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ARTICLE
All, a novel diaryl acylhydrazone derivative, exerts
neuroprotection against ischemic injury in vitro and in vivo

Hong-xuan Feng'?, Chun-pu Li3, Shuang-jie Shu*?, Hong Liu'?® and Hai-yan Zhang'?

There is an urgent need to develop effective therapies for ischemic stroke, but the complicated pathological processes after
ischemia make doing so difficult. In the current study, we identified a novel diaryl acylhydrazone derivative, A11, which has multiple
neuroprotective properties in ischemic stroke models. First, A11 was demonstrated to induce neuroprotection against ischemic
injury in a dose-dependent manner (from 0.3 to 3 uM) in three in vitro experimental ischemic stroke models: oxygen glucose
deprivation (OGD), hydrogen peroxide, and glutamate-stimulated neuronal cell injury models. Moreover, A11 was able to potently
alleviate three critical pathological changes, apoptosis, oxidative stress, and mitochondrial dysfunction, following ischemic insult in
neuronal cells. Further analysis revealed that A11 upregulated the phosphorylation levels of protein kinase B (AKT) and extracellular
signal-regulated kinase (ERK) in OGD-exposed neuronal cells, suggesting joint activation of the phosphoinositide 3-kinase (PI3K)/
AKT and mitogen-activated protein kinase (MEK)/ERK pathways. In rats with middle cerebral artery occlusion, single-dose
administration of A11 (3 mg/kg per day, i.v.) at the onset of reperfusion significantly reduced the infarct volumes and ameliorated
neurological deficits. Our study, for the first time, reports the anti-ischemic effect of diaryl acylhydrazone chemical entities,
especially A11, which acts on multiple ischemia-associated pathological processes. Our results may provide new clues for the
development of an effective therapeutic agent for ischemic stroke.
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INTRODUCTION

Stroke is one of the leading causes of long-term disability and
morbidity worldwide [1]. Currently, recombinant tissue plasmino-
gen activator (rt-PA) is the only drug approved by the US Food
and Drug Administration for the treatment of ischemic stroke.
Although rt-PA can provide acute recanalization and improve
functional outcome, the use of rt-PA is limited due to its short time
window and risk of hemorrhage [2]. By contrast, neuroprotective
agents are expected to be an increasingly used alternative
approach to better combat the progression of the pathological
conditions of ischemic stroke [3]. Nevertheless, given the innate
complexity of the pathological cascade of events involved in the
pathogenesis of ischemic stroke, including oxidative stress,
apoptosis, mitochondrial dysfunction, and so on [4-7], the
currently available neuroprotective agents have been demon-
strated to have only limited clinical efficacies in the treatment of
ischemic stroke. Therefore, it is important to explore active
chemical compounds that can simultaneously affect the multiple
pathological pathways that are activated following ischemic insult
[8]. In fact, an increasing number of multifunctional agents have
already been demonstrated to exhibit promising efficacies against
ischemic stroke [9-12].

Phenotypic screening is one of the most successful strategies
for discovering drugs that are effective against multifactorial
diseases [13], because it takes place within living cells and,
therefore, is able to evaluate the breathtaking complexity of
in vivo biology [14]. Phenotypic screening has relative high-
throughput compared to animal-based drug screening and is also
an effective discovery approach for multifunctional agents [15, 16].
Therefore, phenotypic screening allows drug developers to be
confident that candidate molecules will have the desired
therapeutic efficacy [17, 18].

Based on the background described above, cell-based pheno-
typic screening was employed to screen our in-house compound
library with the aim of discovering novel chemical compounds
that can be used to treat ischemia/reperfusion injury. To our
delight, a series of diaryl acylhydrazone derivatives was identified
with significant neuroprotective effects against oxygen glucose
deprivation (OGD) injury (Supplementary Table 1). In particular,
diaryl acylhydrazone derivative A11 (Fig. 1) was shown to be one
of the best candidates identified through this screening (Supple-
mentary Table 1).

In the present study, the in vitro anti-ischemic effects of A11
were systematically investigated in neuronal cells stressed with
OGD, hydrogen peroxide (H,O,) or glutamate, which are three
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Fig. 1 Chemical structure of A11
toxic stimuli that mimic different ischemic insults [19-22].

