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Type 2 Diabetes mellitus (T2DM) is closely correlated with cognitive impairment and
neurodegenerative disease. Bushen Huoxue (BSHX) is a compound Chinese medicine
used clinically to treat diabetes-induced cognitive impairment. However, its underlying
mechanisms remain unclear. In the present study, KKAy mice, a genetic model of
type 2 diabetes with obesity and insulin resistant hyperglycemia, received a daily
administration of BSHX for 12 weeks. Blood glucose was measured every 4 weeks. After
12 weeks, BSHX treatment significantly ameliorated the T2DM related insults, including
the increased blood glucose, the impaired spatial memory, decreased cerebral blood
flow (CBF), occurrence of albumin leakage, leukocyte adhesion and opening capillary
rarefaction. Meanwhile, the downregulation of the tight junction proteins (TJ) claudin-5,
occludin, zonula occluden-1 (ZO-1) and JAM-1 between endothelial cells, amyloid-p
(AB) accumulation in hippocampus, increased AGEs and RAGE, and expression of
RhoA/ROCK/moesin signaling pathway and phosphorylation of Src kinase in KKAy
mice were significantly protected by BSHX treatment. These results indicate that the
protective effect of BSHX on T2DM-induced cognitive impairment involves regulation of
RhoA/ROCK1/moesin signaling pathway and phosphorylation of Src kinase.
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INTRODUCTION

Diabetes mellitus (DM) is a chronic metabolic disorder, which
affects at least 382 million people worldwide (Roy et al., 2015).
DM is characterized by high rate of mortality and morbidity
due to numerous complications, of which cognitive dysfunction
has been considered the most prevalent and significant one,
especially in old people with type 2 diabetes mellitus (T2DM)
(Strachan, 2011; Talbot et al., 2012; Prasad et al., 2014; Ascher-
Svanum et al., 2015; Fried et al., 2016; Chen et al., 2017). The
etiology of cognitive impairment is not completely identified,
albeit, the impact of T2DM on vasculature and neuron is
currently thought to contribute to the development of cognitive
impairment (Zlokovic, 2008; Greenberg et al., 2009; Viswanathan
et al.,, 2009; Quaegebeur et al.,, 2011; Iadecola, 2013; Li et al,,
2016). Advanced glycation end-products (AGEs), irreversible
adducts of the Maillard reaction, are known to be involved
in the pathogenesis and prognosis of diabetic microvascular
complications and Alzheimer’s disease (Yamagishi et al., 2015;
Zhang et al,, 2017). RAGE, the membrane receptor for AGEs,
is also implicated in diabetes complications including the injury
of the brain (Yamagishi et al., 2015). Activation of the AGEs-
RAGE axis evokes inflammatory responses through several
signaling pathways, resulting in endothelial dysfunction, among
which the RhoA/ROCK/moesin pathway plays a critical role
in vascular barrier dysfunction (Wang et al, 2012, 2016).
Additionally, AGEs-induced Src phosphorylation and increase
of AP has been implicated in tight junction loss, leading to
endothelial barrier dysfunction (Basuroy et al., 2003; Adam et al.,
2016; Chen et al., 2016; Spampinato et al., 2017). Therefore,
an approach that inhibits AGEs-RAGE induced activation of
RhoA/ROCK/moesin signaling pathway is expected to attenuate
the cerebral microangiopathy and thus prevent the cognition
impairment in T2DM.

Bushen Huoxue (BSHX) is a newly formulated compound
Chinese medicine containing 7 components, as listed in Table 1.
Previous studies have shown the role of its main components in
reducing blood glucose and improving cerebral microcirculatory
disturbance and cognitive impairment (Zhou et al, 2002;
Hong et al,, 2007; Zeng et al., 2010; Yan et al., 2014). BSHX
has been used clinically to improve diabetic dementia with
efficiency. However, the underlying mechanisms remain unclear.
We hypothesized that BSHX ameliorates diabetic dementia by
inhibiting AGEs-RAGE expression and RhoA/ROCK/moesin
signaling pathway. The aim of the present study was to test this
hypothesis in a spontaneous T2DM animal model: KKAy mice.

MATERIALS AND METHODS

Animals
KKAy mouse was produced by transferring the yellow obese gene
(Ay allele) into the KK/Ta mouse, a glucose-intolerant black KK

Abbreviations: BSHX, Bushen Huoxue; DM, Diabetes mellitus; T2DM, Type
2 Diabetes mellitus; CBE, cerebral blood flow; TJ, tight junction proteins; ZO-
1, zonula occluden-1; MWM, Morris Water Maze; AGEs, advanced glycation
end products; RAGE, receptor of glycation end products; B-Amyloid, AB; SEM,
scanning electron microscopy; TEM, transmission electron microscopy.

female mice. This animal has been widely used as a model of
type 2 diabetes mellitus (Sakata et al., 2010; Tomino, 2012) with
C57BL6] as the strain homology control mice (Iwatsuka et al.,
1970; Herberg and Coleman, 1977). This study included 80 male
KKAy mice and 20 C57BL/6 mice with body weight of 30 = 5¢g
(Beijing HFK Bioscience Co., Ltd [License No. SCXK (Jing) 2014-
0004]). All animals were housed in a regulated environment:
temperature of 25 + 2°C and humidity of 55 £ 5% with
12/12h light/dark cycle for at least 1-week before experiment.
The animals were fasted for 12h prior to the experiment with
water given ad libitum. All animal treatments in this study were
conducted in accordance with international ethical guidelines
concerning the care and use of laboratory animal,and approved
by the Committee of Peking University First Hospital (Approval
Number: J201534).

