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Neuroprotective effects of an in vitro BBB permeable
phenoxythiophene sulfonamide small molecule
in glutamate-induced oxidative injury
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Abstract. Reactive oxygen species (ROS) play a central role
in oxidative stress-associated neuronal cell death during
ischemia. Further investigation into the inhibition of exces-
sive ROS generation post-stroke is urgently required for
the treatment of ischemic stroke. In the present study, the
neuroprotective properties of the blood-brain barrier (BBB)
penetrant B355227 were investigated. B355227 is a chemical
analogue of B355252, and the role of the phenoxythiophene
sulfonamide compound B355227 was further investigated in a
glutamate-induced oxidative injury model. An in vitro model
of the BBB was established in the immortalized mouse brain
capillary endothelial cell line, bEnd.3. Formation of barrier
in Transwell inserts was confirmed using EVOM resistance
meter and Caffeine, Imatinib and Axitinib were used to vali-
date the efficacy of the model. The validated BBB assay in
combination with high performance liquid chromatography
were used to analyse and verify the permeability of B355227
through the barrier. The integrity of the cell junctions after
the BBB assays were confirmed using immunofluorescence to
visualize the expression of the barrier junction protein zonula
occludens-1. Cell survival was measured with Resazurin, a
redox indicator dye, in HT22, a hippocampal neuronal cell
treated with 5 mM glutamate or co-treated with the B355227
recovered from the BBB permeability experiment. Changes in
glutathione levels were detected using a glutathione detection
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kit, while analyses of ROS, calcium (Ca**), and mitochondrial
membrane potential (MMP) were accomplished with the
fluorescent dyes 2',7'-dichlorofluorescein diacetate, Fura-2
AM and MitoTracker Red dyes, respectively. Immunoblotting
was also performed to detect the expression and activation of
Erk1/2, p-38, JNK, Bax and Bcl-2. The results of the present
study demonstrated that B355227 crossed the BBB in vitro
and protected HT22 from oxidative injury induced by gluta-
mate exposure. Treatment of cells with B355227 blocked the
glutamate-dependent depletion of intracellular glutathione
and significantly reduced ROS production. Increased Ca**
influx and subsequent collapse of the MMP was attenuated
by B355227. Furthermore, the results of the present study
demonstrated that B355227 protected against oxidative stress
via the MAPK pathway, by increasing the activation of Erk1/2,
JNK and P38, and restoring anti-apoptotic Bcl-2. Collectively,
the results of the present study indicate that B355227 has
potent antioxidant and neuroprotective attributes in gluta-
mate-induced neuronal cell death. Further investigation into
the role of B355227 in the modulation of glutamate-dependent
oxidative stress is required.

Introduction

Stroke is the fifth leading cause of death in the United States,
affecting >795,000 individuals each year (1). Elderly patients
with underlying chronic and neurodegenerative conditions such
as Alzheimer's and Parkinson's disease exhibit a higher risk
of ischemic strokes that often lead to long term disability (2).
Partial or complete blockage of the cerebral arteries during
cerebral ischemia restricts blood flow and affects the metabolic
needs of the brain (3). As a result, neuronal function is impaired
and cell death occurs due to excessive glutamate, inadequate
supply of oxygen and glucose, collapse in energy dependent
processes, increase in reactive oxygen species (ROS) and
disruption of the blood-brain barrier (BBB) (3,4).

Glutamate is an amino acid excitatory neurotransmitter
involved in neuronal development, learning, memory and
aging (5,6). However, high concentrations of glutamate released
under pathologic stimuli overwhelms neurons and contributes to
increased oxidative stress and neuronal damage (7). Glutamate
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neurotoxicity occurs when a high concentration of extracellular
glutamate inhibits the glutamate/cystine antiporter, lowering
the level of cystine in the cell. Cystine is the precursor of
glutathione (GSH), and upon depletion, elevates intracellular
ROS resulting in oxidative stress (8). Accumulation of ROS
leads to an increase in the level of Ca®* in the mitochondrial
matrix (9). High levels of Ca®* sensitizes the formation of the
mitochondrial permeability transition pore (MPTP), leading to
the collapse of the mitochondrial membrane potential (MMP)
and cell death (9-11). Furthermore, binding of glutamate to
the corresponding receptors activates downstream signalling
pathways, such as the MAPK signalling pathway, which serves
a central role in neuronal plasticity, survival, death and memory
formation (12). Moreover, an increase in Erk1/2 mediated by
ROS further exacerbates neurotoxicity (13). In contrast, a
previous study reported that Erk1/2 serves a key role in the
survival of neurons during post ischemic recovery (13,14).
Perturbation of cellular Ca** homeostasis and increased oxida-
tive stress activates the JNK and p38 signalling pathways, and
promotes neuronal cell death (15).