Moreover, the multifunctional effects of A11 against apoptosis,
oxidative stress, and mitochondrial dysfunction, three critical
pathological events following ischemia [4-7], were assessed in
OGD-insulted SH-SY5Y cells. Furthermore, the effects of A11 on
phosphorylation of protein kinase B (AKT) and extracellular signal-
regulated kinase (ERK) were evaluated in OGD-insulted SH-SY5Y
cells to investigate the potential molecular mechanisms of A11. In
addition, the in vivo anti-ischemic effect of A11 was studied in a
middle cerebral artery occlusion (MCAO) rat model to further
evaluate its anti-ischemic effect.

MATERIALS AND METHODS

Cell culture

Human neuroblastoma SH-SY5Y cells were purchased from ATCC
(2266) and cultured in a mixture of Eagle’s minimum essential
medium and Ham’s F12 medium (MEM/F12, Life Tech, Grand
Island, NY, USA) supplemented with 10% fetal bovine serum (FBS,
Gibco, Grand Island, NY, USA), 100 U/mL penicillin and 100 pg/mL
streptomycin at 37 °C in a humidified incubator with 5% CO,. HT22
mouse hippocampal neuronal cells were obtained from Jennio
Biotechnology Co., Ltd. (Guangzhou, China) and cultured in 10%
FBS, 100 U/mL penicillin and 100 pg/mL streptomycin supplemen-
ted Dulbecco’s modified Eagle’s medium (DMEM, Life Tech, Grand
Island, NY, USA) in a humidified 5% CO, incubator at 37 °C. Cells
were grown to 70-80% confluency before experiments.

Drug treatment

All of the diaryl acylhydrazone derivatives, including A11, were
dissolved in dimethyl sulfoxide (DMSO) at 10mM as a stock
solution and diluted with cell culture medium. Cells were treated
with the indicated concentrations of A11 immediately before OGD
exposure or 2 h before H,0, or glutamate insult. To inhibit the
PI3K/AKT or MEK/ERK signaling pathway, SH-SY5Y cells were
treated with 10 uM LY294002 (Selleck, Houston, TX, USA) or 5 uM
U0126 (Merck, Darmstadt, Germany), respectively, followed by
treatment with 1 uM A11. For the in vivo study, A11 was dissolved
in saturated Na,COs; and PEG400 (each at a concentration of
0.075%) and then further diluted to a final concentration of 0.3
mg/mL with saline for intravenous administration. A11 was
administered intravenously at the onset of reperfusion immedi-
ately after the monofilament was withdrawn, and the neurological
deficits and infarct volumes were evaluated at 24 h of reperfusion.

OGD, H,0,, and glutamate insults

SH-SY5Y cells were seeded into 96-well plates at a density of 3 x
10° cells/mL and used on the second day after seeding. To induce
ischemia/reperfusion injury, SH-SY5Y cells were washed with
glucose-free Earle’s balanced salt solution buffer (117.2 mM NadCl,
5.3 mM KCl, 0.8 mM MgSQ,, 26.2 mM NaHCOs, 1.8 mM CaCly, 1.0
mM NaH,PO,4-2H,0) and incubated in glucose and serum free
DMEM (Gibco, Grand Island, NY) containing different concentra-
tions of A11 in a hypoxia chamber (H35 hypoxystation, Don
Whitley Scientific, Shipley, West Yorkshire, UK) containing a
mixture of 85% N,/10% H,/5% CO, at 37°C for 2 h. Then, SH-
SY5Y cells were returned to normal culture conditions for 24 h
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of reoxygenation. Control cells without OGD exposure were
maintained in complete medium (as described above) under
normoxia at 37 °C in 95% air/5% CO,. To mimic oxidative stress,
SH-SY5Y cells were transferred to fresh media and pretreated
with A11 for 2 h; then, H,0, freshly prepared from an 8.8 M stock
solution was added to the medium to a final concentration at
100 puM.

To mimic glutamate-caused neuronal injury, HT22 cells were
seeded into 96-well plates (0.5 x 10* cells per well) and allowed to
attach for 12h. Cells were incubated with the indicated
concentrations of A11 for 2 h, followed by 24 h of exposure to L-
glutamic acid hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) at
a final concentration of 10 mM.