BSHX

BSHX was manufactured as granules after dynamic cycle
extraction and concentrated by evaporating and spray drying.
The drugs were then packed with aluminum foil composite (3
g/bag).

Animal Treatment

After acclimation for 1 week, blood glucose was measured by
the glucose oxidase method. The KKAy mice with random
blood glucose > 11.1 mmol/L or fasting blood glucose > 7.0
mmol/L were recruited. The animals were randomly divided into
4 groups: C57 group, KKAy group, KKAy 4 BSHX 1 g/kg group,
and KKAy + BSHX 2 g/kg group. These two doses of BSHX were
selected based on our preliminary experiments. All drugs were
dissolved in distilled water to a concentration of 100 mg/ml or
200 mg/ml, respectively, prior to administration. In the C57BL6]
and KKAy groups, animals were given equivalent volume of
distilled water in the same manner. All drugs were administered
by oral gavage once per day for 12 weeks. Blood glucose was
measured every 4 weeks.

Morris Water Maze Test

After 12 weeks of treatment, spatial and related forms of learning
and memory were assessed by Morris Water Maze (MWM)
as previously described (Song et al., 2015). Briefly, mice were
individually trained in a circular pool (120 cm in diameter and
50 cm in height), which was filled with water to a depth of 30 cm
and maintained at 25°C. A platform (9cm in diameter) was
located in the center of one quadrant of the pool. On each side
of the walls of the four quadrants, distinct colored paper was
disposed as a visual positional hint. On first 2 days, each mouse
was subjected to visible-platform training, in which the platform
was submerged 1 cm beneath the water surface and was indicated
by a flag. On day 3-5, a hidden-platform training was performed
by removal of the flag for spatial learning and memory retention
in terms of the ability to find the platform.

The test of escape latency in finding the platform was then
conducted for 5 days, in which each mouse received four trials
per day with about 1 h interval in between. During each trial, mice
were released into the water facing the pool wall at one of the 4
starting positions, and allowed to locate the submerged platform
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TABLE 1 | Composition of BSHX.

Species Chinese name Plant part Family Percentage of total weight
Lycium barbarum L Gouai Fruit Solanaceae 25
Cuscuta chinensis Lam Tusizi Seed Convolvulus 25
Schisandra chinensis (Turcz.) Baill Wuweizi Fruit Magnolia Branch 3
Rubus chingii Hu Fupenzi Fruit Rosaceae 12
Plantago asiatica L Chegianzi Seed Vehicle Section 6
Epimedium brevicornu Maxim Yinyanghuo Stem Leaf Berberidaceae 25
Whitmania pigra Whitman Shuizhi The whole animal Hirudinidae 4

for a maximum of 120s. If a mouse failed to find the platform
within 120, it was gently guided to the platform and allowed to
stay on it for 15s. On day 6, the platform was removed and a
probe trial was performed, in which the time spent in the target
quadrant where the escape platform was placed was noted, and
the number of crossings over the original position of the platform
was recorded.

Cerebral Blood Flow Measurement

Mice treated with BSHX for 12 weeks were anesthetized with
pentobarbital sodium (0.1 g/kg body weight) intraperitoneally,
and cerebral blood flow (CBF) was measured using Laser
Doppler perfusion image system (PeriScan PIM3 System;
PERIMED, Stockholm, Sweden) as previously described with
some modifications (Huang et al., 2012). Briefly, a computer-
controlled optical scanner was applied with the scanner head
maintaining in parallel to the cerebral cortex surface at a distance
of 18 cm, which directed a low-powered He-Ne laser beam over
the exposed cortex. As such, the tissue could be illuminated to a
depth of 0.5 mm at each measuring point. A color-coded image
denoting specific relative perfusion levels was displayed on a
video monitor with blue to red representing low to high. The
image was evaluated by the software LDPIwin 3.1.