B355252, a phenoxythiophene sulfonamide compound,
exerts a number of neuroprotective effects. It was initially
identified from a proprietary library of chemical compounds
as a potentiator of nerve growth factor (NGF)-primed neurite
outgrowth and elongation in a neuronal cell model (16). In the
presence of sub-physiological concentrations of NGF, B355252
promotes differentiation and production of axon-like processes
in pheochromocytoma cell line PC12, and its derivative neuro-
screen-1 (16). Previous studies have reported the anti-apoptotic
and antioxidant properties of B355252 in chemical models
of ischemia and Parkinson's disease in vitro (17-19). In the
present study, B355227 (molecular weight, 494.3 DA), a substi-
tuted analogue of B355252, synthesized by our medicinal
chemists during the SAR studies of B355252, was shown to
readily cross the BBB in an in vitro assay. B355227 exerted
neuroprotective effects in a glutamate-induced oxidative stress
model, and protected HT22 cells from oxidative stress via the
modulation of a number of key effectors, such as GSH, ROS
and Ca*" overload. In addition, B355227 downregulated the
activation of Erk1/2, JNK and P38 protein families that were
reported to serve key roles in ischemia (18).

Materials and methods

Cell culture. Mouse hippocampal HT22 and endothelial
bEND.3 cell lines were purchased from the American Type
Culture Collection. Cells were maintained at 37°C in growth
media (GM) consisting of DMEM (Cytiva) supplemented with
10% FBS (Cytiva), 1% penicillin/streptomycin (Cytiva) and
1% L-glutamine (Lonza Group, Ltd.) in a humidified incubator
with 5% CO,. For all experiments, cells were incubated at
37°C in a humidified incubator with 5% CO,, unless indicated
otherwise.

Nuclear Magnetic Resonance ("H and C) of B355227.B355227
was synthesized and characterized by the Medicinal Chemistry
Group, Department of Pharmaceutical Science, North Carolina
Central University (Durham, USA). All solvents and reagents
were obtained from commercial sources (16). Proton nuclear
magnetic resonance (IH NMR) spectra and carbon nuclear

magnetic resonance (13C NMR) spectra were recorded on a
Varian VNMRS-500 (500 MHz) spectrometer.

Assessment of cell viability. Cell viability was assessed using
the redox indicator dye resazurin sodium salt (Sigma-Aldrich;
Merck KGaA). HT22 cells were seeded in 96-well plates at a
density of 2x10* cells/well and incubated overnight at 37°C.
Next day, the cells were treated with drugs (B355227 with and
without glutamate) in GM at 37°C for 24 h. Resazurin was
added to the wells to a final concentration of 1%, and cells were
incubated at 37°C for 3 h. Fluorescence was measured using a
PHER Astar microplate reader (BMG Labtech), at an excitation
wavelength of 540 nm, and an emission wavelength of 590 nm.

Measurement of trans-endothelial electrical resistance (TEER).
bEND.3 cells were seeded at a density of 1.3x10° cells/well
in Transwell inserts and cultured for 12 days in GM at 37°C
in 5% CO,. The TEER was measured daily using End-Ohm
chopstick electrodes connected to an EVOM resistance meter
(World Precision Instruments, Inc.). The TEER value of each
well was calculated by subtracting the resistance of blank
inserts without cells from the sample inserts with cells. Values
were expressed as Q cm?.

Evaluation of in vitro barrier function. Following the incu-
bation of bEND.3 cells in Transwell inserts for 12 days as
previously described, cells were washed and incubated in
serum-free media (SFM) containing DMEM, 1% L-glutamine
and 1% penicillin/streptomycin for 1 h at 37°C. SFM was
replaced with 1 ml of 1X Hanks' Buffered Saline Solution
(HBSS; Lonza) at the apical and luminal sides of the
Transwell insert, followed by exposure to vehicle or 100 pg/ml
Fluorescein isothiocyanate-dextran (FITC-dextran ; 40 kDa;
Sigma-Aldrich; Merck KGaA) at 37°C for 1 h. After incuba-
tion, media from the luminal side of the Transwell insert
was collected and the fluorescence was measured using
spectrophotometry at an excitation wavelength of 485 nm,
and an emission wavelength of 520 nm. Subsequently, 20 xM
Caffeine (molecular weight, 194 kDa), a low molecular weight
compounds known to be permeable, and 20 yM Imatinib
(molecular weight, 493 kDa) and 20 pM Axitinib (molecular
weight, 389 kDa), compounds known to be impermeable
to the BBB were used to further validate the assay. Briefly,
after 14 days in culture of homogeneous bEND.3 monolayer
culture and formation of BBBs, as assessed by TEER value
using End-Ohm chopstick electrodes connected to an EVOM
resistance meter, were pre-incubated in SFM at 37°C for 1 h,
which was subsequently replaced with 1 ml of 1X HBSS in
both chambers of the Trans-well plates. Vehicle or 20 M of
caffeine, imatinib and axitinib were added to the cells and
incubated at 37°C. Samples were collected from the luminal
side at 1, 2 and 3 h, vacuum dried and dissolved in 300 pl
of high-performance liquid chromatography (HPLC) grade
ultra-pure distilled water for further analysis.

HPLC analysis. A total of 40 ul of luminal side HBSS sample
collected after exposure of bEND.3 cells to B355227 were
analyzed at room temp (22°C) using Agilent 1220 Infinity 11
LC reverse-phase system detector (Agilent Technologies,
Inc.) with diode array variable wavelength (190-600 nm).
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Separation of analytes was achieved in mobile phase consisting
of 10 to 95% acetonitrile/H,O with 0.1% formic acid, at a flow
rate of 0.5 ml/min for 7 min on Waters Sunfire OBD using C18
column (3x100 mm; 5 M; Waters Corporation).

