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Abstract

Oxidative stress is a great challenge to neurons following cerebral ischemia. PGC-1a has been shown to act as a potent
modulator of oxidative metabolism. In this study, the effects of ZLNO0OS5, a small molecule that activate PGC-1a, against
oxygen—glucose deprivation (OGD)- or ischemia-induced neuronal injury in vitro and in vivo were investigated. Transient
middle cerebral artery occlusion (tMCAQ) was performed in rats and ZLNOOS was administered intravenously at 2 h, 4 h, or
6 h after ischemia onset. Infarct volume and neurological deficit score were detected to evaluate the neuroprotective effects of
ZILNO005. Well-differentiated PC12 cells, which were subjected to OGD for 2 h followed by reoxygenation for 22 h, were used
as an in vitro ischemic model. Changes in expression of PGC-1a, its related genes, and antioxidant genes were determined by
real-time quantitative PCR. The results showed that ZLNOOS5 reduced cerebral infarct volume and improved the neurological
deficit in rat with tMCAO, and significantly protected OGD-induced neuronal injury in PC12 cells. Furthermore, ZLN0O5
enhanced expression of PGC-1a in PC12 cells and in the ipsilateral hemisphere of rats with tMCAO. Additionally, ZL.NOO5
increased antioxidant genes, including SOD1 and HO-1, and significantly prevented the ischemia-induced decrease in SOD
activity. Taking together, the PGC-1a activator ZLNOOS exhibits neuroprotective effects under ischemic conditions and
molecular mechanisms possibly involve activation of PGC-1a signaling pathway and cellular antioxidant systems.
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Introduction over the world (Gao et al. 2015; Wang et al. 2014; Xue et al.
2016; Yang et al. 2014; Yu et al. 2014). At present, tissue
plasminogen activator (tPA) is the only thrombolytic agent
approved for acute ischemic stroke by the United States
Food and Drug Administration (Gu et al. 2016; Xue et al.
2016), and thus the development of a novel treatment strat-
egy is urgently needed to improve the prognosis of cerebral
ischemia (Xue et al. 2016).

Reactive oxygen species (ROS) are continuously being
generated in the normal brain due to the consumption of
oxygen (Garcia et al. 2017). Antioxidant systems, including
enzymatic antioxidant defense systems such as superoxide
dismutase (SOD) and non-enzymatic antioxidants including
ascorbic acid and glutathione, together with the generation

Stroke, especially ischemic stroke, is a common neurological
disease that leads to significant morbidity and mortality all
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of ROS, act to maintain redox balance (di Penta et al. 2013;
O’Hare Doig et al. 2014). Oxidative stress results from
remarkable disturbance of the balance, either by defects in
antioxidant system or by the excessive production of ROS,
and causes damage to cells (Bian et al. 2016; Ho et al. 2015;
Liu et al. 2015; Mossakowski et al. 2015; Park et al. 2016).
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While oxidative stress affects all types of cells in the brain,
neurons are particularly vulnerable to oxidative challenges,
and oxidative damage caused by ROS has been implicated in
ischemic stroke (Gao et al. 2015; Ritzel et al. 2016; Sharma
et al. 2013; Shulyakova et al. 2014). Therefore, antioxidants
have been implied to an effective therapeutic strategy in the
treatment of ischemic stroke.

Peroxisome proliferator-activated receptor-gamma
coactivator-la (PGC-1a) is a transcriptional coactivator
regulating cellular energy metabolism, which is abundantly
expressed in the brain (Zhang et al. 2013). Evidence show
that PGC-1a is associated with the regulation of the defense
system against reactive oxygen species (Mikeld et al. 2016;
Singh et al. 2016; Szalardy et al. 2016; Wu et al. 2016), by
enhancing the expression of antioxidant genes (Xiao and
Goswami 2015). Additionally, upregulation of PGC-1a
levels dramatically protected neural cells against oxidative
stress-mediated death (Mudo et al. 2012; Peng et al. 2015),
while loss of its activity resulted in an increase in mitochon-
drial-derived ROS (Garcia-Quintans et al. 2016).

Heme oxygenase 1 (HO-1), an inducible enzyme in cata-
lyzing heme to biliverdin, carbon monoxide, and iron, exerts
a crucial role in restoring redox balance. Significant induc-
tion of HO-1 expression is discovered after acute cerebral
ischemic injury and showed to protect neurons against oxi-
dative stress (Ding et al. 2015; Qi et al. 2014). Furthermore,
HO-1 was reported to improve SOD activity, suggesting the
potent neuroprotection effect of HO-1 in stroke treatment.