Cell viability assay

Cell viability was evaluated by morphological observation under a
microscope (Nikon, TE200, Melville, NY, USA) and with a 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT, Bio-
Dee Biotech, Beijing, China) assay. After different treatments, MTT
was added to the culture medium at a final concentration of 0.5
mg/mL and incubated at 37 °C for 3 h. Following removal of the
MTT solution and addition of 100 uL of DMSO to dissolve the
formazan crystals, the absorbance of each well at 490 nm was
recorded on a DTX 800 multimode detector (Beckman Coulter,
Fullerton, CA, USA). The results are shown as the percentage of the
control.

Lactate dehydrogenase assay

Lactate dehydrogenase (LDH) is a cytoplasmic enzyme that is
retained by viable cells with intact plasma membranes and
released into the culture medium when cell membranes are
damaged. Supernatants of media were collected 24 h after OGD
insult and centrifuged at 300 x g for 10 min to pellet the debris.
Supernatants of media were then evaluated by an LDH assay,
which was performed using an LDH kit based on the manufac-
turer’s instructions (Nanjing Jiancheng, Nanjing, China). The
absorbance of each well was measured using a DTX 800
multimode detector (Beckman Coulter, Fullerton, CA, USA) at
450 nm.

Measurement of the cellular ATP levels

Cellular ATP was measured using a bioluminescent ATP detection
kit (Promega, Madison, WI, USA). In brief, cells were placed at room
temperature for 30 min and then lysed by adding 100 pL of an
ATP-releasing reagent. The lysates were incubated with the
luciferin substrate and luciferase enzyme in the dark for 10 min,
and bioluminescence was measured using a PerkinElmer micro-
plate reader. The bioluminescence intensity was normalized to
that of the control group and is presented as the relative ATP
level.

Flow cytometry analysis of ROS production

SH-SY5Y cells were seeded in six-well plates and stimulated with
OGD for 2h, followed by 24 h of reoxygenation under normal
culture conditions. After cultivation, cells were trypsinized and
collected by centrifugation at 300 x g for 5 min. Cells were washed
with cold PBS and then incubated in darkness with 10 uM DCFH-
DA (Sigma-Aldrich, St. Louis, MO, USA) (to measure intracellular
ROS levels) in NaCl-medium (132.0 mM NacCl, 4.0 mM KCl, 1.0 mM
CaCl,, 1.4mM MgCl,, 1.2mM NaH,PO,42H,0, 6.0 mM glucose,
10.0mM HEPES, pH 7.4) for 30 min at 37°C. Cells were then
subjected to fluorescence-activated cell sorting (FACS) analysis
(BD Biosciences, San Jose, CA, USA).

Analysis of apoptosis

Fluorescently labeled Annexin V (Annexin V-FITC) and propidium
iodide (PI) (Rainbio, Shanghai, China) were used to stain apoptotic
cells. The early stage of cell death is identified by the Annexin V,
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while Pl staining is an indicator of necrosis or late-stage apoptosis.
Briefly, cells were trypsinized and collected by centrifugation at
300 x g for 5 min. The cells were washed with cold PBS and then
resuspended in 100 L of binding buffer. Each cell suspension was
returned to its respective FACS tube along with 5 pL of Annexin V
and 5 pL of Pl and incubated for 10 min at room temperature in
the dark. Another 400 uL of binding buffer was added to the
samples, and then, the samples were analyzed by flow cytometry
(BD Biosciences, San Jose, CA, USA) within 1 h.

Western blotting analysis

Whole cell extracts were prepared by lysing cells on ice for 20 min
with RIPA lysis buffer (50 mM Tris-HCl, 150 mM Nadl, 0.5% sodium
deoxycholate, 1% Triton X-100, 0.1% sodium dodecyl sulfate)
supplemented with protease inhibitors (1 mM PMSF, 1% P8340)
and phosphatase inhibitors (1 mM NaF, 1 mM NasVO,). The nuclear
fraction was extracted with the NE-PER reagents (Thermo Scientific,
Rockford, IL, USA) according to the manufacturer’s instructions. The
protein concentrations were determined by using a bicinchoninic
acid protein assay kit (Thermo Scientific, Rockford, IL, USA). Equal
amounts of protein were separated by electrophoresis on SDS-
polyacrylamide gels and transferred to nitrocellulose membranes
(Whatman, Maidstone, Kent, UK). The membranes were blocked
with 5% skimmed milk and incubated with the appropriate primary
antibodies overnight at 4 °C. The following antibodies were from
Cell Signaling Technology (Beverly, MA, USA): anti-p-ERK1/2
(Thr202/Tyr204, 1:1000), anti-ERK1/2 (1:1000), anti-p-AKT (Ser
473, 1:2000), anti-AKT (1:2000), anti-p53 (1:500), anti-Lamin B
(1:1000), anti-Caspase-3  (1:2000), anti-cleaved Caspase-3
(Asp175, 1:500), and anti-B-actin (1:10000) was from Sigma-Aldrich
(St.Louis, MO, USA). The membranes were washed with T-TBS,
followed by incubation with horseradish peroxidase-conjugated
secondary antibodies (1:5000; Kangchen Biotechnology, Shanghai,
China); then, the membranes were developed by using an
enhanced chemiluminescence reagent (Millipore Corporation,
Bedford, MA, USA). Densitometric analysis of each band was
performed by using Image J software. Phosphorylated proteins
were normalized against the total amount of the respective
proteins. Unless otherwise stated, 3-actin was used as the loading
control.