Compound permeability assay. An in vitro BBB permeability
assay was performed using bEND.3 cells that had been incu-
bated in Transwell inserts for 12 days as previously described,
when maximum TEER was observed in culture. Cells were
treated with vehicle or 20 uM B355227 (determined using
a dose response toxicity assay) in 1 ml GM at the apical side
of the chamber. A total of 1 ml GM was added to the luminal
side of the chamber and incubated for 1 h at 37°C in 5% CO,.
Following incubation, media from the luminal side was retrieved
and centrifuged at room temp for 10 min at 150 x g to remove
cell debris. The supernatant was referenced as conditioned
media (CM) and was used in further neuroprotection assays.

Immunofluorescence. Following the BBB permeation assay
in bEND.3 cells, expression of zonula occludens-1 (ZO-1)
protein was analyzed using immunofluorescence, as previ-
ously described (20). Cells employed in the permeability assay
were washed with PBS and fixed in 4% formaldehyde at room
temp for 15 min. The cells were blocked in 10% donkey serum
(Rockland Immunochemicals, Inc.) for 1 h at room temp and
incubated overnight at 4°C with anti-rabbit anti-ZO-1 antibody
(1:1,000; cat. no. 40-2200; Thermo Fisher Scientific, Inc.) diluted
200-fold. Following primary incubation, the cells were washed
with PBS and incubated with Alexa Fluor 488-conjugated donkey
anti-rabbit IgG secondary antibody (1:1,000; cat. no. A21206;
Thermo Fisher Scientific, Inc.) room temperature for 1 h. Cells
were washed three times with PBS and mounted on slides with
VECTASHIELD (Vector Laboratories, Inc.). Images of the
stained cells were captured using a FV3000 confocal laser scan-
ning microscope (magnification, x40; Olympus Corporation).

Neuroprotection assay with CM. HT22 cells (2x10* cells/well)
grown overnight at 37°C in 96-well plates were exposed to
100 u1 CM in the presence or absence of 5 mM glutamate
(Sigma-Aldrich; Merck KGaA). Following 24 h incubation at
37°Cin 5% CO,, cell viability was assessed using the resazurin
assay, as previously described.

Analysis of GSH. Determination of reduced GSH was
performed as described by Gliyazova et al (18) using MCB
glutathione detection kit (cat. no. 30019; Biotium, Inc.). Briefly,
atotal of 6.5x10° HT22 cells grown overnight at 37°C in 64-mm
plates were treated with B355227 with and without glutamate
for 24 h. Cells were subsequently counted, and 1x10° cells
were lysed and centrifuged at 700 x g for 5 min at 22°C. A
total of 5 pl cell lysate was mixed with 5 ul of 10 mM MCB
and 2 ul of glutathione-S-transferase (GST) reagent according
to the protocol provided with the MCB glutathione detection
kit, followed by 30 min incubation at 37°C. Fluorescence was
measured using a PHERAStar multipurpose fluorescence
reader (BMG LabTech GmbH) at an excitation wavelength of
394 nm, and an emission wavelength of 490 nm.

Determination of ROS. Intracellular ROS was determined
using 2',7'-dichlorofluorescein diacetate (H,DCFDA; cat.

no.D399; Thermo Fisher Scientific, Inc.). A total of 2x10* HT22
cells were cultured overnight at 37°C in 96-well plates and
treated with B355227 in the presence or absence of glutamate
for 8 h. The cells were subsequently washed with phosphate
buffered saline (PBS) and incubated with 10 xM H,DCFDA
in phenol red-free DMEM (cat. no. 21063029; Thermo Fisher
Scientific, Inc.) for 30 min at 37°C. Cells were washed again in
PBS and the fluorescence was measured using a PHERAStar
microplate reader (BMG LabTech) at an excitation wavelength
of 485 nm, and an emission wavelength of 520 nm. After the
fluorometric measurements, the cells were lifted from each
well using trypsin-EDTA (Thermo Fisher Scientific, Inc.) and
counted in the Vi-CELL XR cell viability analyser (Beckman
Coulter, Inc.) to determine the total number of cells. The data
was normalized by dividing the total fluorescence intensity at
every time-point by the total number of cells.

Measurement of Ca®*. Changes in intracellular Ca** levels
were measured fluorometrically using Fura-2 AM dye (cat.
no. 47989; Sigma-Aldrich; Merck KGaA). HT22 cells were
seeded at 6.5x10° in 64-mm plates and cultured overnight
at 37°C were treated with B355227 with and without gluta-
mate for 24 h at 37°C. Following incubation, the cells were
detached with trypsin-EDTA, counted in the Vi-CELL and
1x109 cells from each treatment group (untreated control,
glutamate, B355227 and B355227 + glutamate groups) were
incubated with 2.5 M Fura-2 AM in phenol red-free DMEM
(cat. no. 21063029; Thermo Fisher Scientific, Inc.) for 30 min
at 37°C. Cells were washed with PBS, resuspended in
phenol-free DMEM containing 10% FBS and incubated at
37°C. After 30 min incubation, cells were sequentially excited
at 340 and 380 nm using a Fluoromax-4 spectrofluorometer
(HORIBA Scientific) and the peak emission signal was
measured at 510 nm. Changes in Ca*" concentration were
measured using the ratio of the emission signals obtained, and
the results were interpreted as relative values.