Fig.1 ZLNOOS reduces brain
damage and improves neurolog-
ical deficit in rats after tMCAO.
a Structure of ZLNO0OS.
ZILNOOS5 reduced infarct volume
(b, ¢) and improved the neu-
rological deficit (d) in rat after
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ZILNOOS, also known as 2-(4-tert-Butylphenyl) benzimi-
dazole (Fig. 1a), is reported to be a PGC-1a transcriptional
regulator (Zhang et al. 2013). It is speculated that ZLN0O5
elevates PGC-1a expression (Zhang et al. 2013), and pro-
tects cardiomyocytes against high glucose-induced oxida-
tive stress, verified by enhanced cell viability and reduced
apoptosis (Li et al. 2016b).

In this study, we evaluated the neuroprotective effects of
ZIN0O5 against ischemia/reperfusion injury in rat model of
transient middle cerebral artery occlusion and oxygen—glu-
cose deprivation (OGD) injury in well-differentiated PC12
cells. We further demonstrated that the neuroprotective
effects of ZLNOOS5 treatment were possibly mediated by
activation of PGC-1a signaling pathway and improvement
of antioxidant systems.

Materials and Methods
Materials

Compound ZLNOOS5 was provided by Prof. Jia Li from
Shanghai Institute of Materia Medica, Chinese Academy of
Sciences. Dulbecco’s modified Eagles medium (DMEM),
fetal bovine serum (FBS), and trypsin were purchased from
Invitrogen (Carlsbad, CA, USA). 3-(4, 5-dimethylthiazol-
2-y1)-2, 5-diphenyltetrazolium bromide (MTT), 2, 3, 5-tri-
phenyltetrazolium chloride (TTC), and poly-L-lysine and
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were purchased from Sigma-Aldrich (St Louis, MO, USA).
Total RNA extraction reagent and SYBR Green Master Mix
were purchased from Vazyme (Nanjing, Jiangsu, China).
LDH release assay kit and SOD assay kit were purchased
from Beyotime Biotechnology (Shanghai, China). All other
chemicals and reagents were of analytical grade.

Animals

Male Sprague—-Dawley (SD) rats weighing 250-280 g were
provided by Zhejiang Laboratory Animals Center (Hang-
zhou, China). All animals were housed under standard
environment and had free access to water and food. All
procedures were conducted according to the NIH Guide
for the Care and Use of Laboratory Animals published by
the US National Academy of Sciences. All animal tests and
experimental procedures were approved by the Administra-
tion Committee of Experimental Animals in Jiangsu Prov-
ince and the Ethics Committee of China Pharmaceutical
University.

Transient Middle Cerebral Artery Occlusion

Transient middle cerebral artery occlusion (tMCAQO) was
performed as reported previously (Pang et al. 2016; Wang
et al. 2017b). Briefly, the animals were anesthetized and then
the right common carotid artery (CCA), external carotid
artery (ECA), and internal carotid artery (ICA) were isolated
free from the surrounding tissues. A monofilament nylon
suture (diameter of approximately 0.26 mm) was inserted
into the ICA and gently advanced until it reached to the
origin of the MCA. After 2 h of MCAO, the filament was
removed to accomplish cerebral reperfusion.

Drug Treatment

Animals were randomly divided into five groups (n = 8—12
per group): sham, vehicle, and ZLNOOS5-treated groups
(a single administration of ZLNOO5 at 2, 4, or 6 h after
ischemia onset). Rats in the vehicle group and ZLNO0O5-
treated groups were intravenously administered with DMSO
or ZLNOOS (2.5 mg/kg), respectively.

Measurement of Neurological Deficit and Cerebral
Infarct Volume

Behavioral test was conducted at 24 h after tMCAO by a
trained and blind observer as previously described (Longa
et al. 1989). The neurologic deficits were assessed on a five-
point scale: 0, no observable deficits; 1, unable to extend the
left forepaw; 2, circling to the left side; 3, reclination to the
left side at rest; and 4, failure to move spontaneously. After
assessment of neurological deficit, rats were sacrificed and

brains were cut into 2-mm-thick coronal sections. The brain
sections were stained with 2% TTC for 10 min at 37 °C.
The infarct size was measured by morphometric analysis
(image-pro plus) as described previously (Pang et al. 2016).

