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Anagliptin Protected against Hypoxia/Reperfusion-Induced Brain
Vascular Endothelial Permeability by Increasing ZO-1
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ABSTRACT: Background and purpose: Cerebral ischemia-reperfusion injury is commonly 0GR anagliptin
induced during the treatment of ischemic stroke and is reported to be related to the blood— l‘\ Ceatay:

brain barrier destruction and brain vascular endothelial cell dysfunction. Anagliptin is a novel [Nox-]t

antidiabetic agent recently reported to protect neurons from oxidative stress. In the present study, |

we aim to investigate the protective property of anagliptin against oxygen—glucose deprivation and *}

reperfusion (OGD/R)-induced injury on endothelial cells and clarify the potential underlying |

mechanism. Methods: OGD/R modeling was established on bEnd.3 brain endothelial cells. Cell [mLck]t

viability was detected using the MTT assay, and the mitochondrial reactive oxygen species (ROS) [G)

level was measured using the mitoses red staining assay. The endothelial monolayer permeability

was determined using an FITC-dextran permeation assay. The expression levels of NOX-4 and ZO- [mLez] [mLc2 [ @1 —[zo01 |}
1 were evaluated using qRT-PCR and Western blot assays. The expressions of MLC-2, p-MLC-2,

and myosin light chain kinase (MLCK) were determined using Western blot. Results: First, the BBB

breakdown

decreased cell viability, upregulated NOX-4, and elevated mitochondrial ROS level in the
endothelial cells induced by OGD/R were reversed by treatment with anagliptin. Second, the
enlarged endothelial permeability and the decreased expression level of ZO-1 in the endothelial cells induced by OGD/R were
alleviated by anagliptin. Third, the downregulation of ZO-1 and enlarged brain endothelial monolayer permeability induced by
OGD/R were ameliorated by an MLCK inhibitor, ML-7. Lastly, the elevated expressions of MLCK and p-MLC-2 induced by OGD/
R were suppressed by anagliptin. Conclusion: Anagliptin protected against hypoxia/reperfusion-induced brain vascular endothelial
permeability by increasing the expression ZO-1, mediated by inhibition of the MLCK/MLC-2 signaling pathway.

B INTRODUCTION which are indispensable to maintaining the integrity of the
Ischemic stroke is a common clinical cerebrovascular disease BBB .and the core process of Fhe p atl;(_)gohysiological changes of
with high morbidity. The rebuilding of the blood flow and the multiple nervous éystem d1seases.. Zonul‘a occludens-1
supply of blood and oxygen to ischemic areas are critical to the (ZO-1) plays an important role in connecting the trans-
repairment of ischemic brain tissue injury. Accompanying the membrane proteins and cytoskeletal proteins. The stability of
process of blood supply, reperfusion injury is regarded as a the tight junction structure is impacted by the decreased
major concern.' Cerebral ischemia-reperfusion injury (CIRI) is expression level of ZO-1 or inactivation of ZO-1, regarded as
defined as a clinical symptom of aggravation of the dysfunction one of the biomarkers of the destruction of the BBB."" Brain
of the brain metabolism and structural destruction induced by vascular endothelial cell dysfunction is also regarded as the
ischemia after restoring blood perfusion in ischemic brain pathological characteristic of the destruction of the BBB.'”
tissues.”’ Therefore, in blood flow restoration for ischemic Brain vascular endothelial cells are the main location for the
stroke treatment, it is important to ameliorate the destruction production of reactive oxygen species (ROS)," mediate
of the blood—brain barrier (BBB). The BBB is mainly oxidative stress, and contribute to the destruction of the
composed of vascular endothelial cells, astrocytes, intercellular BBB.'*~'° In addition, the myosin light chain kinase (MLCK)/

space, tight junction proteins, and basement membranes.”
When CIRI occurs, a series of pathological changes are
induced, including the production of free radicals, the overload
of intracellular calcium, the disorder of energy metabolism, and
neuron apoptosis, which contribute to endovascular edema,
swollen astrocytes, breakage of basement membranes, and
dissociation of intercellular junctions. As a consequence, the
destruction of the BBB is induced.”* The tight junction is a
complex that mainly consists of transmembrane proteins,
cytoplasmic accessory proteins, and cytoskeleton proteins,

MLC signaling pathway mediates the vascular permeability of
brain vascular endothelial cells by regulating the expression of
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ZO-1'""% and is regulated by the excessively released ROS."” (A)
Therefore, reducing brain vascular endothelial permeability oGD -
might be an effective target for the treatment of CIRL Anagliptin 0

Anagliptin is an inhibitor of dipeptidyl peptidase IV (DPP-
4) that was developed by Sanwa Kagaku Kenkyusho Co., Ltd
and approved for the treatment of type II diabetes.”” The
molecular structure of anagliptin is shown in Figure 1.

