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flow cytometry and TUNEL assay pathway in bEnd.3 cells
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Hyp suppresses the expression of pro-apoptotic
proteins (Bax, cytochrome c, cleaved caspase-8,
-9, -12, -3) and matrix metalloproteinases, and
enhances the TJs (claudin-5, occludin and ZO-1)
and Bcl-2 (anti-apoptotic protein).

For further analyzing the function of Hyp
in protecting BBB in vitro, we analyzed the
apoptotic and tight junction proteins by
western blot assay.
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Abstract

Mounting evidence indicates that amyloid B protein (AP) exerts neurotoxicity by disrupting the blood-brain barrier (BBB) in Alzhei-
mer’s disease. Hyperoside has neuroprotective effects both in vitro and in vivo against AB. Our previous study found that hyperoside
suppressed Ap,_,-induced leakage of the BBB, however, the mechanism remains unclear. In this study, bEnd.3 cells were pretreated with
50, 200, or 500 uM hyperoside for 2 hours, and then exposed to Af,_,, for 24 hours. Cell viability was determined using 3-(4,5-dimeth-
yl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide assay. Flow cytometry and terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling assay were used to analyze cell apoptosis. Western blot assay was carried out to analyze expression levels of Bax, Bcl-2,
cytochrome c, caspase-3, caspse-8, caspase-9, caspase-12, occludin, claudin-5, zonula occludens-1, matrix metalloproteinase-2 (MMP-2), and
MMP-9. Exposure to AP, ,, alone remarkably induced bEnd.3 cell apoptosis; increased ratios of cleaved caspase-9/caspase-9, Bax/Bcl-2, cleav
ed caspase-8/caspase-8, and cleaved caspase-12/caspase-12; increased expression of cytochrome c and activity of caspase-3; diminished levels
of zonula occludens-1, claudin-5, and occludin; and increased levels of MMP-2 and MMP-9. However, hyperoside pretreatment reversed
these changes in a dose-dependent manner. Our findings confirm that hyperoside alleviates fibrillar AB,_,,-induced BBB disruption, thus
offering a feasible therapeutic application in Alzheimer’s disease.
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anti-apoptosis; neural regeneration

Introduction barrier that plays a crucial role in protecting the cerebral

Current evidence suggests that the progressive deposition of =~ Par enchyma from harmful substances in peripheral circula-
amyloid B-protein (Ap) in cerebral microvasculature induc- ~ tion. Specialized endothelial cells expressing tight junction
es blood-brain barrier (BBB) disruption in Alzheimer’s dis-  proteins (T]s), which connected endothelial cells, form the
ease (AD) patients (Erickson and Banks, 2013; Rosenberg, ~ main structure of the BBB. T]s primarily secreted by endo-
2014; Yamazaki and Kanekiyo, 2017). The BBB is a complex  thelial cells, including occludin, claudin-5, and cytoplasmic
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zonula occludens-1 (ZO-1), are used as sensitive indices for
structural variations in the BBB during disease pathogenesis.
Normal structure of the BBB is easily damaged by endothe-
lial cell apoptosis and malformation of TJs in many central
nervous system disturbances (Bednarczyk and Lukasiuk,
2011; Chow and Gu, 2015). Several studies have shown that
AB-induced disruption of claudin-5, occludin, and ZO-1
increased vascular permeability both in vivo and in vitro
(Carrano et al., 2011; Kook et al., 2012; Wan et al., 2015).

Matrix metalloproteinases (MMPs), which are mainly se-
creted by endothelial cells, are a family of zinc and calcium
enzymes that digest components of the extracellular matrix
such as collagen, proteoglycan, and laminin. Several studies
have shown that AP can increase MMP-2 and MMP-9 ex-
pression, and decrease claudin-5, occludin, and ZO-1, even-
tually leading to BBB disruption (Gonzalez-Velasquez et al.,
2008; Hartz et al., 2012).