Cell Culture

Well-differentiated PC12 cells were obtained from the Cell
Resource Centre of Shanghai Institutes for Biological Sci-
ences, Chinese Academy of Sciences (Shanghai, China).
PC12 cells were cultured in DMEM supplement with 10%
heat-inactivated FBS and penicillin/streptomycin at 37 °C
under a humidified atmosphere of 95% air/5%CO,. For fur-
ther experiments, PC12 cells were seeded into 24-well plates
at a density of 5 x 10*/mL cells.

Oxygen and Glucose Deprivation (OGD)

PC12 cells were pretreated with DMSO or ZLNO0O5 (1, 2,
5 uM) for 24 h. After that, cells were washed with PBS for
three times and then cultured in DMEM medium without
glucose. Then cells were incubated in a hypoxia chamber
(1% O,, 94% N,, and 5% CO,) for 2 h. After hypoxia, the
cells were treated with ZLNOOS5 (1, 2, or 5 uM) and then
cultured in normal DMEM medium under normoxia condi-
tions for 22 h (Liu et al. 2016). Control cells without OGD
were maintained under normal conditions.

Semi-quantitative Polymerase Chain Reaction
(qPCR)

To determine the levels of gene expression, total RNA was
extracted from PC12 cells at 24 h after OGD or the brain cer-
ebral cortex at 24 h after tMCAO using Trizol reagent. Semi-
quantitative PCR was performed as reported previously (Xu
et al. 2015). The primer pairs are shown in Table 1. The
GAPDH normalized data are presented as the fold change
in gene expression.

MTT Assay

Cell viability was determined by MTT assay as reported pre-
viously (Chang et al. 2016, 2017). Briefly, PC12 cells cul-
tured in 96-well plates (6 X 10° cells per well) were treated
with DMSO or various concentrations of ZLNO0O5 (1, 2,
5 uM) for 24 h and then exposed to OGD for 2 h. After that,
OGD was terminated and the cells were further cultured for
22 h with ZLNOO5 (1, 2, 5 uM). Then cells were incubated
with MTT (0.5 mg/mL) for 4 h at 37 °C. The medium with
MTT was then removed and DMSO was added to each well
and absorbance was measured at 570 nm in a TACAN plate
reader.
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Table 1 Primers for PCR Gene Forward Reverse
GAPDH CAGCCTCGTCTCATAGACAAGATG AAGGCAGCCCTGGTAACCA
PGC-la AATCAAGCCACTACAGACACCGC CTTTCGTGCTCATTGGCTTCAT
COX5B GGAGATCATGATAGCAGCACAG CTCTTCACAGATGCAGCCCAC
Cytochrome C GGAGGCAAGCATAAGACTGG TCCATCAGGGTATCCTCTCC
AOX CCAATCACGCAATAGTTCTGG CGCTGTATCGTATGGCGAT
SOD1 GGTCCACGAGAAACAAGATGA CAATCACACCACAAGCCAAG
HO-1 CAGAAGGGTCAGGTGTCCAG GAAGGCCATGTCCTGCTCTA

LDH Assay

Cell death after exposed to OGD was determined by meas-
uring the activity of lactate dehydrogenase (LDH) released
into culture medium. Briefly, PC12 cell seeded in 96-well
plates were treated with ZLNOOS (1, 2, 5 uM) for 24 h and
then exposed to OGD injury for 2 h. The culture medium
was collected and the LDH activity was measured using
the LDH release assay kit according to the manufacturer’s
recommendations.

SOD Measurement

The SOD assay kit was purchased from Beyotime Biotech-
nology (Shanghai, China). Brain cortices were collected
at 24 h after MCAO and then homogenized. The SOD
activity was measured using the SOD assay kit according
to the manufacturer’s instructions.

Western Blotting

At 24 h after tMCAO, rat brain cortex samples were
collected and homogenized with RIPA buffer (Vazyme,
Jiangsu, China). The extracted protein was quantified by
BCA kit (Thermo, Rockford, IL). Western blot was per-
formed as previously described (Xu et al. 2015). Briefly,
proteins were separated by SDS-PAGE gels and then
transferred onto polyvinylidene difluoride (PVDF) mem-
branes. The membranes were blocked for 2 h with 3%
bovine serum albumin (BSA) and then incubated over-
night at 4 °C with primary antibodies including HO-1
(1:250, Abcam, Cambridge, MA, USA), PGC-1a (1:1000,
#A12348, ABclonal, Wuhan, China), and p-actin (1:1000,
Santa Cruz Biotechnology, CA, USA). After washing for
five times (6 min per wash) with TBST, the membranes
were incubated with the secondary antibodies for 1 h at
room temperature. The membranes were then washed
again and the transferred proteins were visualized with a
Bio-Rad ChemiDoc XRS.
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Statistical Analysis

All data were expressed as Mean + standard deviation (SD)
from at least three independent experiments. Statistical
analysis was performed using one-way ANOVA followed
by Bonferroni’s test. A p < 0.05 was considered statistically
significant.