Microcirculation Observation

A noninvasive method was applied to observe albumin leakage
from cerebral venules as previously described (Sun et al., 2010).
For this purpose, the animal’s head was secured in a stereotactic
frame, the skull was exposed through a midline incision, and
ground down with a cranial drill over the right parie to
occipital cortex. This location corresponds to the margin of
the middle cerebral artery (MCA) supplied territory. Injuries in
MCA territory could lead to diverse neurologic deficits including
memory impairments (Bingham et al., 2012). Fluorescein FITC-
albumin (Sigma-Aldrich, St Louis, MO, USA) was then infused
(50 mg/kg body weight) through the femoral vein 10 min before
observation. An upright fluorescence microscope (BX51WI,
Olympus, Tokyo, Japan) was employed to acquire venular images
under irradiation at wavelength of 488 nm. The cerebral venules
ranging from 35 to 50 pm in diameter and 200 pum in length were
selected. The fluorescence intensities of FITC-albumin inside the
lumen of selected venule (Iv) and the surrounding interstitial area
(Ii) were assessed with Image-Pro Plus 5.0 software. Albumin
leakage was expressed as the ratio Ii/Iv (Huang et al., 2012).

For determination of adherent leucocytes to microvessels, the
fluorescence tracer R6G (5 mg/kg body weight, Fluka Chemie
AG, Switzerland) was injected into to the animal via the femoral
vein 10 min before observation. The venule images were acquired
under irradiation at wavelength of 543 nm. The leukocytes that
attached to the venular wall for more than 30s were defined as
the adherent leukocytes. The number of adherent leukocytes was
counted along venules and presented as the number per 200 pm
of venule length (Sun et al., 2010).

Tissue Preparation and Protocols for
Histology

Mice under anesthesia were infused via the left ventricle first
with heparinized phosphate-buffered saline, followed by 4%
formaldehyde in 0.1 M phosphate-buffered saline for 40 min for
fixation. Brains were harvested and kept in the same fixative for
48h. Then the brains were placed in 30% sucrose at 4°C for at
least 2 days before being embedded in OCT (Miles Inc., Elkhart,
IN, USA) and frozen in 2-methybutane cooled in liquid-nitrogen.
Coronal frozen sections of 10 pum thick were sliced with a cryostat
microtome (CM1900; Leica, Nussloch, Germany) at —20°C from
the optic chiasma to the cerebral caudal end (Yan et al., 2014). The
slices were processed for Nissl staining or immunohistochemistry
staining after air dried.

To stain Nissl bodies in neurons, series sections were
immersed in cresyl violet (Sigma Aldrich, St Louis, Missouri,
USA) for 2h at 37°C, followed by dehydration and hyalinization
successively, and cover-slipped with mounting medium before
observation.

To observe the density of opening capillaries, the sections were
stained with mouse antibody against CD31 (Thermo Scientific,
MA1-80069, Waltham, USA) overnight at the recommended
concentration of 1:50 at 4°C. The samples were then incubated
with a biotinylated secondary antibody followed by avidin-
biotin-peroxidase complex. Positive staining was revealed with
diaminobenzidine, and the nuclei were counterstained with
haematoxylin. Five fields of CAl sector in hippocampus of
each animal were randomly selected, and images were captured
by a digital camera connected to a microscope (BX512DP70,
Olympus, Tokyo, Japan) and analyzed with Image-Pro Plus
5.0 software (IPP, Median Cybernetic, Bethesda, MD, USA).
For evaluation of the expression of tight junction proteins
in cerebral microvessels, immunofluorescence staining was
performed. Slices were washed three times with PBS and blocked
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with 3% normal goat serum at room temperature for 0.5h,
followed by incubation with primary antibodies diluted in PBS
overnight at 4°C. The primary antibodies applied included:
mouse anti-claudin-5 (1:100, Invitrogen, Camarillo, CA, USA),
mouse anti-occludin (1:50, Invitrogen, Camarillo, CA, USA),
and rabbit anti-vWF (1:100, Millipore, Temecula, CA, USA).
Following washing, the slices were processed by incubation with
Dylight 488-labeled goat anti-rabbit IgG (KPL, Gaithersburg,
MD, USA) and Dylight 549-labeled goat anti-mouse IgG (KPL,
Gaithersburg, MD, USA) for 2h at room temperature. The
brain slices were further stained with Hoechst 33342 (Molecular
Probes) to reveal the nuclei, and mounted, coverslipped, and
photographed under a laser scanning confocal microscope (TCS
SP5, Leica, Mannheim, Germany).

Electron Microscopy

The mouse brain was perfused for 50min with 2.5%
glutaraldehyde in 0.1 mol/L phosphate buffer at a speed of
3 mL/min. For transmission electron microscopy (TEM),
a coronal slice of approximately 1mm thick through the
hippocampus area was taken. The slice was placed in freshly
prepared 3% glutaraldehyde overnight at 4°C. Following
treatment with 0.1 mol/L phosphate buffer for 3 times, the tissue
block was post-fixed in 1% osmium tetroxide, dehydrated, then
embedded in Epon 812. Ultrathin sections were prepared and
examined in a transmission electron microscope (JEM 1,400

plus, JEOL, Tokyo, Japan). For scanning electron microscopy
(SEM), the samples were cut into blocks and placed in the
freshly prepared glutaraldehyde for 2h, rinsed with 0.1 mol/L
phosphate buffer, then post-fixed in 1% osmium tetroxide in 0.1
mol/L phosphate buffer for 2h. The specimens were processed
as routing and examined under a scanning electron microscope
(JSM-5600LV, JEOL, Tokyo, Japan).