Measurement of the MMP. HT22 (6x10° cells) cultured over-
night at 37°C on cover slips and exposed to 5 pM B355227
(Medicinal Chemistry Group, North Carolina Central
University) with and without 5 mM glutamate (Sigma-Aldrich;
Merck KGaA) were treated with 200 nM MitoTracker Red
CMXRos dye (Thermo Fisher Scientific, Inc.) in SFM for
30 min at 37°C. The cells were washed with PBS and re-incu-
bated in GM for 15 min at 37°C. Following incubation, the
cells were fixed with 4% formaldehyde in PBS for 15 min at
room temp, and cell nuclei were stained with 10 pg/ml DAPI
in PBS for 5 min at room temp. Cover slips were mounted on
the slides and images were captured using a Zeiss LSM-800
confocal scanning microscope (Zeiss GmbH) at an excitation
wavelength of 579 nm, and an emission wavelength of 599 nm
(magnification, x60). The images were analysed with ImageJ
software, version 1.52 (National Institutes of Health), and the
fluorescence intensity normalized as follows: Corrected total
fluorescence (CTCF)=integrated density - (area of collected
cell x mean fluorescence of background reading).

Immunoblot analysis. Immunoblots were performed according
to a previous study by Pokharel et al (21). Briefly, HT22
cells (1x107) treated for 24 h at 37°C with 5 mM glutamate
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supplemented with or without 5 M B355227 were lysed in
RIPA buffer containing protease inhibitor cocktail (Thermo
Fisher Scientific, Inc.). The protein content was quantified
using a Pierce BCA protein assay kit (Thermo Fisher Scientific,
Inc). A total of 30 ug protein were electrophoresed on 4-12%
SDS-PAGE and transferred to PVDF membranes. The
membranes were subsequently blocked with Intercept (PBS)
blocking buffer (cat. no. 927-70001; LI-COR Biosciences)
for 1 h at room temp and incubated overnight at 4°C with the
following primary antibodies obtained from Cell Signaling
Technology, Inc.: Anti-Erk1/2 (1:1,000; cat. no. 4695),
anti-phospho-Erk1/2 (1:2,000; cat. no. 9106), anti-p38 (1:1,000;
cat. no. 8690), anti-phospho-p38 (1:2,000; cat. no. 9216),
anti-JNK (1:1,000; cat. no. 9252), anti-phospho-JNK (1:2,000;
cat. no. 9255), anti-Bax (1:1,000; cat. no. 2772), anti-Bcl-2
(1:1,000; cat. no. 3498) and anti-f-actin (1:1,000; cat. no. 3700)
as reference protein. The membranes were rinsed four times
for 5 min at room temperature in 1X TBST (0.2% Tween-20)
and incubated at room temperature with 15,000-fold dilution
of IRDye 800CW-conjugated donkey anti-rabbit IgG (cat.
no. 926-32213; LI-COR Biosciences) or 20,000-fold dilution
of IRDye 680LT-conjugated donkey anti-mouse IgG (cat.
no. 926-68022; LI-COR Biosciences) for 1 h. The membranes
were rinsed four times in 1X TBST for 5 min, and finally in
1X TBS to remove residual Tween-20. Images were captured
using an Odyssey IR imaging system and signals were anal-
ysed using Odyssey 2.0 software (LI-COR Biosciences).

Statistical analysis. Statistical analyses were performed in
GraphPad Prism version 7 (GraphPad Software, Inc.). Data
are presented as the mean + standard deviation of at least three
biological replicates in at least three independent experiments.
Significant differences between groups were determined using
one-way ANOVA followed by Tukey's multiple comparisons
post hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results

Structural characterization of B355227. Synthesis of B355227,
a substituted analogue of B355252 was confirmed by NMR.
Chemical shifts (0) are reported in parts per million (ppm)
using tetramethylsilane as an internal standard (spectral data
not shown). Multiplicities were reported using the following
abbreviations: Br, broad; s, singlet; d, doublet; t, triplet;
g, quartet; m, multiplet. IH NMR (CDCI3, 500 MHz) 6 2.97 (t,
4H, J=5.0 Hz), 3.12 (t, 4H, J=5.0 Hz), 3.76 (s, 3H), 4.18 (s, 2H),
6.52 (dd, 1H, J=2.0, 8.0 Hz), 6.64 (t, 1H, J=2.0 Hz), 6.73 (dd,
1H, J=2.0, 8.5 Hz), 6.76 (s, 1H), 6.78-6.83 (m, 2H), 7.22 (ABq,
2H, J=8.5 Hz), 7.28 (s, 1H); 13C NMR (CDCI3, 125 MHz)
0457,474,49.5,55.2,105.2, 1079, 111.2, 112.6, 113.4, 113.6,
120.1, 128.2, 129.8, 130.3, 130.7, 137.4, 153.3, 158.2, 158.7,
159.9. The values indicate estimated chemical shift numbers
of 'H and "*C of B355227 in parts per million (ppm).

B355227 is permeable across bEND.3 cells in vitro. An in
vitro permeability assay was performed to determine the
permeability of B355227 through the bEND.3 BBB mono-
layer assay system. TEER was initially measured prior to the
permeability experiments to ensure model barrier integrity.