[¢] (o]
H (B)
Y R
‘</|\ H 1.5
=\ #
N . Y
g 10 *k
Figure 1. Molecular structure of anagliptin. Q *
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Anagliptin has shown promising antidiabetic properties in i
both clinical trials and animal experiments.”** Recently, it was
. o 0
reported that the. cytotoxicity and apoptosis 1ndu'ced by 0GD - . . .
endogenogg amyloid S in the neurons could be alleviated by Anagliptin 0 0 5 10 uM
anagliptin.”” Pronounced antioxidative stress effects have also
been reported during the treatment of type II diabetes with Figure 2. Anagliptin ameliorated OGD/R-induced reduction of cell
anagliptin.24 In the present study, the protective effect of viability in bEnd.3 brain endothelial cells. Cells were exposed to OGD

anagliptin against oxygen—glucose deprivation and reoxygena- for 6 h, followed by reperfusion in normal culture media in the

tion (OGD/R)-induced injury on bEnd.3 brain endothelial presence or absence of anagliptin (S and 10 uM) for 24 h. (A)

. ) . ] . Morphology of bEnd.3 cells; scale bar, SO um. (B) Cell viability
cells will be investigated to explore the potential therapeutic measured using the MTT assay (11 = § or 6, $85, P < 0.005 vs vehicle

property against CIRL group; *, **, P < 0.0S, 0.01 vs OGD/R group).
B RESULTS

Anagliptin Ameliorated OGD/R-Induced Reduction evaluated using an FITC-dextran permeation assay. As
of Cell Viability in bEnd.3 Brain Endothelial Cells. To shown in Figure 4, compared to the control, the endothelial
investigate the protective effect of anagliptin against injury in permeability was increased from 6.8 to 63.2% in the OGD/R-
bEnd.3 brain endothelial cells induced by OGD/R, bEnd.3 treated bEnd.3 cells but suppressed to 40.1 and 25.5% by
brain endothelial cells were exposed to OGD for 6 h, followed treatment with anagliptin, respectively, indicating a protective
by reperfusion in normal culture media in the presence or effect of anagliptin against enlarged endothelial permeability
absence of anagliptin (S and 10 gM) for 24 h. As shown in induced by OGD/R.
Figure 2A, clear and integrate morphology was observed in Anagliptin Ameliorated OGD/R-Induced Reduction
control bEnd.3 cells. The morphology of OGD/R-induced of ZO-1 in bEnd.3 Brain Endothelial Cells. ZO-1 is
bEnd.3 cells was fuzzy and incomplete and significantly important in maintaining the integrity of the BBB. We further
ameliorated by the introduction of anagliptin. The cell viability investigated the expression level of ZO-1 in the treated bEnd.3
(Figure 2B) was also dramatically inhibited by OGD/R but cells. As shown in Figure 5, ZO-1 was found to be significantly
greatly elevated by treatment with anagliptin in a dose- downregulated in bEnd.3 cells by OGD/R but dramatically
dependent manner. These data indicate that the cytotoxicity in upregulated by the administration of anagliptin in a dose-
bEnd.3 brain endothelial cells induced by OGD/R was dependent manner.
ameliorated by anagliptin. Inhibition of MLCK with Its Inhibitor ML-7 Amelio-

Anagliptin Ameliorated OGD/R-Induced Expression rated Reduction of ZO-1 and Brain Endothelial
of NOX-4 and the Production of Mitochondrial ROS in Monolayer Permeability. Cells were exposed to OGD for
bEnd.3 Brain Endothelial Cells. We further detected the 6 h, followed by reperfusion in normal culture media in the
state of oxidative stress in the treated bEnd.3 brain endothelial presence or absence of ML-7 (10 uM) for 24 h. As shown in
cells. As shown in Figure 3A,B, the elevated expression of Figure 6A, the expression of p-MLC-2 was significantly
NOX-4 induced by OGD/R was significantly suppressed by elevated in bEnd.3 cells by OGD/R but greatly suppressed
the introduction of anagliptin. The level of mitochondrial ROS by the introduction of ML-7, indicating an inhibitory effect of
was also significantly increased in OGD/R-treated bEnd.3 ML-7 against the MLCK/MLC-2 signaling pathway. The
brain endothelial cells but pronouncedly inhibited by the downregulated ZO-1 in OGD/R-treated bEnd.3 cells (Figure