Measurement of A and AGEs

After 12 weeks of treatment, the blood and hippocampus tissues
were collected from mice. The concentration of A and AGEs in
plasma and hippocampus tissues were determined by ELISA kits
(Andy Gene Biotechnology Co., Ltd, Beijing, China) as per the
manufacturers’ instructions.

Western Blotting

Anesthetized mice were transcardially perfused with saline
through the left ventricle. The brain was then removed and
cerebral hippocampus was separated for extraction of protein.
Protein concentrations were determined with a BCA Protein
Assay Kit (Thermo Scientific). An equal amount of proteins was
subjected to electrophoresis on SDS polyacrylamide gel, followed
by electrotransfer to a nitrocellulose membrane. After blockage
with 3% skimmed-milk powder in PBS with 0.1% tween-20
for 1h, the membranes were probed overnight at 4°C with
the primary antibodies specific for p-actin, claudin-5, occludin,
Z0-1 (1:1000, Invitrogen, Camarillo, CA, USA), JAM-1 (1:200,

A o G537
mm KKAy

in the 4th week (mmol/L)

Random blood glucose

30 . i I _
: I

10-

A1 E

c 40

304

o

204

104

Random blood glucose
in the 8th week (mmol/L)

]

m

404

304

%
*g
204
#
B
10
T T

Random blood glucose
L]

in the 12th week (mmol/L)

H

o = KKAy+BSHX 1 ghke
3 KKAy+BSHX 2 ghg

FIGURE 1 | The effect of BSHX on blood glucose levels. Treatment of KKAy mice with BSHX for 4 (A,B), 8 (C,D), and 12 weeks (E,F) reduced random and fasting
levels of blood glucose. Data were expressed as mean + SD (n = 6). *p < 0.05 vs. C57 group, #p < 0.05 vs. KKAy group, $p < 0.05 vs. KKAy+BSHX 2 g/kg group.

304 * *

20

1
»

—

104

Fasting blood glucose
in the 4th week (mmol/L)

O

30+ o

204 #

104

Fasting blood glucose
in the 8th week (mmol/L)

|

30+

104

Fasting blood glucose
in the 12th week (mmol/L)

Frontiers in Physiology | www.frontiersin.org

4 May 2018 | Volume 9 | Article 527


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Lietal

BSHX Attenuates Diabetic Cognitive Impairment

—o—
—_—
b

-a-

Cs57

KKAy
KKAy+BSHX 1 gkg
KKAy+BSHX 2 gkg

~
#
- e

A
150+
-
v
L3
< 1004
t»
=
3
. |
g 504
]
]
3
]
ol
1
C
154
g
._g 104
E v
o I
o 2
© wn
-
=8
éu 5+
7
o0

(days)

Percentage of total time

Escape latency (sec)

in the target quadrant (%)

80+

60

404

204

= C57
mm KKay

= KKAy+BSHX 1 gkg
1 KKAy+BSHX 2 gkg

!

Eas

504

404

304

204

104

FIGURE 2 | The effect of BSHX on spatial memory of mice. (A) The mean latency time during the training period. (B) The latency to platform in the probe trial. (C) The
number of platform crossings during the spatial probe test. (D) The percent of total time spent in the target of quadrant during the spatial probe test. Data were
expressed as mean =+ SD (1 = 6). *p < 0.05 vs. C57 group, #p < 0.05 vs. KKAy group.

Cerebral blood flow (%)

150

100+

504

S10102 95T

[
|=—un

= Cs7

m KKay

= KKAy+BSHX 1 gkg
I KKAy+BSHX 2 gkg

FIGURE 3 | The effect of BSHX on CBF in mouse cerebral cortex. (A) Representative images of CBF of cerebral cortex in different groups. The magnitude of CBF is
represented by different colors, with blue to red indicating low to high. a1: C57 group; a2: KKAy group; a3: KKAy + BSHX 1 g/kg group; a4: KKAy + BSHX 2 g/kg.
(B) Quantitative analysis of CBF in all groups. CBF was determined by the average of the square box 1 and 2, which correspond to MCA territory. Data were
expressed as mean + SD (n = 6). “p < 0.05 vs. C57 group, #p < 0.05 vs. KKAy group.

Frontiers in Physiology | www.frontiersin.org

May 2018 | Volume 9 | Article 527


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Lietal

BSHX Attenuates Diabetic Cognitive Impairment

Santa Cruz Biotechnology, Santa Cruz, USA), RAGE, RhoA,
ROCKI, moesin, p-moesin (1:1,000, Abcam, Cambridge, UK),
Src and p-Src (1:500, Cell Signaling, Beverly, Massachusetts,
USA). After washing with TBST, the membranes were incubated
with respective horseradish peroxidase-conjugated secondary
antibodies (Beyotime, Shanghai, China) at a 1:3,000 dilution
for 60 min at room temperature. Specific bands were visualized
using enhanced chemiluminescence detection kit (Santa Cruz
Biotechnology, California).