Expression levels of the ZO-1 protein were analyzed using
immunofluorescence to ensure cell confluency. A gradual and
significant rise in TEER values was observed after 10 days
in culture compared with day 8, attaining a maximum of
50 Q c¢m? on day 12, which remained at a high level until
day 16, and thereafter declined on day 18 (Fig. 1A). TEER
is a measure of electrical resistance in cells and reflects the
formation of functional barriers. A rise in TEER value is
associated with an increase in claudin-5 and ZO-1 expression
at the contact points between cells (22). Immunofluorescence
detected similar pattern of ZO-1 localization on the membrane
contact points of bEND.3 cells treated with B35227 compared
with untreated control, which confirmed the integrity of tight
junctions in the cells treated with 20 M B355227 (Fig. 1E).

The maximum nontoxic dose of B355227 in bEND.3 cells
was established by evaluating the viability of the cells after
treatment with varying concentrations (2.5-40 yM) of the
compound for 24 h. B355227 exhibited no adverse effect on
bEND.3 cells at concentrations up to 20 yM, but exhibited
dose-dependent toxicity at concentrations =30 xM (Fig. 1B).
Following the establishment of the highest non-toxic concen-
tration of B355227 as 20 uM, the permeability assay was
performed to determine the capacity of B355227 to cross the
bEND.3 BBB. B355227 was detected in the luminal chamber
using HPLC (Fig. 1C), and a time-dependent increase in
compound concentration in the luminal component of the
Transwell plate was observed (Fig. 1D). A total of ~8 uM of
B355227 was recovered in the luminal side of the Transwell
after 1 h exposure of cells to 20 uM of B355227 compared
with samples taken after addition of the compound without
incubation (Fig. 1D). The quantity recovered increased to 9 yuM
and 12 uM at 2 and 3 h, respectively (Fig. 1D). Following the
permeability assay, the cells were stained with anti-ZO-1 anti-
body to confirm that detection of B355227 in the luminal side
was a result of diffusion or paracellular transport across the
membrane and not due to a compromised or leaky membrane.
No difference was observed in the levels of ZO-1 expression
in the control group compared with the drug treated cells,
which indicated the passage of B355227 through the BBB in
the experimental model (Fig. 1E).

B355227 protects against glutamate-induced toxicity. The
neuroprotective effect of B355227 against glutamate-induced
toxicity was assessed in HT22 cells. The ICs, of glutamate was
established in HT?22 cells to determine the optimal concentra-
tion required for subsequent experiments. The IC, of glutamate
in the cell line was 5.96 mM (Fig. 2A). Thus, cells were treated
with increasing concentrations of B355227 (2.5, 5 and 10 uM)
in the presence of 5 mM glutamate, and assessed for retention
of viability. The results of the present study demonstrated that
5 mM glutamate significantly reduced the viability of HT22
cells by 40% compared with untreated control (Fig. 2B).
Following co-treatment of 2.5, 5 or 10 uM B355227 with 5 mM
glutamate, there was a significant dose-dependent increase in
cell viability by 10, 30 and 10%, respectively, compared with
cells treated solely with glutamate (Fig. 2B). Furthermore, to
validate the bioactivity of B355227, HT22 cells were treated
with CM recovered from the luminal side of the assay chamber
following the B355227 permeability assay, in the presence or
absence of 5 mM glutamate. Cells exposed to glutamate in CM
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Figure 1. Analysis of the passage of B355227 through an in vitro BBB model. (A) Confirmation of barrier establishment using TEER. bEND.3 cell cultured
in Transwell inserts demonstrated a gradual and significant rise in TEER over several days in culture. "P<0.05 vs. 8 day group. (B) Cells treated with different
concentrations of B355227 following the formation of the barrier revealed no adverse effects of B355227 at concentrations up to 20 uM. "P<0.05 vs. control
group. (C) HPLC chromatograms demonstrate the detection of caffeine and B355227 following the permeability assay. (D) B355227 permeability assay
revealed a time-dependent increase in the passage of B355227 as measured using HPLC. "P<0.05 vs. 1 h group. (E) Immunofluorescent staining of the tight
junction protein ZO-1 confirms integrity of the barrier following the permeability assay. Continuous expression of ZO-1 (green) was observed along the
cytoplasmic border of cells and central nuclei (blue) following implementation of the BBB permeability assay. Magnification, x40. Data are presented as the
mean (n=3) + standard deviation, obtained from three independent experiments. BBB, blood-brain barrier; TEER, trans-endothelial electrical resistance;
HPLC, high-performance liquid chromatography; ZO-1, zonula occludens-1.
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Figure 2. B355227 crosses the BBB and mediates protection of HT22 neurons in a glutamate-induced cell death model. (A) Determination of the concentration
of glutamate that reduces HT22 cell viability by 50% (n=6). (B) Effects of B355227 on glutamate-induced cell viability. Co-treatment of cells with B355227
and glutamate protected HT22 neurons from glutamate-induced toxicity. (C) Confirmation of BBB permeability and the biological activity of B355227. Cells
were treated with CM for 1 h in presence or absence of 5 mM glutamate. B355227 CM significantly increased cell viability in the presence of glutamate. Data
are presented as the mean (n=3) + standard deviation obtained from three independent experiments. "P<0.05 vs. control group; “P<0.05 vs. glutamate treated
group. BBB, blood-brain barrier; CM, conditioned media.

demonstrated an increased survival of ~20% compared with
the cells treated with glutamate alone (Fig. 2C). Furthermore,
cells exposed to B355227 CM for 24 h revealed no evidence
of toxicity, and no significant difference was observed in cell
viability compared with cells exposed to the control CM.