Middle cerebral artery occlusion

Adult male Sprague-Dawley rats weighing 230-300g were
provided by the Laboratory Animal Center, Chinese Academy of
Sciences (Shanghai, China). All experimental procedures fol-
lowed the National Institutes of Health Guide for the Care and
Use of Laboratory Animals as well as the guidelines of the
Animal Care and Use Committee of Shanghai Institute of Materia
Medica, Chinese Academy of Sciences. Rats were housed on a
12/12-h day and night cycle and had free access to food and
water. They were randomly assigned to different groups before
surgery. Focal cerebral ischemia was induced by the intraluminal
MCAO as described previously with minor modifications [23]. In
brief, rats were anesthetized with chloral hydrate (400 mg/kg, i.
p.); then, a 4-0 surgical nylon monofilament nylon suture (Beijing
Sunbio Biotech Co. Ltd, Beijing, China) was introduced into the
left internal carotid artery through the external carotid stump
and advanced approximately 20 mm past the carotid bifurcation
up the internal carotid. The intraluminal suture blocked the
origin of the middle cerebral artery (MCA) and induced transient
MCAO injury. The suture was left in place for 2h and then
withdrawn, resulting in reperfusion of the MCA. Sham-operated
rats were manipulated with the same procedure without
inserting the filament. The rectal temperature of the animals
was maintained at 37 £ 0.5 °C with a heating pad throughout the
surgical procedure. Rats were then returned to their home cages
after surgery (room temperature was constantly maintained at
24-26°Q).

SPRINGERNATURE

Assessment of neurological function

Neurological deficits were measured at 24 h after the onset of
reperfusion according to the modified neurological severity scores
(MNSS). The mNSS was used to grade neurological deficits,
including motor, visual, and tactile responses; proprioception;
performance on a balance beam; reflex responses; and abnormal
movements (scale: 0-18; normal score, 0; maximal deficits core,
18); thus, the composite score reflects combined motor, sensory,
and reflex functions [24]. An experimenter blinded to the
experimental groups performed the neurological scores
assessment.

Measurement of cerebral infarct volume

Infarct volumes were measured by triphenyltetrazolium chloride
(TTC; Sinophar Chemical Reagent Co. Ltd., Shanghai, China)
staining. In brief, rats were decapitated, and their brains were
rapidly removed and frozen at —80 °C for 5 min. Each brain was
cut into six equal coronal sections (2 mm thick per section), and
the sections were stained with 1% TTC for 15min in a 37°C
chamber in the dark and then fixed in a paraformaldehyde
solution (4%) for 24 h before digital images were taken. The infarct
volume was determined as the slice thickness times the sum of
the infarct area in all of the brain slices. The size of the infarct area
was calculated by the formula: (area of normal hemisphere—area
of non-infarcted ischemic hemisphere)/area of normal hemi-
sphere x 100%.

Statistical analysis

Data are expressed as the mean + SEM. Differences between
groups were analyzed by Student’s t-test or one-way ANOVA
followed by Turkey's tests for multiple comparisons. Statistical
significance was established at P < 0.05.