Results

ZLNO005 Reduced Brain Damage and Improved
Neurological Deficit in Rats After tMCAO

To evaluate whether treatment with ZLNOOS, also known
as 2-(4-tert-Butylphenyl) benzimidazole (Fig. 1a), protects
brain against ischemia-induced damage, rats were subjected
to tMCAO model and intravenously treated with vehicle or
ZLNO0OS5 (2.5 mg/kg) at 2, 4, or 6 h after ischemia onset.
Two correlated parameters, brain infarct volume and neu-
rological deficit, were measured at 24 h after tMCAO. Tis-
sue damage was observed on the ipsilateral hemisphere as
illustrated by the white area with an accurate delineation of
the penumbra after ischemic injury (Fig. 1b). There was a
significant reduction in infarct volume in ZLNOOS5-treated
groups as compared with vehicle group (p < 0.001 for 2 h
group, p < 0.001 for 4 h group, and p < 0.01 for 6 h group,
Fig. 1b, c¢). As shown in Fig. 1d, treatment with ZLNOOS at
4 h after ischemia onset significantly improved the neuro-
logical deficit compared to the vehicle group (p < 0.05 vs.
vehicle). These results showed that ZLNOOS improved neu-
rological outcomes caused by ischemic stroke. As ZLN005
administration at 4 h after ischemia onset performed a maxi-
mum protective effect, this time point was chosen to further
study the neuroprotective mechanism of ZLN0OS.

ZLNOO5 Activated PGC-1a and Related Genes in Rats
After tMCAO

Emerging evidence demonstrate that activation of PGC-1a
protects against ischemia-induced brain damage (Li et al.
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2016a; Ma et al. 2016). ZLNOOS has been reported as a
PGC-1a activator in myotubes (Zhang et al. 2013). We
checked the expression of PGC-1a and its related genes
(cytochrome ¢, COX5b, and AOX) in the ipsilateral cer-
ebral cortices following tMCAQ. There was a significant
increase in PGC-1a mRNA expression in ZLNOOS5-treated
group compared to the vehicle group (p < 0.05 vs. vehicle,
Fig. 2a). Moreover, post-ischemia treatment with ZLNOOS
also significantly increased the mRNA expression of
PGC-1a target genes, cytochrome c (p < 0.001 vs. vehicle,
Fig. 2b), COX5b (p < 0.01 vs. vehicle, Fig. 2c¢), and AOX
(p < 0.01 vs. vehicle, Fig. 2d). These results showed that
ZILN0OS5 exhibited neuroprotective effect possibly via the
upregulation of PGC-1a and related genes.

ZLNO0O5 Enhanced Expression of the Antioxidant
Genes in Rats After tMCAO

Oxidative stress is a fundamental mechanism of cell damage
following cerebral ischemia (Shirley et al. 2014). Hence,
we evaluated ROS-detoxifying potentials of ZLNOO5 by
quantifying mRNA expression of antioxidant genes SOD1
and HO-1, detecting the expression of HO-1 protein and
measuring SOD activities. There was a significant increase
in SOD1 and HO-1 mRNA expression (p < 0.05 for SOD1,

p < 0.05 for HO-1, Fig. 3a, b) and HO-1 protein expression
(p < 0.05 vs. vehicle, Fig. 3c) in the ipsilateral cortices of
ZILNOO5-treated group when compared with vehicle group.
SOD activity in the vehicle group was markedly decreased at
24 h after tMCAO compared to sham group, while ZLNOO5
treatment significantly improved SOD activity (p < 0.05 vs.
vehicle, Fig. 3d). These results indicated that compound
ZILN0OOS5 improved ischemic stroke-induced reduction in
antioxidant activities, which may contribute to the neuro-
protective effect of ZLNOOS.