B355227 increases GSH, reduces ROS and Ca**, and blocks
dissipation ofthe MMP in HT22 cells. The cellular mechanisms
underlying the protective actions of B355252 in HT22 cells
undergoing glutamate-induced oxidative stress were investi-
gated. GSH, an antioxidant that plays a role in scavenging ROS
in response to oxidative stress (23) was quantified. The results

of the present study revealed a significant decrease of ~40% in
cellular glutathione content following exposure to glutamate
for 24 h, compared with the untreated control cells (Fig. 3A).
In the presence of B355227, the decline in GSH triggered by
glutamate treatment was substantially mitigated, while the
compound alone exhibited no effect on GSH compared with
the control cells (Fig. 3A). As GSH serves a key role in the
detoxification of H202 and modulates ROS (24), ROS levels
in cells was investigated using the oxidative stress indicator,
H,DCFDA. The results of the present study indicated a 1.4-fold
increase in ROS accumulation in cells exposed to glutamate,
compared with the untreated cells (Fig. 3B). Treatment with
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B355227. (C) Measurement of intracellular Ca**. Glutamate-induced increase in intracellular Ca®* was suppressed following treatment with B355227. Data are
presented as the mean (n=3) + standard deviation obtained from three independent experiments. ‘P<0.05 vs. control group; “P<0.05 vs. glutamate treated group.

GSH, glutathione; ROS, reactive oxygen species.
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Figure 4. Effects of B355227 on the glutamate-dependent collapse of the MMP. The integrity of the MMP was determined in HT22 cells treated with glutamate
in the presence or absence of B355227. Confocal images demonstrating the collapse of the MMP induced by glutamate are represented by a decrease in cel-
lular fluorescence (center left) and protection of the MMP by B355227 is represented by markedly increased fluorescence (center right). Magnification, x40.
Bars represent densitometric quantification of the corresponding images. The data are presented as the mean (n=3) + standard deviation obtained from three
independent experiments. "P<0.05 vs. control group; “P<0.05 vs. glutamate treated group. MMP, mitochondrial membrane potential.

5 uM B355227 considerably reduced the glutamate-induced
increase of ROS by ~1.4-fold, which suggested that B355227
possessed antioxidant activity.

The mutual interplay of ROS and Ca?* signalling serves a
crucial role in controlling functional changes that accompany
a number of pathophysiological events that include cellular
dysfunction leading to neurodegenerative disorders, cardio-
vascular diseases and cancer (25,26). Therefore, to determine
whether B355227 exerted its neuroprotective effects through
modulation of Ca?*, HT22 cells were exposed to glutamate alone
or in conjunction with B355227. Following exposure to gluta-
mate, the intracellular Ca?* levels increased by ~25%, compared
with the control cells (Fig. 3C). However, when co-treated
with B355227, the glutamate-dependent increase in Ca** was

attenuated, and the intracellular Ca?* levels returned to a level
comparable to those observed in untreated cells (Fig. 3C).
Collapse of the MMP is associated with cell death in
glutamate-induced oxidative injury (27). Thus, the MMP in
HT?22 cells exposed to glutamate with or without B355227 was
investigated using MitoTracker Red CMXRos dye. Exposure
of HT22 cells to glutamate resulted in significant disruption of
the MMP, indicated by a ~60% decrease in fluorescence inten-
sity compared with untreated control cells (Fig. 4). In contrast,
the signal intensity of the mitochondrial dye was concentrated
at a significantly high level in cells co-treated with glutamate
and B355227 compared to cells treated with glutamate alone.
Similar values of fluorescence intensity were observed in cells
treated with B355227 alone and the untreated control cells.
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Figure 5. B355227 attenuates the effects of glutamate on the phosphorylation of the MAPK protein family and enhances the expression levels of Bcl-2. Western
blots were performed on HT22 cells treated with glutamate in the presence or absence of B355227, and the levels of phosphorylated and total MAPK proteins
were quantified using band densitometry. Double bands of Erk1/2 and JNK were measured. Protein expression levels of (A) Erk1/2 and p-Erk1/2, (B) JNK and
p-INK, (C) p38 and p-p38 and (D) the ratio of pro-apoptotic Bax and Bcl-2. Data are presented as the mean (n=3) + standard deviation obtained from three
independent experiments. "P<0.05 vs. to control; “P<0.05 vs. glutamate treated group. p-, phosphorylated.

Influence of B355227 on MAPK and Bax/Bcl-2 signalling
pathways. Proteins of the MAPK family serve a dynamic role
in glutamate-induced oxidative stress (28). To further explore
the neuroprotective effects of B355227 following glutamate
treatment, the MAPK pathway was investigated. The phos-
phorylation of Erk1/2, JNK and p38 proteins, along with the
expression levels of pro-apoptotic Bax and anti-apoptotic

Bcl-2 proteins were determined. Quantitative analysis of
western blotting bands demonstrated a significant increase in
Erk1/2 phosphorylation induced by glutamate, compared with
the untreated control HT22 cells. However, the increase in
Erk1/2 phosphorylation was reversed following co-incubation
with glutamate and B355227 (Fig. 5A). Incubation of HT22
cells with B355227 alone exhibited no difference in the
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phosphorylation of Erk1/2 compared with cells co-treated
with glutamate and B355227, but significantly decreased the
phosphorylation of Erk1/2 compared with untreated cells.