RESULTS

A11 attenuates neuronal death caused by OGD

To evaluate the effect of A11 on ischemic stimuli, SH-SY5Y cells
were treated with A11 immediately before 2 h-exposure to OGD,
followed by 24 h of reoxygenation. Exposure of SH-SY5Y cells to
OGD alone resulted in cell morphological changes featuring
neurite disappearance and body shrinkage. By contrast, the
morphological damage to SH-SY5Y cells induced by OGD was
remarkably attenuated by treatment with 1TpM A11 (Fig. 2a).
Consistent with the results of the morphological observation,
OGD-induced cell damage was also shown to lead to significant
MTT reduction (51.7%, P <0.001 vs. the control group) (Fig. 2b)
and excessive release of LDH (233.6%, P < 0.001 vs. the control
group) (Fig. 2c) compared to the control group. However,
treatment with A11 (0.3, 1, and 3 pM) exhibited a dose-
dependent attenuation of OGD-induced cell viability reduction,
with a maximum protection at 3 uM (restored cell viability to
91.5%, P < 0.001 vs. the OGD group) (Fig. 2b). Similarly, treatment
with 1 uM and 3 uM of A11 significantly reduced the LDH levels in
the culture media to 186.7% (P<0.01 vs. the OGD group) and
194.5% (P < 0.05 vs. the OGD group), respectively, in OGD-exposed
SH-SY5Y cells (Fig. 2c).

A11 attenuates oxidative stress-induced neuronal death

To further evaluate the in vitro anti-ischemia effects of A11, H,0,
and glutamate injured neuronal cells were used, both of which are
commonly used as in vitro models of ischemic stroke [21, 22].
We assessed the effects of A11 on oxidative insults by exposing
cells to an exogenous source of free radicals, H,0,. Cell viability
was greatly reduced when exposed to 100 pM H,0, (57.3%,
P <0.001 vs. the control group). By contrast, treatment with
A11 (03, 1, and 3 pM) exhibited a significant attenuation of
H,0,-induced cell viability reduction, with a maximum protection
at 3pM (85.7%, P<0.01 vs. the H,O, group) (Fig. 3a).
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Glutamate evokes oxidative death in HT22 cells and is widely used
to study non-receptor-mediated oxidative glutamate toxicity [22,
25, 26]. Similarly, A11 at 1uyM and 3uM (77.8% and 76.3%,
respectively, P<0.001 vs. the glutamate group) remarkably
attenuated glutamate-induced neurotoxicity in HT22 cells
(Fig. 3b).
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A11 inhibits the apoptotic changes of SH-SY5Y cells exposed to
OGD

The anti-apoptotic effect of A11 was investigated by Annexin-Pl
staining detected with flow cytometry. Normal and viable cells
were distributed in the lower left quadrant, while early and late-
stage apoptotic cells were distributed in the lower right quadrant
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and upper right quadrant, respectively. OGD insult induced an
obvious increase in cell numbers in both the upper and lower
right quadrant (Fig. 4a) and increased the apoptotic rate to 65.6%
(P<0.001) in the OGD group compared to the control group
(27.5%) (Fig. 4b). A11 treatment at concentrations of 1 and 3 uM
suppressed the apoptotic ratio to 32.8% and 37.1%, respectively
(Fig. 4b, P< 0. 01 for both vs. the OGD group).

To further verify the anti-apoptotic effect of A11, two important
apoptosis-related proteins, Caspase-3 and p53, were evaluated in
OGD-exposed SH-SY5Y cells. OGD exposure markedly induced
Caspase-3 cleavage (P <0.001 vs. the control group) (Fig. 4c) and
upregulated the level of p53 in the nucleus (P < 0.01 vs. the control
group) (Fig. 4d), while A11 at 1 uyM markedly downregulated OGD-
induced Caspase-3 cleavage to 54.4% of that of the OGD group (P
<0.001 vs. the OGD group) (Fig. 4c) and the p53 level to 63.3% of
that of the OGD group (P <0.01 vs. the OGD group) (Fig. 4d).

A11 alleviates OGD-induced mitochondrial dysfunction in SH-SY5Y
cells

To explore the protective effects of A11 against mitochondrial
dysfunction, the intracellular ROS and ATP levels were measured.

SPRINGERNATURE

ROS production in SH-SY5Y cells was assayed by flow cytometry.
Production of ROS was increased after OGD stimulation in SH-
SY5Y cells (125.6%, P < 0.001 vs. the control group), while A11 at
concentrations of 1 and 3 uM significantly reduced the over-
production of ROS almost to basal levels (93.2% and 88.2%, P <
0.05 for both vs. the OGD group) (Fig. 5a).