Hyperoside (Hyp), a flavone glycoside isolated from Rho-
dodendron brachycarpum G., has demonstrated anti-oxi-
dant, anti-inflammatory, anti-cancer, anti-depressant, and
anti-apoptosis properties (Zhang et al., 2010; Zheng et al.,
2012; Ku et al., 2014; Park et al., 2016). Several studies have
shown that Hyp elicits a protective effect against Ap-induced
neurotoxicity (Zeng et al., 2011). Moreover, Hyp can inhibit
fibrillar AP, ,,-induced BBB damage and hyperpermeability
in an in vitro co-culture model (Liu et al., 2017). However,
the protective mechanism by which Hyp alleviates AB-in-
duced BBB leakiness remains unclear. Notably, as the yield
of primary endothelial cell isolation and culture is very low,
immortalized brain endothelial cell lines, such as bEnd.3,
RBE4, or hCMEC/D3 cells, are frequently used as in vitro
models of the BBB. Hence, this study explored the potential
mechanism of Hyp on mitigation of BBB hyperpermeability
under fibrillar AB,_,,-induced condition in bEnd.3 endothe-
lial cells.

Materials and Methods

Preparation of Hyp and A, _,, fibrils

AP,_,, fibrils were prepared as previously described (Jekab-
sone et al., 2006). Briefly, 1 mg of AB,_,, (China Peptides,
Shanghai, China) was dissolved in 100 pL of phosphate-buft-
ered saline (PBS) and then cultivated at 37°C for 7 days to
accelerate aggregation into fibrous peptides. Hyp powder
(98% purity; Chengdu ManSiTe Biotechnology, Sichuan,
China) was dissolved in PBS and diluted to 8 mM.

Immortalized brain endothelial cell cultures
bEnd.3 cells were obtained from ATCC (Manassas, VA,
USA) and cultured in Dulbecco’s Modified Eagle’s Medium
(Gibco, Grand Island, NY, USA) containing 10% fetal bo-
vine serum (Gibco), 100 U/mL penicillin, 100 mg/mL strep-
tomycin, and 100 mg/mL amphotericin (Gibco) at 37°C in a
humidified atmosphere containing 5% CO,; cells were sub-
cultured every 2 days.

Cells were allowed to reach 90% confluence and then di-
vided into five groups: control, 20 pM AB,_,,, 20 pM AP,
and 50 pM Hyp, 20 uM ApB,_,, and 200 uM Hyp, and 20 uM

APB,_, and 500 uM Hyp. After pretreatment with or without
Hyp for 2 hours, bEnd.3 cells were cultivated with or with-
out AP 20 uM for 24 hours, and then examined by different
experimental approaches.

MTT assay of cell viability
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide (MTT) assay, which is a sensitive measurement of
cell metabolic status, was used to determine the optimum
concentration of Hyp. Twenty microliters of MTT (Sig-
ma-Aldrich, St. Louis, MO, USA; 5 mg/mL) was added and
incubated for 4 hours under 5% CO, at 37°C. After discard-
ing the culture medium, formazan products were dissolved
in dimethyl sulfoxide (Sigma-Aldrich). Absorbance at 490
nm was measured for each well by a Scientific Microplate
Reader (Bio-Tek, Winooski, VT, USA).

Flow cytometry and TUNEL assay for apoptosis
For flow cytometry, cells were harvested and washed twice
with ice-cold PBS (137 mM NaCl, 2.7 M KCI, 10 mM Na,H-
PO, and 1.8 mM KH,PO,, pH 7.4), and resuspended in
binding buffer. Next, cells were stained with Annexin V-flu-
orescein isothiocyanate (V-FITC) and propidium iodide ac-
cording to the manufacturer’s instructions (Miltenyi Biotec,
Bergisch Gladbach, Germany). Briefly, each tube of resus-
pended cells was incubated with V-FITC (100:1, v:v) for 10
minutes in the dark at 4°C, and then incubated with propid-
ium iodide (100:1, v:v) for 10 minutes in the dark at room
temperature. Finally, cells were immediately examined on
a FACS Calibur (BD Biosciences, Franklin Lakes, NJ, USA)
flow cytometer. Data were analyzed with CellQuest software
(BD Biosciences).