The involvement of INK and p38 pathways in ischemia have
been previously reported (29). Therefore, the expression levels
and phosphorylation of JNK and p38 in HT22 cells were deter-
mined following treatment with either glutamate or B355227
alone, or in combination. Glutamate exposure increased the
phosphorylation of JNK by 2.3-fold, and exposure to B355227
diminished the phosphorylation of JNK in the presence of
glutamate (Fig. 5B). Similarly, glutamate treatment elevated
P38 the phosphorylation, which was reduced below the basal
level when treated in combination with B355227 (Fig. 5C).
Interestingly, when HT22 was treated with B355227 alone the
phosphorylation of JNK was reduced by ~2-fold, and the phos-
phorylation of p38 was reduced by a factor >5-fold, compared
with the untreated control cells respectively (Fig. 5B and C).

The results of the present study indicated that an improve-
ment in neuronal viability following treatment with B355227
was associated with a reduction in the glutamate-induced
increase of intracellular Ca**, protection of mitochondrial
potential and decreased MAPK pathway activation. Thus, the
effects of B355227 on anti-apoptotic Bcl-2 and pro-apoptotic
Bax proteins were investigated. The results demonstrated
that treatment with glutamate alone reduced the expression
levels of Bcl-2, but exerted no effects on the expression levels
of Bax, resulting in a 4.2-fold increase in the pro-apoptotic
Bax/Bcl-2 ratio compared with untreated cells (Fig. 5D). In
contrast, the glutamate-induced reduction in Bcl-2 was abol-
ished following co-treatment with glutamate and B355227,
leading to ~4-fold decrease in the Bax/Bcl-2 ratio, similar to
the observed Bax/Bcl-2 ratio in the control group. Treatment
with B355227 alone increased the expression levels of Bcl-2
and Bax compared with the untreated controls. However, the
ratio of pro-apoptotic Bax/Bcl-2 remained at a similar level to
the ratio observed in the control group (Fig. 5D).

Discussion

Restricted passage of drugs through the BBB limits the choice
of drug for the treatment of neurodegenerative diseases, and
presents a major challenge for the development of new drugs
targeting these disorders (30). The endothelial lining of cere-
bral micro-vessels controls the paracellular permeability of
solute across the membrane and selectively allows the passage
of compounds via transmembrane diffusion, absorption endo-
cytosis or saturable transporters (31). An in vitro BBB model
is being utilized for the screening of drugs that have the poten-
tial to permeate the BBB in vivo (22). In the present study, a
bEND.3 monolayer in an in vitro BBB model was established
to screen a series of analogues of B355252 (16), a phenoxy-
thiophene compound. Confirmation of chemical structure is
an important step in compound synthesis workflow, because it
verifies information about the structure of organic molecules.
One compound, B355227 identified from the series was perme-
able through the BBB in vitro and possessed neuroprotective
properties. The structure was confirmed by proton and carbon
NMR spectral analyses, which substantiated the positions of
its proton and carbon peaks, and thus established the structural
identity of the compound. Using the experimental model of

the BBB in the present study, a TEER value of ~50 Q cm? was
established. A wide range of variation in TEER values have
been reported in previous studies, ranging from 30-140 Q cm?
in bEND.3 cells (32,33). However, the present study demon-
strated that the attained TEER value of ~50 Q cm? was
sufficient to exclude the passage of low molecular weight
imatinib and axitinib. Additionally, the results of Transwell
assays demonstrated that visualization of continuous ZO-1
expression in the cytoplasmic border of bEND.3 cells high-
lighted the formation of proper tight junctions between cells
in the Transwell culture system. ZO-1, claudin, occludin and
junctional adhesion protein form a multiprotein complex
with gap junction and adherence junction proteins, and play
a central role in maintaining membrane integrity (34). The
importance of ZO-1 in the formation of notochord, neuronal
tube and allantois has been identified in a knockdown study
using mice (35).

Hypoxia and glucose deprivation in ischemia initiates
a complex cascade of molecular events including depletion
of GSH, elevated ROS and an increase in Ca>* influx (36).
Oxidative stress-mediated elevation of ROS has been high-
lighted as a major contributor of glutamate-induced oxidative
injury (37). The results of the present study demonstrated
that B355227 protected HT22 cells from glutamate-induced
cell injury, with an optimal concentration ~5 M. Although
there was significant protection at 10 uM B355227 compared
with glutamate-only treated cells, cell viability was reduced
when compared with cells treated with 5 uM B355227. The
specific mechanisms underlying the decrease in cell viability
are yet to be elucidated, as cells treated with B355227 alone
demonstrated no toxicity at a concentration of 20 xM. We
hypothesized that increasing the amount of B355227 to 10 uM
in the presence of a high concentration of glutamate increased
the stress burden on the metabolic activity of cells, and inter-
fered with the antioxidant capacity of B355227, thus leading to
a loss of effectiveness in cell protection.