administration of anagliptin in a dose-dependent manner. 6B,C) was greatly upregulated by treatment with ML-7. As
These data indicate that the oxidative stress in bEnd.3 brain shown in Figure 6D, compared to the control, the endothelial
endothelial cells induced by OGD/R was dramatically permeability was increased from 7.3 to 61.2% but suppressed
alleviated by anagliptin. to 19.6% by the introduction of ML-7. These data indicate that
Anagliptin Mitigates OGD/R-Induced Brain Endothe- the reduction of ZO-1 and brain endothelial monolayer
lial Monolayer Permeability in bEnd.3 Brain Endothelial permeability induced by OGD/R were significantly amelio-
Cells. To investigate the protective effect of anagliptin on the rated by blocking the MLCK/MLC-2 signaling pathway.
destructed BBB, the endothelial permeability of the monolayer Anagliptin Ameliorated OGD/R-Induced Expression

consisting of treated bEnd.3 brain endothelial cells was of MLCK and p-MLC-2. We further investigated the effects of
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Figure 3. Anagliptin ameliorated OGD/R-induced expression of
NOX-4 and the production of mitochondrial ROS in bEnd.3 brain
endothelial cells. Cells were exposed to OGD for 6 h, followed by
reperfusion in normal culture media in the presence or absence of
anagliptin (S and 10 uM) for 24 h. (A) mRNA of NOX-4; (B)
protein level of NOX-4; and (C) mitochondrial ROS measured using
mitosox red staining. Scale bar, SO ym (n = S, $$$, P < 0.00S vs
vehicle group; *, **, P < 0.05, 0.01 vs OGD/R group).

anagliptin on the MLCK/MLC-2 signaling pathway. Cells were
exposed to OGD for 6 h, followed by reperfusion in normal
culture media in the presence or absence of anagliptin (5 and
10 uM) for 24 h. As shown in Figure 7A,B, the expression of
MLCK was dramatically promoted in bEnd.3 cells by OGD/R
but significantly suppressed by treatment with anagliptin. The
upregulated p-MLC-2 in OGD/R-treated bEnd.3 cells was also
greatly downregulated by the introduction of anagliptin in a
dose-dependent manner. These data illustrate the inhibitory
effect of anagliptin on the activated MLCK/MLC-2 signaling
pathway induced by OGD/R.
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Figure 4. Anagliptin mitigates OGD/R-induced brain endothelial
monolayer permeability in bEnd.3 brain endothelial cells. Cells were
exposed to OGD for 6 h, followed by reperfusion in normal culture
media in the presence or absence of anagliptin (S and 10 M) for 24
h. Endothelial permeability was measured using FITC-dextran
permeation (n = 6, $$$, P < 0.005 vs vehicle group; *, ** P <
0.0, 0.01 vs OGD/R group).
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Figure S. Anagliptin ameliorated OGD/R-induced reduction of ZO-1
in bEnd.3 brain endothelial cells. Cells were exposed to OGD for 6 h,
followed by reperfusion in normal culture media in the presence or
absence of anagliptin (S and 10 gM) for 24 h. (A) mRNA of ZO-1
and (B) protein of ZO-1 (n = S, $$$, P < 0.005 vs vehicle group; *,
#* P < 0.0S, 0.01 vs OGD/R group).

B DISCUSSION

The production and metabolism of ROS in the endothelial
cells are maintained by the balance between the oxidative and
antioxidative systems under the normal physiological state and
are essential for normal cellular function. However, under the
CIRI state, excessive production of ROS is induced in
endothelial cells, contributing to the activation of oxidative
stress.”””° Oxidative stress induces endothelial cell dysfunction
by releasing excessive superoxide, and the superoxide triggers
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Figure 6. Inhibition of MLCK with its inhibitor ML-7-ameliorated reduction of ZO-1 and brain endothelial monolayer permeability. Cells were
exposed to OGD for 6 h, followed by reperfusion in normal culture media in the presence or absence of ML-7 (10 uM) for 24 h. (A)
Phosphorylated and total level of MLC-2; (B) mRNA of ZO-1; (C) protein level of ZO-1; and (D) endothelial permeability (n = S or 6, $$$, P <

0.005 vs vehicle group; **, P < 0.01 vs OGD/R group).

the damages on bioactive substances, such as proteins, lipids,
and DNAs, contributing to the apoptosis or death of
endothelial cells.”” In the present study, we found that the
cytotoxicity in the brain endothelial cells induced by OGD/R
was significantly ameliorated by treatment with anagliptin,
indicating a promising protective effect of anagliptin on OGD/
R-induced injury on brain endothelial cells. Further inves-
tigations revealed that the production of mitochondrial ROS
induced by OGD/R was dramatically suppressed by anagliptin,
indicating that the state of oxidative stress induced by OGD/R
was alleviated by anagliptin. In addition, the expression of
NADPH oxidase (NOX) 4, the main origin of ROS,**** was
downregulated by anagliptin, illustrating that the oxidative
state in the OGD/R-treated brain endothelial cells was
pronouncedly mitigated.