bEnd.3 cell apoptosis was evaluated using a terminal de-
oxynucleotidyl transferase-mediated dUTP nick-end label-
ing (TUNEL) assay. In addition, 4',6-diamidino-2-phenylin-
dole (DAPI) staining was performed for total nuclei
quantification. The labeling protocol was performed accord-
ing to the manufacturer’s instructions (Beyotime, Shanghai,
China). Briefly, bEnd.3 cells were washed in PBS and fixed
with 4% neutral buffered formalin solution for 60 minutes.
Cells were incubated in 0.1% Triton X-100 plus 0.1% sodium
citrate in PBS at 4°C for 2 minutes and then washed three
times in PBS at room temperature. Subsequently, cells were
incubated for 60 minutes in 50 pL of a mixture containing
10 uL of TdT enzyme and 240 uL of equilibration buffer
(Beyotime) at 37°C in a humidified chamber. After three
washes in PBS at room temperature, bEnd.3 cells were coun-
terstained with 50 pL of DAPI (Beyotime) for 5 minutes,
followed by exhaustive washes in PBS. Finally, apoptosis and
total nuclei were observed under an Olympus BX 50 micro-
scope equipped with a reflected light fluorescent attachment
(Olympus, Tatsuno, Japan), and 200x objective.

Western blot assay

After drug treatment, bEnd.3 cells were washed three times
with ice-cold PBS and lysed in sodium dodecyl sulphate
(SDS). Cell lysates containing equal amounts of protein were

1975



Liu CY, Bai K, Liu XH, Zhang LM, Yu GR (2018) Hyperoside protects the blood-brain barrier from neurotoxicity of amyloid beta 1-42.
Neural Regen Res 13(11):1974-1980. doi:10.4103/1673-5374.239445

50

*%K

100 200 300 400 500

150
B
€
Q
(8]
%5 100
xX
>
= ##
Q
S 504
>
¥o)
O
o —
0
Control
Control

AB;_4, 20 pM+hyperoside (uM)

Figure 1 Effect of various concentrations of hyperoside on inhibiting
A, ,,-induced damage in bEnd.3 cells.

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide
assay was used to detect the viability of bEnd.3 cells. Results were
measured as optical density at 490 nm and presented as the mean *
SEM, and analyzed by one-way analysis of variance followed by Tukey’s
multiple comparison post hoc test. The experiment was conducted in
triplicate. ##P < 0.01, vs. control group; *P < 0.05, **P < 0.01, vs. 20 uM
AB,_, group. AB,_,,: Amyloid beta 1-42.
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Figure 2 Protection of Hyp against AP,_,,-induced apoptosis in bEnd.3 cells
as detected by flow cytometry (FITC-V/PI) analysis.

The apoptosis rate of fibrillar AB,_,,-treated bEnd.3 cells obviously increased,
and dramatically decreased after pretreatment with concentrations of Hyp from
50 to 500 M. The results are presented as the mean + SEM, and analyzed by
one-way analysis of variance followed by Tukey’s multiple comparison post hoc
test. The experiment was conducted in triplicate. ##P < 0.01, vs. control group;
*P < 0.05, kP < 0.01, vs. 20 uM AP, ,, group. AP, ,,: Amyloid beta 1-42; Hyp:
hyperoside.
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Figure 3 Effect of Hyp on
apoptotic cells in fibrillar
Ap,_,-induced bEnd.3 cells
(fluorescence microscopy,
200x magnification).
Apoptotic nuclei stained by
TUNEL present green flu-
orescence and even nuclear
fragmentation (red arrows).
All nuclei are stained by
DAPI with dark blue fluo-
rescence. The experiment
was conducted in triplicate.
AB,_,,: Amyloid beta 1-42;
Hyp: hyperoside; TUNEL:
terminal deoxynucleotidyl
transferase-mediated dUTP
nick-end labeling; DAPI:
4',6-diamidino-2-phenylin-
dole.
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Figure 4 Hyp prevents Ap,_,,-induced apoptosis in bEnd.3 cells via inhibiting mitochondrial, endoplasmic reticulum, and death receptor
signaling pathways.