ATP is an energy storage and transfer molecule that is obviously
reduced following OGD insult [27, 28]. As shown in Fig. 5b, the
level of ATP was significantly decreased to 17.5% of that of the
control following OGD exposure (P < 0.001 vs. the control group),
while treatment with A11 at 0.3, 1, and 3 pM significantly rescued
the ATP decrease 48.4%, 71.6% and 66.4% of that of the control (P
<0.05, P<0.001, P<0.001 vs. the OGD group, respectively,
Fig. 5b).

A11 prevents reduction of ERK phosphorylation and enhances AKT
phosphorylation in OGD-exposed SH-SY5Y cells

The potential underlying mechanisms of the protective effects of
A11 were further investigated. Previous studies have shown that
the MAPK/ERK and PI3K/AKT pathways both play essential roles in
regulating cell death after ischemia. Similar to previous reports

Acta Pharmacologica Sinica (2019) 40:160 - 169



HH#H

0 I I ) I
A N %
N Qn.'J

L :
Q N

& & A1 (uM)

0OGD

Multifunctional effects of A11 against ischemic damage

H.-x. Feng et al.
165
b
120 q
’—9\100 1
g
g 807 T
o
X 60 *
<
o 404
o
% 20 s
0 T - T T T
\ 22 N i3]
o{\\@ ‘{\\c}e s
(O A11 (UM)
OGD

Fig. 5 A11 suppressed ROS production and elevated the ATP level in SH-SY5Y cells. a Changes in ROS production in different treatment
groups were measured by assessing the changes in the DCFH-DA fluorescence intensity. b Changes of the intracellular ATP level in different
treatment groups. The results represent the mean + SEM of three independent experiments. **#P < 0,001 vs. the control group, *P < 0.05, ***P

<0.001 vs. the OGD group

a
oGD - + + + + +
A1l (uM) - 0.1 03 1 3
p-ERK &8 == == 8 8 =
t-ERK S S S
B-ACHN — — — — — —
500
a *
O 400 * I
O
G
@"/300_
&
i 200
N .
& 100
a
0 T 1 1 1 1
OGD - + + + + +
A1l (uM) - - 01 03 1 3

p-Akt (serd73)

OGD - + + + + +
A1l (M) - - 0.1

AKE D S mmeme e e ——

B_Actin T Y m— — — —

250
— * * *
3 200+ T T
(@)
5 150
N
= w1
<F100-
2
< 50
N
0 T 1 1 I 1
OGD - + + + + +
A11 (uM) - - 01 03 1 3

Fig.6 A11 prevented repression of phosphorylation of ERK and enhanced AKT phosphorylation in OGD-exposed SH-SY5Y cells. SH-SY5Y cells
were incubated with A11 followed by OGD treatment and cultured for 15 min after reoxygenation. a Expression of ERK phosphorylation in
different treatment groups. b Expression of AKT phosphorylation in different treatment groups. The results represent the mean + SEM of four
independent experiments. *P < 0.05, *#P < 0.001 vs. the control group, *P < 0.05 vs. the OGD group

[29], OGD insult caused a significant reduction of ERK phosphor-
ylation in SH-SY5Y cells (P<0.05 vs. the control group), while
treatment with A11 at 1 and 3 uM (P < 0.05 for both vs. the OGD
group) robustly enhanced ERK phosphorylation to 320.8% and
333.2% of that of the OGD group, respectively (Fig. 6a). While ERK
phosphorylation was remarkably repressed, the phosphorylation
level of AKT was significantly induced after OGD insult in SH-SY5Y
cells (P < 0.001 vs. the control group) (Fig. 6b), and incubation with
A11 at 0.3, 1, 3 uM further enhanced AKT phosphorylation (P <
0.05 for all vs. the OGD group) to 189.6%, 190.2%, 180.7% of that
of the OGD group, respectively (Fig. 6b).

Based on the results shown in Fig. 6, we hypothesized that the
neuroprotective effects of A11 might be related to enhanced
phosphorylation of ERK and AKT. To test this hypothesis, specific
inhibitors of MEK/ERK (U0126) and PI3K/AKT (LY294002) were
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used. The upregulated phosphorylation levels of ERK and AKT in
SH-SY5Y cells were remarkably suppressed by treatment with
U0126 and LY294002 (Fig. 7a, b). Consistent with the suppression
of ERK and AKT activation, treatment with these inhibitors also
significantly inhibited the A11 induced increase in cell viability
(Fig. 7¢, d).