Statistical Analysis

All data were expressed as mean & SD. Statistical differences
were evaluated by analysis of one-way ANOVA followed by
Tukey test or two-way ANOVA followed by Bonferroni for
multiple comparisons (escape latency during 5 days of training).
A probability < 0.05 was considered to be statistically significant.

RESULTS

BSHX Prescription Reduces Blood Glucose
in KKAy Mice

DM is a metabolic disease characterized by a high concentration
of blood glucose. Thus, glucose levels of KKAy mice were
examined every 4 weeks. We found that BSHX has no

obvious effect on random blood glucose in the 4th week,
whereas 1 g/kg BSHX significantly reduced the elevated fasting
blood glucose after 4 weeks treatment (Figures 1A,B). The
beneficial effect on both random and fasting blood glucose levels
was observed in the 8th week (Figures 1C,D). Figures 1E,F
revealed that BSHX prescription significantly prevented the
elevation in levels of random blood glucose of KKAy mice
after 12 weeks treatment with 1 g/kg BSHX being more
effective compared with BSHX at the dose of 2 g/kg (p<0.05).
Besides, BSHX at both doses used remarkably prevented the
increase in fasting blood glucose of KKAy mice with equal
effectiveness.

BSHX Attenuates Memory Impairment in
KKAy Mice

MWM test was carried out to examine the spatial and related
forms of learning and memory of mice. The escape latency
gradually decreased in all groups over 5 days of training
(Figure 2A). This decrease became significantly slower in KKAy
group than that in C57 group starting from the third day, which
was accelerated by treatment with BSHX at both doses reaching
to a level close to C57 on day 5. The effect of BSHX in the
improvement of memory impairment was further confirmed
by the escape latency time tested on day 6, as displayed in
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FIGURE 4 | The effect of BSHX on albumin leakage from cerebral venules. (A) Representative images of aloumin leakage from venules in all groups. Rectangles
represent the areas for determination of fluorescence. V: cerebral venule. I: Interstitial tissue. a1: C57 group; a2: KKAy group; a3: KKAy + BSHX 1 g/kg group; a4:
KKAy + BSHX 2 g/kg. High magnifications of a1-a4 are shown below as b1-b4, respectively. Bar = 50 pm. (B) Statistic analysis of alboumin leakage. Data were
expressed as mean + SD (n = 6). *p < 0.05 vs. C57 group, #p < 0.05 vs. KKAy group.
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Figure 2B. In the probe trial, a putative measurement of spatial
learning and memory retention, mice in KKAy group displayed
a significant decrease in the number of platform crossings
compared with C57 groups (Figure2C) and the percentage
of total time in the target quadrant (Figure 2D). Treatment
with BSHX remarkably increased the aforementioned index
(Figure 2C).

BSHX Ameliorates CBF in KKAy Mice

CBF was determined by a laser Doppler perfusion image system
post 12 weeks of treatment. Representative images and statistical
analysis results were presented in Figures 3AB respectively.
Impressively, a significant reduction in CBF of KKAy mice was
observed compared with control group. BSHX notably improved
CBF in KKAy mice.

BSHX Reduces Albumin Leakage and
Leukocyte Adhesion in KKAy Mice

Cerebral microcirculation was assessed in terms of albumin
leakage and leukocyte adhesion. The albumin leakage in KKAy
group increased significantly relative to the control group, which
was diminished apparently by BSHX treatment (Figure 4). The
benefit of BSHX treatment on cerebral microcirculation disorders
in KKAy mice was also evidenced by the attenuation of leukocyte
adhesion (Figure 5).

BSHX Increases the Number of Open
Microvessels in Hippocampus of KKAy
Mice

To evaluate the number and morphology of microvessels, an
immunochemistry staining for CD31 was performed to delineate
the vessels. As depicted in Figure 6A, the number of open
microvessels in hippocampal CA1 region was reduced in KKAy
group with contracted vasculature and thickening vessel wall.
BSHX obviously attenuated the alteration in microvessels in
KKAy mice. Figure 6B shows a quantitative evaluation of the
number of open microvessels in the CA1 region, confirming the
above results.

BSHX Attenuates the Alteration in
Ultrastructure of Cerebral Microvessels of
KKAy Mice