MLCK is a member of the calmodulin-dependent protein
kinase family and plays an important role in regulating the
permeability of vascular endothelia. MLC-2 is the main target
of MLCK and mediates the actin contracts, as well as
rearranges the distribution of cellular skeleton.”® The MLCK
signaling pathway regulates the structure of the cellular
skeleton mainly by mediating the phosphorylation of
MLC.*'7** MLCK is an important protein kinase of p-MLC.
The assembly of myosin II into myosin fibers is promoted, and
the hydrolytic ATP is activated by the phosphorylation of
MLC, stabilizing the interaction between myosin and actin and
mediating the shrinkage of cytoskeletal microfilaments.” It is
reported that centripetal retraction of myosin and actin
filaments is induced by decreasing the concentration of
extracellular calcium and the structure of tight junction is
destroyed and can be blocked by the MLCK inhibitor or actin
stabilizer.*® Under pathological states, such as oxidative stress,
the MLCK/MLC-2 signaling pathway is activated to mediate
the constriction of actin, induce the remodeling of the cellular

skeleton, and destroy the intracellular tight junction, finally
contributing to the permeability of endothelial®® In the
present study, we found that the endothelial permeability was
significantly enlarged by treatment with OGD/R but greatly
alleviated by treatment with anagliptin, indicating a potential
protective effect of anagliptin against the destroyed BBB. The
injured tight junction between brain endothelial cells induced
by OGD/R was also significantly repaired by anagliptin, which
was verified by the upregulation of ZO-1, an important
regulator of the tight junction.”” We further validated that the
damage of OGD/R against the tight junction and endothelial
permeability could be ameliorated by ML-7, an inhibitor of
MLCK, indicating that the MLCK/MLC-2 signaling pathway
is involved in the pathogenesis of OGD/R-induced injury on
endothelial cells. Lastly, we found that the MLCK/MLC-2
signaling pathway in the endothelial cells could be inhibited by
anagliptin, indicating that the protective effect of anagliptin
against OGD/R-induced injury on the endothelial cells might
be related to the blockage of the MLCK/MLC-2 signaling
pathway. However, the conclusion needed further verifications,
such as introducing the activator MLCK/MLC-2 signaling
pathway into the experimental system, which will be conducted
in our future work. Furthermore, the therapeutic property of
anagliptin against CIRI will be further verified by treating the
middle cerebral artery occlusion animals, which will also be
performed in our future work to confirm the therapeutic
property of anagliptin.

Taken together, our data indicate that anagliptin protected
against hypoxia/reperfusion-induced brain vascular endothelial
injury via reduction of endothelial permeability through
increasing the expression of ZO-1, mediated by the inhibition
of the MLCK/MLC-2 signaling pathway.
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Figure 7. Anagliptin ameliorated OGD/R-induced expression of
MLCK and phosphorylation of pMLC-2. Cells were exposed to OGD
for 6 h, followed by reperfusion in normal culture media in the
presence or absence of anagliptin (S and 10 4M) for 24 h. (A) mRNA
of MLCK; (B) protein level of MLCK as measured by the Western
blot analysis; and (C) level of phosphorylated and total level of MLC-
2 (n=Sor6, $$$, P < 0.00S vs vehicle group; *, **, P < 0.0S, 0.01 vs
OGD/R group).

B MATERIALS AND METHODS

Cell Culture and Treatments. The bEnd.3 brain
endothelial cells were purchased from ATCC (Virginia,
USA) and cultured in the complete DMEM medium (Thermo
Fisher Scientific, Waltham, USA) containing 10% fetal bovine
serum and 1% penicillin/streptomycin at 37 °C and CO,. The
in vitro model of OGD/R was established according to the
instruction described previously.”® Briefly, for the OGD
process, the cells were washed several times using the
phosphate buffered saline (PBS) buffer and resuspended
using the glucose-free DMEM medium. Subsequently, the
bEnd.3 brain endothelial cells were transferred to a hypoxia
chamber (containing a gas mixture of $% CO, and 95% N,) at

7775

37 °C to induce an OGD condition. Six hours later, the cells
were returned to the normal incubator (95% air/5% CO,) in
the presence or absence of anagliptin (S and 10 M) for 24 h
at 37 °C. Anagliptin (purity >98%) was commercially obtained
from InvivoChem company (Cat#739366-20-2, China,
Guangzhou).