A11 reduces brain infarction volume and improves functional
outcomes after MCAO

The potent neuroprotective effects of A11 in vitro prompted us to
investigate its protective effects in vivo. Accordingly, we evaluated
the protective effects of A11 on rats subjected to MCAO/
reperfusion, a reliable and reproducible rodent model of cerebral
ischemia and reperfusion-induced brain injury [30]. Infarction was
determined by the appearance of a white region after TTC staining
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Fig.7 A11 protected SH-SY5Y cells against OGD insult by activating the MEK/ERK and PI3K/AKT pathways. a Western blot analysis of ERK and
p-ERK in hypoxic cells after treatment with MEK inhibitor U0126. b AKT and p-AKT levels in OGD injured cells treated with A11 and PI3K
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(Fig. 8a). Intravenous administration of A11 (3 mg/kg) at the onset
of reperfusion significantly reduced the infarct volume by 13.1%
(P<0.01 vs. the vehicle-treated MCAO group) (Fig. 8b). Consistent
with protection against brain infarction, MCAO-induced neurolo-
gical deficits were significantly ameliorated by treatment with 3
mg/kg A11 (P < 0.05 vs. the vehicle-treated MCAO group) (Fig. 8c).

DISCUSSION

In the current study, application of cell-based phenotypic screen-
ing led to the discovery of the promising anti-ischemic potency of
a class of diaryl acylhydrazone derivatives, especially A11, which
has neuroprotective effects against both OGD/reperfusion and
MCAO/reperfusion-induced injuries. To the best of our knowledge,
diaryl acylhydrazone derivatives have not been previously
reported to have neuroprotection against ischemia/reperfusion
injury. The representative diaryl acylhydrazone derivative A11 was
demonstrated to possess multifunctional neuroprotection effects

SPRINGERNATURE

against ischemia-reperfusion related pathological changes in
neuronal cells, including oxidative stress, apoptotic changes, and
mitochondrial dysfunction. Mechanistic studies revealed that the
neuroprotective effects of A11 might be associated with triggering
of the MEK/ERK and PI3K/AKT pathways in ischemic neuronal cells.
Importantly, intravenous administration of A11 markedly reduced
infarct volumes and ameliorated neurological deficits of experi-
mental rats suffering from MCAO/reperfusion injury.

An OGD-stimulated SH-SY5Y neuronal model was employed to
mimic the lack of energy supply to neuronal cells after ischemia
insult, which is a classic experimental model that is used to mimic
ischemic stroke in vitro [19, 20]. OGD stimulation caused a
significant reduction in cell survival, as observed by morphological
changes and MTT and LDH assays, which was alleviated by
treatment with A11. MTT is converted to colored formazan by live
cells, the amount of which indicates the number of metabolically
active cells [31]. LDH is an indicator of the cell membrane integrity
and is released from damaged cells into the medium [32].

Acta Pharmacologica Sinica (2019) 40:160 - 169



Measurements of the amount of released LDH and MTT are widely
used to evaluate cell viability and reflect the degree of injury in
cells [33]. The results of the MTT and LDH measurements indicated
the neuroprotective effects of A11 against ischemic-induced
neuronal death. Treatment with TuM or 3uM of A11 alone
exerted no obvious effects on SH-SY5Y cell viability (data not
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shown), indicating that the protective effects of A11 are more
likely mediated by resisting the OGD injury and not simply
enhancing cell viability.