Transmission electron microscopy was performed to examine
the microvasculature in the cerebral hippocampal CAl
sector. Compared with the C57 group (Figures?7A al,bl),
the KKAy group showed a remarkable alteration in the
microvessels manifested as perivascular edema, indicative of
breakdown of endothelial cells barrier (Figures7A a2,b2).
These changes were alleviated by treatment with BSHX
(Figures 7A a3,b3,a4,b4). In line with the results observed
by TEM, examination by scanning electron microscopy
revealed an obvious reduction in the number of open
microvessels and an increase in perivascular edema in
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FIGURE 5 | The effect of BSHX on leukocyte adhesion in cerebral venules. (A) Representative pictures of leukocyte adhesion in various groups. Arrows indicate
adherent leukocytes. al: C57 group; a2: KKAy group; a3: KKAy + BSHX 1 g/kg group; a4: KKAy + BSHX 2 g/kg. Bar = 50 wm. (B) Statistic analysis of the number
of leukocytes adherent to venular wall. Data were expressed as mean + SD (n = 6). *p < 0.05 vs. C57 group, #p < 0.05 vs. KKAy group, $p < 0.05 vs.
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FIGURE 6 | The effect of BSHX on the number of open microvessels in mouse hippocampus. (A) Representative immunohistochemistry images of mouse
hippocampus region in different groups. Arrows represent open microvessels. a1: C57 group; a2: KKAy group; a3: KKAy + BSHX 1 g/kg group; a4: KKAy + BSHX 2
g/kg. Bar = 200 wm. High magnifications of a1-a4 are shown below as b1-b4, respectively. Bar = 50 pm. (B) Quantitative analysis of CD-31 positive opening
microvessels. Data were expressed as mean + SD (n = 5). *p < 0.05 vs. C57 group, #p < 0.05 vs. KKAy group.

KKAy group (Figures7B c2,d2) in comparison with C57
group (Figures 7B c1,d1). BSHX treatment notably alleviated
the alterations in cerebral microvasculature, reducing the
perivascular edema and increasing the number of open
capillaries (Figures 7B ¢3,d3,c4,d4).

BSHX Alleviates Degradation of Tight
Junction Proteins in KKAy Mouse Cerebral

Tissue

The expression of tight junction (T]) proteins in endothelial cells
is crucial for preserving their barrier function (Hirase et al.,
1997; Ohtsuki et al., 2007; Luissint et al., 2012). Thus, vascular
endothelial TJ proteins in different groups were determined by
immunofluorescent staining and western blot. Claudin-5 was
detected between endothelial cells as continuous lines in C57
group (Figures 8A al,bl), while these continuous distributions
were disrupted evidently in KKAy group, becoming dotted
lines (Figures 8A a2,b2). In addition, a prominent decrease
in claudin-5 fluorescence intensity in KKAy group indicated
a decrease in the expression of this protein. By contrast,
treatment with BSHX inhibited the breakdown of claudin-
5 notably (Figures 8A a3,b3,a4,b4). These observations were
further verified by western blot (Figure 8B). Likewise, down-
regulation of another TJ protein occludin in KKAy mice was

observed, which was significantly restored by BSHX treatment
(Figures 8A,B).

Similar results were also observed for the expression of JAM-
1 and ZO-1, the other two TJ proteins (Figures 8C,D). Together
with the results for claudin-5 and occludin, these observations
highlight the restoration of TJ proteins as a contributor to the
benefit of BSHX in KKAy mice.

BSHX Alleviates Neurons Damage in CA1
Sector of KKAy Mice

The effect of BSHX on neuron damage in CAl sector
of KKAy mice was first documented by Nissl staining.
Neurons were closely arranged in approximately three to
four layers and packed regularly with the Nissl bodies being
darkly stained in C57 group (Figures9A al). In contrast,
mice in KKAy group exhibited severe pathological changes
characterized by thinning of the cell layers and cell swelling
in hippocampal CA1l subfields (Figures9A a2). BSHX at
both dosages significantly attenuated these neuronal damages
(Figures 9A a3,a4).

Displayed in Figures 9A bl-b4 are the representative
images of hippocampal neurons in different groups
observed by TEM. Compared with the neurons in C57
group (Figures 9A bl), marked changes occurred in
the ultrastructural feature of hippocampal neurons in
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FIGURE 7 | The effect of BSHX on ultrastructure of microvessels in cerebral hippocampal CA1 sector. (A) Representative images of the cerebral hippocampus from
different groups detected by TEM (upper two panels). (B) Representative images of the cerebral hippocampus from different groups detected by SEM (lower two
panels). Micrographs in b,d are the high magnification of the area inside the boxes in a,b, respectively. a1: C57 group; a2: KKAy group; a3: KKAy + BSHX 1 g/kg
group; a4: KKAy + BSHX 2 g/kg. TJ: tight junction. Bar (a1) = 2 um; Bar (b1) = 0.5 um; Bar (c1) = 1 um; Bar (d1) = 5pm.

KKAy group, such as shrinkage of both nucleus and
cytoplasm with increased electron density (Figures9A b2).
Treatment with BSHX (Figures 9A b3,b4) significantly
ameliorated these alterations in hippocampal neurons of
KKAy mice.

AP deposition is known as a histopathological hallmark of
cognitive impairment in DM patients and animals. Therefore,
we first assessed the effect of BSHX prescription on AP
in hippocampus of KKAy mice by immunofluorescent
staining. As illustrated in Figures 9A cl-c4, treatment
with BSHX obviously reduced the accumulation of AP
in hippocampal CA1l subfields. We further measured
the expression of AP in hippocampus and serum by
using ELISA. Consistently, BSHX treatment significantly
alleviated the elevated expression of AP in hippocampus
tissue (Figure9B) and plasma (Figure9C) in KKAy
mice.