Results of western blot assay showed that ratios of Bax/Bcl-2, cleaved caspase-9/caspase-9, cleaved caspase-12/caspase-12, cleaved caspase-8/
caspase-8, and cleaved caspase-3/caspase-3 were increased, while cytochrome c protein was reduced in AP,_,,-induced apoptosis in bEnd.3 cells.
Equal amount of protein loading was confirmed by actin levels. All results are represented as the mean + SEM (one-way analysis of variance fol-
lowed by Tukey’s multiple comparison post hoc test). The experiment was conducted in triplicate. ##P < 0.01, vs. control group; **P < 0.01, vs. 20
uM AB,_, group. AP,_,,: Amyloid beta 1-42; Hyp: hyperoside.
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Figure 5 Effect of Hypeon expression of TJs and MMPs in fibrillar Ap,_,,-treated bEnd.3 cells.

Results of western blot assay showed expression of MMP-2, MMP-9 and TJs (ZO-1, occludin and claudin-5). Equal amount of protein loading was
confirmed by B-actin levels. Data are represented as mean + SEM (one-way analysis of variance followed by Tukey’s multiple comparison post hoc
test). The experiment was conducted in triplicate. ##P < 0.01, vs. control group; *P < 0.05, **P < 0.01, vs. 20 uM AP, _,, group. AP,_,,: Amyloid beta
1-42; Hyp: hyperoside; TJs: tight junction proteins; MMP: matrix metalloproteinase; ZO-1: zonula occludens-1.

separated by SDS polyacrylamide gel electrophoresis and  bit) (Abcam, Cambridge, UK), MMP-9 (goat) (R&D, Minne-
transferred to polyvinylidene difluoride membranes. After  apolis, MN), ZO-1 (goat) (Arigo, Taiwan, China), claudin-5
blocking in 5% nonfat milk in Tris-buffered saline with 0.1%  (rabbit) (Millipore, Bedford, MA), caspase-9 (mouse), Bax,
Tween 20 (pH 7.6), membranes were incubated with appro-  Bcl-2, cytochrome ¢, caspase-8, caspase-12, caspase-3, and
priate primary antibodies against MMP-2 and occludin (rab-  B-actin (rabbit) (Cell Signaling Technology, Shanghai, China)
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at 4°C overnight at a concentration of 1/1000. Afterwards,
membranes were exposed to secondary antibodies (goat, rab-
bit, or mouse; 1:5000; Cell Signaling Technology) for 2 hours
at room temperature. Immunoreactive proteins were visual-
ized using an enhanced chemiluminescence system (Keygen,
Nanjing, China). Images were analyzed with Image Lab soft-
ware (Bio-Rad, Hercules, CA, USA).

Statistical analysis

All results are expressed as mean + SEM. Statistical analysis
was performed using SPSS 22.0 software (IBM Corp., Ar-
monk, NY, USA). Comparisons were performed by one-way
analysis of variance followed by Tukey’s multiple compari-
son post hoc test. P values of less than 0.05 were considered
statistically significant.

Results

Optimal protective concentration of Hyp against A-
induced cytotoxicity

To detect the optimal protective concentration of Hyp
against AP-induced cytotoxicity, bEnd.3 cells were pretreat-
ed with various concentrations of Hyp (50, 100, 200, 300,
400, 500 pM) for 2 hours, and exposed to 20 uM fibrillar
AP,_y,. The results of MTT assay indicated that the protective
effect of Hyp against APB-induced cytotoxicity occurred in a
concentration-dependent manner. The difference between
concentrations of 200 pM and 500 pM was statistically sig-
nificant (P < 0.05; Figure 1). To explore the strength of the
protective effect of different concentrations of Hyp, 50 uM,
200 uM and 500 uM Hyp were chosen for experiments.