The potential efficacy of A11 against the multiple pathological
changes triggered by ischemia was further evaluated in neuronal
cells. It is well known that three key pathological changes,
oxidative stress, apoptosis, and mitochondrial dysfunction, are
powerful mediators of ischemic injury, resulting in profound
neuronal damage. First, due to its limited antioxidation ability, the
brain is particularly vulnerable to ROS attack, which acts directly as
an executor of cell death [34]. Moreover, apoptosis, characterized
by shrinkage of the cell and its nucleus, with maintenance of the
plasma membrane integrity, is a typical type of cell death that
occurs after ischemic injury, which persists until late in the injury
[35-37]. Caspase-3 is a member of the cysteine-aspartic acid
protease family, which is activated by cleavage and plays a central
role in cell apoptosis [38]. p53 is one of the key upstream factors
that activate apoptosis [39]. We found that A11 significantly
attenuated neuronal death induced by oxidative stress and
markedly inhibited the apoptotic changes in neuronal cells
exposed to OGD, as shown by inhibition of Caspase-3 cleavage
and the decreased level of p53 in the nucleus. Finally,
mitochondrial function is severely impaired during brain ischemia,
as shown by intracellular overproduction of ROS, mitochondrial
membrane depolarization, and inhibition of ATP synthesis [4, 5,
371, while increased production of ROS is recognized as a major
contributor to the whole process of ischemic injury, including
ischemia, reperfusion and the later post-reperfusion phase of
ischemia/reperfusion injury [40]. Similarly, A11 decreased intracel-
lular ROS generation and ameliorated mitochondrial dysfunction
of ischemic neuronal cells. Taken together, the above-mentioned
beneficial effects of A11 on neuronal cells suggest that A11 has
the ability to combat the above-mentioned three key pathological
events triggered by ischemic injury.

It is, therefore, interesting to determine the potential regulatory
mechanisms that underlie the neuroprotective effect of A11.
Numerous studies have shown that PI3K/AKT and MEK/ERK are
two important cascades that are involved in ischemia/reperfusion-
induced apoptosis and oxidative stress [41-44]. Moreover,
activation of ERK and AKT signaling confers neuroprotection to
reduce ischemic damage [45-48]. Considering that a cell model is
a relatively simple environment and that the current in vitro anti-
ischemic results of A11 were obtained in neuronal cells, we
employed neuronal cells to study the potential mechanisms.
Interestingly, we observed that A11 upregulated the phosphoryla-
tion levels of ERK and AKT in OGD-exposed SH-SY5Y cells.
Moreover, the neuroprotective effects of A11 against OGD-
induced cytotoxicity were markedly blocked after treatment with
PI3K and MEK inhibitors accompanied by a decreased level of
phosphorylated ERK and AKT, suggesting that triggering the ERK
and AKT pathways may contribute to the protection of neuronal
cells conferred by A11 in hypoxic environments.

More importantly, A11 effectively alleviated the brain damage
induced by focal brain ischemia in rats when intravenously
administered at the onset of reperfusion. A single-dose of 3 mg/kg
of A11 significantly reduced the infarct volume. Furthermore, in
agreement with the reduced lesion size, A11 also provided
beneficial effects on the functional outcomes of MCAO rats, as
assessed by the neurological score. Given that MCAO is a widely

Fig. 8 Intravenous administration of A11 (3 mg/kg) at the onset of
reperfusion reduced the cerebral infarct volumes and ameliorated
neurological deficits in MCAO rats. a Representative photographs of
TTC-stained brain slices of rats. b Quantitative analysis of the
cerebral infarct volume. ¢ Quantitative analysis of neurological
scores. The results represent the mean = SEM. **#P < 0.001 vs. the
sham group, *P<0.05, **P<0.01 vs. the vehicle-treated MCAO
group, n=16-19
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employed animal model to mimic acute ischemic injury in the
brain, the above in vivo anti-ischemic results suggest A11 is a
potential candidate for acute intervention in ischemic stroke.

In contrast to the relatively simple cellular system, it is more
difficult to clarify the mechanism of A11 in the ischemic animal
model because the ischemic brain is complicated system that
consists of various cell types, including neurons and glial cells, and
each type of cell exhibits a wide variety of alterations during
pathologic processes, which are interrelated and interact with
each other and, consequently, lead to neuronal damage.
Currently, we can only conclude that the ERK and AKT signaling
pathways may contribute to the multiple protective effects of A11
on neuronal cells under ischemic insult because our mechanistic
studies were only performed in neuronal cell lines. Moreover,
although we observed the neuroprotective effects of A11 both
in vitro and in vivo, we still could not conclude whether they are
closely associated with each other.

In summary, this work reveals the multi-aspect neuroprotective
effects of a novel diaryl acylhydrazone derivative, A11, against
ischemic injury and describes its interesting regulation of both the
ERK and AKT signaling pathways in neuronal cells, which could
provide important clues for the development of drug leads/
candidates against ischemic stroke. However, further systematic
study of A11, including determination of its pharmacokinetic
profiles, is needed to better understand the correlation between
its in vitro and in vivo efficacies and to understand the precise
molecular mechanisms of A11 against ischemic injury.
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