MTT Assay. The viability of the treated bEnd.3 brain
endothelial cells was evaluated using an MTT assay. In brief,
the cells were planted on the 96-well plates and subjected to
necessary treatment. After that, cells were loaded with S mg/
mL MTT (Thermo, Massachusetts, USA) for 4 h. The
reaction product was dissolved with dimethylsulfoxide. Lastly,
absorbance at 490 nm was measured to index cell viability.

MitoSox Red Staining. MitoSox red assay was used to
evaluate the production of mitochondrial ROS. Briefly, bEnd.3
brain endothelial cells were planted in the 24-well plates at a
density of 50 000 cells/well, followed by being stained with 5
umol/L MitoSox-Red for 30 min in the dark at 37 °C.
Subsequently, the cells were collected and washed using PBS
buffer, and a fluorescent microscope was used to examine the
red fluorescence.

Real-Time PCR Assay. RNAs from bEnd.3 cells were
extracted using TRIzol (Cat#15596026, Invitrogen, USA),
following the protocol for the product. The quantification of
the total RNA was performed on a Nanodrop machine. RNA
(2 pg) was further reversely transcripted into cDNAs with the
one-step cDNA Synthesis Kit (Bio-Rad, USA). Subsequently,
the quantitative real-time PCR was performed using 2X Power
SYBR Green Master Mix (Invitrogen, California, USA).
Finally, results were determined using the 274¢, method.
GAPDH was used as a housekeeping gene. The following
primers were used in this study: ZO-1 (forward: §'-
AACTATGACCATCGC CATC-3', reverse: S5'-
GCCTGTACCTGTTGTGCACC-3'); NOX4 (forward: S'-
TAG ATACCCACCCTCCCG-3', reverse: S'-
TGGGCTCTTCCATACAAATC-3'); MLCK (forward: §'-
CGCCACTTCCAGATAGACTAC-3’, reverse: 5'-
ACCTTCCTC CATCGTTTCC-3'); and GAPDH (forward:
5'-ATCAGCAATGCCTCCTGCAC-3', reverse: 5'-CGTCAA
AGGTGGAGGAGTGG-3).

Western Blot Assay. Following lysing of the treated
bEnd.3 brain endothelial cells using lysis buffer (Invitrogen,
California, USA), the total proteins were extracted and
quantified using the BCA kit (Beyotime Biotechnology,
Shanghai, China). Subsequently, the proteins were loaded
and separated using sodium dodecyl sulfate polyacrylamide gel
electrophoresis, followed by being transferred to the PVDF
membrane and incubated with 5% fat-free milk. The
membranes were subsequently incubated with primary anti-
bodies NOX-4 (1:2000, Cat#PAS-88106, Invitrogen, USA);
Z0-1 (1:1000, Cat#5406, Cell Signaling Technology, USA);
MLCK (1:2000, Cat#ab232949, Abcam, UK); MLC-2
(Cat#3672, Cell Signaling Technology, USA); p-MLC-2
(Cat#95777, Cell Signaling Technology, USA); and f-actin
(1:5000, Catffsc-47778, Santa Cruz Biotechnology, USA) and
further incubated with a horseradish peroxidase-conjugated
secondary antibody (1:1000, Cell Signaling Technology, USA)
at room temperature for 1.5 h. Finally, the blots were
incubated with ECL reagents (Thermo Fisher Scientific,
USA) and visualized using Image]J software.

FITC-Dextran Permeation Assay. FITC-dextran perme-
ation assay was performed as previously described.” The
monolayers were cultured using the treated bEnd.3 brain
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endothelial cells at a density of 2 X 10° cells/cm?
Subsequently, 500 pg/mL fluorescein isothiocyanate FITC-
dextran was added to the apical compartment of the chamber,
and samples (200 uL) from the basal medium (lower
chamber) were collected 120 min after the addition of
FITC-dextran. Finally, the absorbance of basal and apical
medium samples was detected using a microplate reader
(SpectraMax Gemini, California, USA) at 485 nm of excitation
and 528 nm of emission.

Statistical Analysis. Experiments were repeated three
times. All data were expressed as mean + SD. The data were
analyzed using analysis of variance (ANOVA), followed by
Dunnett’s post hoc test for multiple comparisons, using Graph
Pad Prism 6.0 (Graph Pad Software, La Jolla, CA, USA).
Differences were considered significant with a P-value of less
than 0.0S.
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