Results of the present study demonstrated that the levels
of ROS decreased in glutamate-treated cells as early as 8
h following treatment with B355227. In addition, B355227
prevented the glutamate-induced reduction of GSH, demon-
strating the antioxidant and neuroprotective properties of the
compound. A decrease in the cellular levels of GSH leads to the
accumulation of mitochondrial ROS and Ca?* overload, thus
contributing to cell death, which is prevented by increasing the
intracellular GSH (38). Similarly, inhibition of the Ca®* channel
is often used in the treatment of stroke, as it protects cells from
glutamate-induced oxidative stress (39,40). The results of the
present study also demonstrated markedly reduced levels of
Ca*" in cells exposed to glutamate in the presence of B355227,
which indicates a role for B355227 in mitigating the elevation
of Ca** during glutamate toxicity. Furthermore, an increase
in mitochondrial Ca** during ischemia has been associated
with the collapse of the MMP, involving poly (ADP-ribose)
polymerase in the early phase, and formation of the MPTP in
the late phase (41). Increase in the MPTP causes rupture in the
outer mitochondrial membrane, releasing apoptosis inducing
factor (AIF) from the inner mitochondrial space (42). Moreover,
inhibition of glutamate-dependent MMP depolarization using
B355227 involves AIF-1, as observed in our previous study
using B355252 (18). Although both caspase-dependent and
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-independent pathways have been proposed in glutamate-medi-
ated toxicity, contrasting findings have been reported in a
number of studies, which were dependent on the HT22 cell
line used (43-45). Glutamate induced necrosis at relatively
early time points (before 12 h) and apoptosis at late time points
(12-24 h) in HT22 cells (46). Mitochondrial oxidative stress and
dysfunction were identified as essential events required for the
induction of apoptosis. However, apoptosis occurs in HT22 cells
through an ATP-independent process, involving the release of
mitochondrial AIF, which catalyzes DNA fragmentation (46).
Data from our previous study demonstrated that the parent
compound, B355252, inhibits the glutamate-induced increase
in AIF (18), which suggests that B355227 may protect HT22
from cell death by partially modulating AIF activity.

ROS plays a central role in glutamate-mediated oxidative
stress and displays a synergistic association with Erk1/2 (47).
However, in ischemia, Erk1/2 plays key roles in both the
survival and apoptosis of cells, depending on the time and
concentration of glutamate exposure (48,49). In the present
study, an increase in the levels of Erk1/2 phosphorylation was
revealed following 24 h glutamate exposure. Moreover, Erk1/2
phosphorylation was markedly reduced following B355227
co-exposure, suggesting an apoptotic role of Erk1/2. Consistent
with the results of previous studies, the present study reported
that the levels of p-Erk1/2 were increased following glutamate
treatment in HT22 cells, leading to cell death (18,49,50).
Following treatment with B355227, the phosphorylation of
Erk1/2 decreased, leading to an increase in the levels of cell
survival. Furthermore, an increase in the levels of ROS is asso-
ciated with the levels of JNK and p38 phosphorylation, leading
to apoptosis and cell death (15). Increased JNK phosphoryla-
tion in ischemia is associated with neurodegenerative diseases,
and the corresponding inhibition was associated with neuro-
protection (51). In the present study, the glutamate-induced
increase in the phosphorylation of JNK in HT22 cells was
reversed following co-exposure to B355227, thus protecting the
cells from glutamate neurotoxicity. In addition, a decrease in
levels of phosphorylated JNK and p38 was observed in cells
treated with B355227 alone. The results of our previous study
demonstrated that B355252 stimulated cell proliferation in cells
treated with B355252 alone (18). Although the specific mecha-
nisms underlying the observed increase in cell proliferation are
yet to be elucidated, regulation of JNK and P38 may play a
key role in the process. Thus, further research is required to
understanding the underlying mechanisms.

The results of the present study demonstrated that the ratio
of Bax/Bcl-2 was increased in cells following glutamate treat-
ment, as a result of decreased levels of Bcl-2. In contrast, the
ratio of Bax/Bcl-2 in HT22 cells exposed to B355227 alone,
or co-treated with B355227 and glutamate was similar to that
observed in the control group. Thus, the neuroprotective effects
of B355227 may also be partially mediated by an increase in
the anti-apoptotic Bcl-2 protein, or an interference with the
mechanisms underlying the reduction of Bcl-2 following
exposure to glutamate. Changes in anti-apoptotic protein
expression levels have been observed in neuronal cell models
of glutamate-induced neurotoxicity, and in animal models of
ischemic stroke exposed to small molecules and extracts of
medicinal plants with antioxidant and neuroprotective proper-
ties (52,53). The suppression of Ca®* and subsequent decreases

in the levels of INK and p38 phosphorylation, coupled with the
differential regulation of Bax/Bcl-2 expression highlight the
neuroprotective attributes of B355227.

In conclusion, the findings of the present study demon-
strate that B355227 is permeable in vitro, and exerts protection
against glutamate-induced neurotoxicity through antioxidant
and anti-apoptotic activities. These activities include a
decrease in the levels of ROS, an increase in the levels of GSH,
maintenance of intracellular Ca** homeostasis, prevention of
the collapse of the MMP, reduction of Bcl-2 expression levels
and modulation of the phosphorylation of MAPK- associated
proteins in the cell. Collectively, the results of the present
study revealed the neuroprotective nature of B355227, and
highlighted it as a potential therapeutic compound to target
oxidant-dependent mechanisms underlying disorders of the
central nervous system.
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