Hyp inhibited activation of the fibrillar A, ,,-triggered
apoptotic pathway in bEnd.3 cells
Cerebral microvascular endothelial cells are vital compo-
nents of the BBB. The survivability of bEnd.3 cells was cru-
cial for the integrity of our BBB model in vitro (Abbott et
al., 2010). To evaluate the effect of Hyp on AP,_,,-induced
bEnd.3 cell apoptosis, cells were pretreated with or without
Hyp for 2 hours, then exposed to fibrillar AB,_,, for an addi-
tional 24 hours. In flow cytometry, the early apoptosis rates
of fibrillar AP,_,,-treated bEnd.3 cells, which were cultured
with concentrations of Hyp from 50-500 uM, decreased
from 28.5% to 9.5%, and the difference between 200 uM and
500 uM was statistically significant (P < 0.05; Figure 2). For
the TUNEL assay, TUNEL-positive nuclei (representing
apoptotic cells) were stained with bright green fluorescence,
while total nuclei stained with DAPI and exhibited blue flu-
orescence (Figure 3). Compared with the control, increased
intensity of green fluorescence and nuclei fragmentation
were obvious after AP treatment. However, pretreatment
with Hyp markedly reversed this phenomenon in a dose-de-
pendent manner. Thus, the anti-apoptotic influences of Hyp
on fibrillar AB,_,,-treated bEnd.3 cells occurred in a dose-de-
pendent manner.

To further analyze the anti-apoptotic mechanism of Hyp,
we analyzed protein expression of Bcl-2, Bax, caspase-9, and
cleaved caspase-9 by western blot assay after pretreatment

1978

with various concentrations of Hyp and 24 hours of cultiva-
tion with AP,_,,. Ratios of cleaved caspase-9/caspase-9 and
Bax/Bcl-2 rose significantly upon cultivation with A, ,, (P <
0.01). Increases of these two ratios was reversed by pretreat-
ment with various concentrations of Hyp (P < 0.05). Cyto-
chrome c levels were significantly increased in cytosol after
treatment with AP,_,, (P < 0.01), but this was also reversed
by pretreatment with Hyp (P < 0.05). Similarly, the caspase-
like activity of caspase-3 was significantly increased after 24
hours of AB,_,, exposure (P < 0.01). Pretreatment with Hyp
also inhibited the activity of caspase-3 induced by AP,_,, (P
< 0.05; Figure 4).

Activation of caspase-8 and caspase-12 was analyzed by
western blot assay. After exposing bEnd.3 cells to AP, ,, for
24 hours, ratios of cleaved caspase-8/caspase-8 and cleaved
caspase-12/caspase-12 were significantly increased and re-
versed by pretreatment with Hyp (P < 0.05; Figure 4).

Hyp increased protein levels of ZO-1, claudin-5, and
occludin, but decreases MMP-2 and MMP-9 in fibrillar
Ap,_,,-treated bEnd.3 cells

