mechanism of action of the TLR-4/MyD88/NF-kB pathway in high glucose-induced bEnd.3
cells. (a) 5-VB in feces after BBR treatment (n = 8). (b) 5-VB in serum after BBR treatment (n = 8). (c) 5-VB in brain after BBR treatment (n = 8). (d) 8-VB in feces after BBR/FMT
treatment (n = 8). (e) §-VB in serum after BBR/FMT treatment (n = 8). (f) 5-VB in brain after BBR/FMT treatment (n = 8). (g) TLR-4 in bEnd.3 cells with or without the inhibitor
(n = 6). (h) MyD88 in bEnd.3 cells with or without the inhibitor (n = 6). (i) p-P65/P65 of NF-kB in bEnd.3 cells with or without the inhibitor (n = 6). (j) TNF-a in bEnd.3 cells

with or without the inhibitor (n

= 6). (k) IL-6 in bEnd.3 cells with or without the inhibitor (n = 6). (1) IL-1p in bEnd.3 cells with or without the inhibitor (n = 6). Statistical

analysis was performed with one-way ANOVA followed by Dunnett-t test (*P < 0.05, **P < 0.01, ***P < 0.001).

volume (Figs. 2(c)-(k)), in addition to the effect of BBR on the
endothelial integrity of blood vessels. These findings suggest that
BBR is a potential agent for DE therapy that works through a group
of actions favorable for cerebral vessel health.

Interestingly, these actions were associated with the gut micro-
biota, suggesting a gut-vessel axis. The metabolite 5-VB might be a
chemical link between the gut flora and blood vessels, as 5-VB acti-
vates the TLR-4/MyD88/NF-kB pathway in blood vessel endothelial
cells. 3-VB is a functional metabolite derived from the gut micro-
biota that enters the circulation and exists in organs such as the
brain. Excessive levels of 3-VB cause cardiac hypertrophy [44]
and brain function decline [16], but the pathogenic mechanism
of 5-VB remains unclear. We found that a high level of §-VB in
the brain seemed to be associated with behavioral symptoms in
2DEK mice and that activation of the TLR-4/MyD88/NF-kB path-
way in the epithelium might be at least part of the mechanism
involved. In fact, no clinical agent has been found to be effective
in lowering 3-VB in humans. If further clinical studies verify that
BBR could improve cognition and memory in DE by downregulat-
ing 3-VB in the gut microbiota, it could facilitate rational drug
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design against DE in the future. In addition, as the TLR-4 ligand
TAK-242 effectively inhibited the activation of the TLR-4/MyD88/
NF-xB pathway, we assume that the interaction between TLR-4
and 3-VB is a potential drug target for DE.

Studies have shown that the oral administration of BBR substan-
tially regulates the gut microbiota in the host, which subsequently
contributes to the effects of BBR in treating diseases [23-25,45].
For example, BBR increases levodopa production in the gut micro-
biota to improve Parkinson’s disease; moreover, it reduces trimethy-
lamine N-oxide (TMAO) and p-cresol formation in the intestine and
thus ameliorates atherosclerosis and chronic kidney disease [23-
25]. This is the first report to show the downregulatory effect of
BBR on §-VB production in the gut microbiota, and the results were
verified using the BBR-free FMT from BBR-treated mice. In general,
we consider it important to understand the mechanism by which
BBR protects blood vessels. In addition, the roles of the microbiota
are broad and may involve substances other than the metabolites
discovered in this study. However, our research revealed that BBR
significantly changed the composition of the gut microbiota in
2DEK mice, in which the SCFA-producing genera increased and the
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Fig. 8. The mechanism of §-VB/SCFAs/LPS on TLR-4/MyD88/NF-kB pathway in high glucose-induced bEnd.3 cells. (a) Correlation analysis between 3-VB/SCFAs/LPS and Gal-3
in vivo after BBR treatment. (b) Gal-3 in bEnd.3 cells after treatment (n = 6). (c) TLR-4 in bEnd.3 cells after treatment (n = 6). (d) MyD88 in bEnd.3 cells after treatment (n = 6).
(e) p-P65/P65 of NF-kB in bEnd.3 cells after treatment (n = 6). (f) TNF-ot in bEnd.3 cells after treatment (n = 6). (g) IL-1pB in bEnd.3 cells after treatment (n = 6). (h) IL-6 in bEnd.3
cells after treatment (n = 6). Statistical analysis was performed with one-way ANOVA followed by Dunnett-t test (*P < 0.05, **P < 0.01, ***P < 0.001).

LPS-promoting genera decreased, presumably further assisting in found that both LPS and §-VB aggravated the activation of the TLR-4/
reducing inflammation in vessel endothelial cells [46-48]. MyD88/NF-kB inflammatory pathway in epithelial cells.

In the present study, significant correlations of Gal-3 with 3-VB, The biological relationships among host vessel endothelium,
SCFAs, and LPS (Figs. 8(a) and (b)) were demonstrated. Notably, - hyperglycemia, and intestinal bacteria could be complex. Effective
VB and LPS were further involved in the activation of the TLR-4/ treatment of DE requires comprehensive therapy, to both reduce
MyD88/NF-kB inflammatory pathway in high-glucose-induced blood glucose levels and protect cerebral vessels from inflamma-
bEnd.3 cells, whereas SCFAs exhibited an inhibitory effect on this tion. This study suggests that the gut microbiota is part of the solu-
pathway (Fig. 8(e)). We found that SA, SP, SB, and MCP all significantly tion and that BBR has potential as a drug for the treatment of DE. In
inhibited the production of Gal-3, suggesting that SCFAs oppress Gal- the future, well-designed clinical studies are needed to draw con-
3. This result was consistent with reports that dietary fiber in pectin clusions regarding the use of BBR to treat DE.

(such as MCP) suppressed Gal-3 levels through the production of

SCFAs in the gut microbiota [49]. Moreover, LPS has been found to CRediT authorship contribution statement

play a synergistic role with Gal-3 in stroke patients, as Gal-3 is

required for the full activation of TLR-4 by LPS [50]. The relationship Zheng-Wei Zhang: Writing - original draft, Validation,
between 5-VB and Gal-3 has not been previously reported. Here, we Methodology, Investigation, Formal analysis, Data curation.
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