BSHX Inhibits the Expression of
AGEs-RAGE and RhoA/ROCK/moesin
Signaling Pathway

In view of the role of the formation and aggregation of AGEs
in the pathogenesis of diabetic microvascular complications
(Neviere et al,, 2016), we firstly determined the expression
levels of AGEs in hippocampus by ELISA. BSHX treatment
significantly attenuated the increased expression of AGEs in
KKAy mice (Figure 10A). A concurrent alteration occurred in
the expression of RAGE as shown by western blot (Figure 10B).
The RhoA/ROCK/moesin mediates the AGE action. Thus,
western blot was employed to determine whether BSHX is able to
down-regulate the expression of RhoA, ROCK1 and p-moesin in
KKAy mice. As shown in Figures 10C,D, a significant increase
in RhoA, ROCK1 and p-moesin protein levels was observed in
KKAy group. Evidently, after 12 weeks of BSHX treatment,
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FIGURE 8 | The effect of BSHX on TJ proteins expression in vascular endothelial cells. (A) Representative immunofluorescence confocal images of claudin-5 (a1-b4,
red), occludin (c1-d4, red) localized at the periphery of endothelial cells with marker VWF (green). Arrows indicate the localization of claudin-5 or occludin. a1: C57
group; a2: KKAy group; a3: KKAy + BSHX 1 g/kg group; a4: KKAy + BSHX 2 g/kg. TJ: tight junction. Bar (a1,c1) = 25 um; Bar (b1,d1) = 7.5 um. (B) Representative
Western blots and quantitative analysis of claudin-5 and occludin. (C) Representative western blots and quantitative analysis of ZO-1. (D) Representative western
blots and quantitative analysis of JAM-1. Data were expressed as mean =+ SD (1 = 5). *p < 0.05 vs. C57 group, #p < 0.05 vs. KKAy group, Sp < 0.05vs.
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the up-regulation of RhoA, ROCK1 and p-moesin was notably
inhibited.

Src activation participates in downregulation of TJ proteins,
leading to endothelial barrier dysfunction (Adam et al., 2016).
Consistently, a remarkable increase in the phosphorylation of Src
kinase was observed in KKAy group compared with C57 group.
Following treatment with BSHX, there was a significant decrease
in the levels of phosphorylation of Src kinase (Figure 10E).

Taken together, these results suggest that BSHX may exert
inhibitory effect on the endothelial barrier dysfunction at least
partly via inhibiting the expression of RhoA/ROCK/moesin
proteins and the phosphorylation of Src kinase.

DISCUSSION

The present study demonstrated the benefit of BSHX for
the cognitive impairment in diabetic KKAy mice, which
concomitantly reduced random blood glucose and fasting

blood glucose levels, ameliorated cerebral microcirculation
dysfunction, attenuated hippocampal neuron injury, and
protected AB accumulation. These findings suggested BSHX as a
potential option for intervention of diabetes-induced cognitive
impairment. Moreover, BSHX inhibited AGE-RAGE induced
upregulation of RhoA, ROCK, phosphorylation of moesin and
Src, highlighting the involvement of this signaling pathway in
BSHX action.

As a complication of T2DM, cognitive impairment has
received increasing attention because of its impact on the diabetes
management and quality of life. The pathogenesis of cognitive
impairment in T2DM is not fully understood. Several mechanism
has been proposed to account for this complication, including
hyperglycemia and hypoglycemia, microvascular dysfunction,
and AP formation and accumulation, suggesting an involvement
of multiple insults in the etiology (Li et al, 2017). As a
consequence, any strategy directing at a single insult may not be
effective enough, and a remedy targeting multiple links is likely
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FIGURE 9 | The effect of BSHX on neurons damage in CA1 sector. (A) Representative Nissl staining (a), transmission electron micrographs of neurons (b) and
immunofluorescence confocal images of A (c) in the cerebral hippocampal CA1 of mice from different groups. 1: C57 group; 2: KKAy group; 3: KKAy + BSHX 1 g/kg
group; 4: KKAy + BSHX 2 g/kg. (B) The effect of BSHX on the expression levels of AB in hippocampus tissues of mice. (C) The effect of BSHX on the expression
levels of AB in plasma of mice. Data were expressed as mean + SD (n = 6). *p < 0.05 vs. C57 group, #p < 0.05 vs. KKAy group.
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required to treat this complication. The results of the present
study suggest that BSHX may function as such a medication.