Tight junctions, which ensure the integrity of the BBB, are
the most prominent feature of endothelial cells in the central
nervous system,. Occludin, claudin-5 and ZO-1 are the main
TJs involved in BBB permeability (Yamazaki and Kanekiyo,
2017). MMP-2 and MMP-9, as principle members of the
MMP family, are primarily responsibility for degrading TJs
(Gonzalez-Velasquez et al., 2008; Hartz et al., 2012). Based
on our results, we gauged the effect of Hyp on altered ex-
pression of ZO-1, claudin-5, and occludin, as well as the
degrading proteins MMP-2 and MMP-9 in fibrillar AB,_,,-
treated bEnd.3 cells. Cells pretreated with or without 50-500
uM Hyp for 2 hours were exposed to 20 uM A, _,, for 24
hours. Western blot assay results showed that treatment
with 20 uM A, _,, alone significantly decreased levels of ZO-
1, claudin-5, and occludin and increased levels of MMP-2
and MMP-9 in bEnd.3 cells (P < 0.01). Levels of ZO-1, clau-
din-5, and occludin increased, while levels of MMP-2 and
MMP-9 decreased after pretreatment with Hyp (P < 0.05).
Hyp elicits a protective effect by ZO-1, claudin-5, and oc-
cludin in a concentration-dependent manner. Pretreatment
with Hyp remarkably increased levels of ZO-1, claudin-5,
and occludin, and decreased levels of MMP-2 and MMP-9
(Figure 5). The protective effect of Hyp on ZO-1, claudin-5,
and occludin occurred in a concentration-dependent man-
ner from 50-500 pM. In addition, the inhibitory effect of
Hyp on MMP-2 and MMP-9 also occurred in a concentra-
tion-dependent manner from 50-500 pM. Taken together,
Hyp mitigated BBB paracellular leakiness by decreasing
MMP-2 and MMP-9, thereby reducing the degradation of T]
proteins. The protective effect of Hyp is concentration-de-
pendent in the range of 50-500 uM.

Discussion

Current evidence suggests that AP deposition inside the
brain can result in BBB dysfunction, which will in turn
increase the passage of ions, hydrophilic compounds, and
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macromolecules through the paracellular pathway in AD
patients (Marco and Skaper, 2006; Biron et al., 2011; Erick-
son and Banks, 2013; Rosenberg, 2014). Our previous study
found that Hyp alleviated Ap-induced high permeability of
the BBB model in vitro (Liu et al., 2017), however the mo-
lecular mechanism remains unclear. This study investigated
the protective mechanism of Hyp on fibrillar AB,_,,-induced
disruption in an in vitro BBB model by analyzing cell toxici-
ty, TJs, MMPs expression, and apoptotic signaling pathways.

Cerebral endothelial cells are the main component sup-
porting the essential functions of the BBB. Therefore, a key
point for protecting BBB integrity is protection of endo-
thelial cells. in vitro studies demonstrated that A exerts a
marked toxic effect on cerebral endothelial and neuronal
cells through endoplasmic reticulum (ER), death receptor,
and mitochondria-dependent apoptosis pathways (Folin et al.,
2006; Zhao et al., 2008; Fossati et al., 2012; Feng et al., 2015).
The caspase family, such as cysteine proteases, are critical
mediators of programmed cell death. First, in the mitochon-
dria-dependent apoptosis pathway, the pro-apoptotic protein
Bax facilitates release of cytochrome c inside mitochondria
by increasing mitochondrial membrane permeability. Cyto-
chrome c is also a pro-apoptotic protein that can induce cell
apoptosis via activation of the caspase family. Bcl-2 acts as an
anti-apoptosis protein by binding to Bax and inhibiting ex-
cessive Bax, leading to high permeability of the mitochondrial
membrane. In the caspase cascade, caspase-9 and the apopto-
sis effector caspase-3 can be activated by cytochrome c. More-
over, activation of caspase-3, a downstream effector involved
in the execution of apoptotic cascade, ultimately leads to cell
apoptosis (Wang et al., 2016). Second, in the ER apoptosis
pathway, AB induces release of Ca** and misfolded protein
aggregation in the ER which leads to activation of the ER. On
the one hand, excessive misfolded protein in the ER activates
caspase-12 into cleaved caspase-12, which is a key effector in
the ER apoptosis pathway. Next, caspase-9 and caspase-3 are
activated sequentially via the caspase cascade reaction. On
the other hand, Ca** overload in mitochondria resulting from
excessive uptake of Ca*" released from ER, increases the ratio
of Bax/Bcl-2, activates the mitochondria-dependent apoptotic
pathway, eventually inducing cell apoptosis (Kim et al., 2009;
Fonseca et al., 2013). Third, caspase-8, a key effector in the
death receptor apoptosis pathway, binds to specific receptors
on the cell surface and is activated as cleaved caspase-8, which
ultimately activates the extrinsic apoptosis pathway (Folin
et al., 2006). In this study, AP specifically activated the three
apoptosis pathways described above, as indicated by activated
caspase-8, -12, -9, and -3, and induced apoptosis of bEnd.3
cells. Furthermore, Hyp reduced ratios of Bax/Bcl-2, cleaved
caspase-8/caspase-8, cleaved caspase-12/caspase-12, cleaved
caspase-9/caspase-9, and cleaved caspase-3/caspase-3, as well
as the level of cytochrome c in AP,_,, fibril-induced bEnd.3
cells. These data indicated that Hyp may play an anti-apop-
totic role by suppressing death receptor-, ER-, and mitochon-
drial-dependent apoptosis pathways. Moreover, these results
demonstrate that AP,_,, induced apoptosis in bEnd.3 cells by
mitochondria-independent, death receptor, and ER apoptosis

pathways. Caspase-8 and caspase-12 served as indicators of
death receptor and ER apoptosis pathways, respectively (Folin
et al., 2006). In addition, mitochondria-dependent pathways
may rely on cytochrome c release from mitochondria into
the cytosol, an increased Bax/Bcl-2 ratio, and subsequent
activation of caspase-9 and caspase-3. Hyp prevented AP, _,-
induced bEnd.3 cell apoptosis by simultaneously restraining
mitochondria-dependent, death receptor, and ER apoptosis
pathways.

Intercellular TJs, the most prominent junctional complex
between endothelial cells, are responsible for BBB integrity
(Chen et al,, 2012). TJs, including occludin, cytoplasmic ZO
proteins, and claudins, separate the apical and basolateral
domains, causing cell polarization and regulation of BBB per-
meability (Forster, 2008; Zlokovic, 2008). Among T7Js, occlu-
din, claudin-5, and ZO-1 are sensitive indicators of structural
changes in the BBB during disease pathogenesis (Yang and
Rosenberg, 2011; Naik et al., 2014). Losing one of these pro-
teins may severely compromise BBB integrity and functional-
ity, and deteriorate AD progression (Yamazaki and Kanekiyo,
2017). Some research has indicated that MMPs may be the
main factor for damaging T7s (Seo et al., 2012). MMPs, a fam-
ily of zinc and calcium enzymes, secreted by endothelial cells
and neurons, can digest the extracellular matrix and evoke
BBB damage in physiological states (Mott and Werb, 2004).
Among the MMP family, MMP-2 and MMP-9 have very im-
portant effects on the pathogenesis of AD and degradation of
TJs, such as claudin-5 and ZO-1, by disturbing cerebral mi-
crovessels and BBB integrity (Gonzalez-Velasquez et al., 2008;
Hartz et al.,, 2012). Our previous studies showed that AB,_,
caused significant BBB leakage, but a certain concentration
of Hyp could reverse this phenotype. This study explored
the underlying molecular mechanism of Hyp and found that
Hyp treatment upregulated ZO-1, occludin, and claudin-5,
while downregulating MMP-2 and MMP-9, to protect against
AP,_y,-induced toxicity in bEnd.3 cells in vitro.

In summary, we provide fresh evidence to show that Hyp
can prevent fibrillar AB,_,,-induced brain endothelial cell
damage by effectively suppressing both mitochondria-de-
pendent death receptor and ER apoptosis pathways. Further-
more, Hyp reversed fibrillar AP, ,,-induced downregulation
of TJs and prevented fibrillar A, ,,-induced upregulation
of MMP-2 and MMP-9. These results indicate that Hyp
may serve as a potential therapeutic agent for prevention
and/or treatment of BBB disruption in AD. Notably, as the
pathogenesis of AD is varied, damaged or weakened barrier
protection of the BBB is just one factor. Indeed, neuronal
cell damage induced by AP and Tau proteins, and increased
production and abnormal clearance of AP are all important
pathogenic factors. As a result of limitations associated with
in vitro study conditions, further studies are needed to verify
specific effects for treating AD in vivo.
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