The multiple targeting potential of BSHX in fighting against
T2DM -related cognition dysfunction is predictable if consider
the data so far available found for the role of the components
contained in this preparation. Of them, Cuscuta chinensis Lam
has been demonstrated to reduce blood glucose in streptozotocin
(STZ) induced diabetic rats (Dao-Zhong et al., 2008; Rath
et al,, 2016). The anti-hyperglycemia potential was also reported
for Schisandra chinensis (Turcz.) Baill (Yuan et al., 2002; An
et al, 2012). In addition, schisandrin B, an ingredient of
Schisandra chinensis (Turcz.) Baill, has been found to promote
the depolymerization of AP oligomers (Yang et al., 2017). Icariin,
a flavonoid compound from the herb Epimedium brevicornu
Maxim, promotes neuronal survival by attenuating Afjs_3s5-
induced tau protein hyperphosphorylation (Zeng et al., 2010).
Some components of BSHX were found to prevent microvascular
dysfunction in diabetes. For example, Whitmania pigra Whitman
has shown ability to delay the diabetic microangiopathy (Zhou
et al., 2002). Total flavonoids of Epimedium brevicornu Maxim
demonstrate a protective effect on the vascular endothelial injury
in diabetic mice (Han et al., 2011). Most likely, it is the collective
action of these components that leads to the benefit role of BSHX
in cognitive impairment in KKAy mice.

Among the insults proposed to link with T2DM-related
cognitive impairment, diabetes-specific vascular disease has
attracted increasing attention (Turnbaugh et al., 2006; Gorelick
et al., 2011). The mechanistic study points to the role of
AGEs in the progression of vascular complications in diabetes
(Guo et al, 2009; Hirose et al, 2010; Zhang et al, 2017).
Cumulative hyperglycemic exposure enhances the accumulation
of AGEs, which bind to RAGE leading to endothelial barrier
disruption and the development and progression of vascular
complications in diabetes (Yamagishi et al., 2008a,b). Signaling
events downstream of the AGE-RAGE pathway are complex,
including the regulation of RhoA/ROCK/moesin pathway and
phosphorylation of Src (Guo et al., 2009; Hirose et al., 2010;
Zhangetal., 2017). RhoA, a member of the Rho GTPase family, is
correlated with various cellular and biological functions such as
cytoskeleton regulation and cell development. The Rho kinases
(ROCK) are the RhoA effectors with ROCK-1 as the major
downstream effector of RhoA. Rho-ROCK signaling is involved
in permeability changes under inflammatory conditions (Mong
and Wang, 2009; Cui et al,, 2017). Up-regulation of RhoA
and ROCK contributes to AGE-induced endothelial dysfunction
(Wang et al., 2012; Hou et al., 2017). Moesin, belonging to
ERM protein family, is the downstream target of RhoA/ROCK
pathway. Phosphorylation of moesin is closely associated
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FIGURE 10 | The effect of BSHX on the expression levels of AGE, RAGE, RhoA, ROCK1, p-Mosein and Src phosphorylation. (A) Level of AGEs. (B) Representative
western blots and quantitative analysis of RAGE in various groups. (C) Representative western blots and quantitative analysis of RhoA, ROCK1 in various groups. (D)
Representative western blots and quantitative analysis of moesin and p-moesin in various groups. (E) Representative western blots and quantitative analysis of Src
and p-Src in various groups. Data were expressed as mean + SD (1 = 6). *p < 0.05 vs. C57 group, #p < 0.05 vs. KKAy group.

with cytoskeletal re-arrangement and subsequent endothelial
monolayer permeability (Adyshev et al., 2011). Concurrently,
binding of AGEs with RAGE enhances the phosphorylation
of Src, which down-regulates TJ-associated proteins, resulting
in increased endothelial permeability (Basuroy et al., 2003;
Sheikpranbabu et al., 2010; Puri and Walker, 2013). Consistent
with these reports, we observed a dysfunctional cerebral
microcirculation in KKAy mice, manifested by a decreased
expression of TJ proteins and breakdown of endothelial barrier.
These alterations are associated with an elevation in AGEs
and RAGE, as well as up-regulation of RhoA and ROCK, and
subsequent activation of moesin and Src. Importantly, all these
alterations were significantly attenuated by BSHX, indicating the
crucial role of cerebral microvessels in mediating the effect of
this medicine. However, it is noteworthy that RhoA has also
been reported to enhance barrier function in either basal or S1P-
stimulated endothelial cells (Szulcek et al.,, 2013; Zhang et al.,
2016). Likewise, ROCK has been reported to promote lymphatic
endothelial barrier function (Breslin, 2011). Besides, thrombin-
mediated RhoA activation at the ruffles temporarily enhances
the barrier function, whereas RhoA activation at other locations
distal to the cell periphery has been shown to be involved
in thrombin-mediated disruption of monolayer (Szulcek et al.,
2013). These findings suggest that the intracellular location of
active RhoA may determine its distinct effects on endothelial
permeability (Szulcek et al., 2013). Nevertheless, the causal link

between the observed effects of BSHX needs to be identified by
further study.

In conclusion, the present study demonstrates that BSHX
prescription effectively improves diabetes-induced cognitive
impairment and cerebral microangiopathy through inhibition
of AGEs-RAGE induced expression of RhoA/ROCK/moesin
signaling pathway. These results suggest BSHX as a potential
regime to prevent diabetic induced cognitive impairment, and
provide novel insight for better understanding the rationale
behind its effects.
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