ZLNO0O5 Protected PC12 Cells Against OGD-Induced
Neuronal Injury

To determine the biologically safe concentration of
ZLNO005, PC12 cells were exposed to ZLNOO5 with
increasing concentrations from 1 to 5 uM for 48 h. MTT
assay revealed that ZLNOOS has no cytotoxicity in PC12
cells (Fig. 4a). Furthermore, in order to investigate the
neuroprotective effect of ZLNOOS in vitro, PC12 cells
were pretreated with vehicle or ZLNOOS (1, 2, or 5 pM)
for 24 h followed by exposure to OGD injury for another
2 h. MTT assay (p < 0.05 for 1 pM group, p < 0.001
for 2 uM group, and p < 0.01 for 5 pM group vs. OGD
group, Fig. 4b) and LDH assay (p < 0.05 for 1 pM group,

Fig.2 ZLNOO5 increases A PGC-1a. mRNA expression B  Cytochrome C mRNA expression
PGC-1a and related genes (24h after tMCAO) (24h after tMCAOQ)
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Fig.3 ZLNOOS5 enhances the A SOD1 mRNA expression B HO-1 mRNA expression
expression of antioxidant genes (24h after tMCAQ) (24h after tMCAO)

in rats after tMCAO. Semi- 15- 20 -

quantitative PCR evaluation of
SOD1 (a) and HO-1 (b) mRNA
expression showed significant
increase in gene upregulation
on the ipsilateral hemisphere of
rat brain 24 h after tMCAO. ¢
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Fold change
(SOD1/GAPDH)
o o P
o (4} o

-
o
1

Fold change
(HO-1/GAPDH)
o (4] 8
% ]

tein expression in the ipsilateral . - [ . ]
hemisphere of rat brain 24 h S ® & e & o & &
N 3 N N ¢ N
after tMCAO. p-actin was used & ,D$\‘ & ,§ < & ,§ & ,D}‘
as an internal control. d SOD - .
activities were decreased in Ipsilateral  Contralateral Ipsilateral  Contralateral
vehicle group but increased in .
ZLN0O5-treated group. Data are Sham Vehicle ZLN0OO05 soD
expressed as the mean + SD of HO-1 W T e
individual group of rats (n = 4). . - " . — 150 1
*p < 0.05 versus vehicle group, p-actin e — — — — —_
###1 < 0.001 versus sham group %
s . & 1004
: = 5
%) 2 X *
2 a 504 —
g HH
8 T 3
: N
0 0 T T
. . Q& Qe S
S &8 N & © NG
%‘\0 Aé(\\o 6\& 60 Qé\ {o@g
b (L.
v o~
o &
& S
= S
0% Vv
A MTT B MTT C LDH release
(PC12:48n) {(PC12,0GD: 2h) (PC12, OGD: 2h)
150+ 1501 5004 #H
= — — 400
£ £ 100, — = == =& 10 2 *
® o = S € 3004
= E__) g O s * il ** e 8 ukd **
55 5l =5 .| T 5 200
oF Sz 0 Qe
= = 1004 I—‘
TSy s » P P S O " s & 8 8
& N oY oY Oo(é & W Y S PN A PR

ZLNOO05

Fig.4 ZLNOO5 protects PC12 cells against OGD-induced neuronal
death. a MTT assay showed that ZLNOO5 (1-5 pM) had no toxic
in PC12 cells after 48-h incubation. Values were obtained from
three independent experiments and are expressed as mean + SD
(% of control). b Protective potential of ZLN0O5 (1-5 pM) on cell

p < 0.01 for 2 pM group, and p < 0.01 for 5 pM group vs
OGD group, Fig. 4c) results showed that ZLNOOS signifi-
cantly prevented OGD-induced neuronal injury in PC12
cells.
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viability in PC12 cells exposed to 2-h OGD/R. ¢ The measurement
of LDH released into culture medium after 2-h OGD indicated the
protection of ZLNOO5 (1-5 pM) against OGD-induced neuronal
injury. *p < 0.05, **p < 0.01, ***p < 0.001 versus OGD group,
###1 < 0.001 versus control group

ZLNOO5 Activated PGC-1a and Cytochrome cin PC12
Cells Under OGD Condition

To study whether ZLNOOS5 activates PGC-1a pathway
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Fig.5 ZLNOOS activates A
PGC-1a pathway in well-
differentiated PC12 cells. a,

b PC12 cells were incubated
with ZLNOO5 (2 uM) for dif-
ferent time points. The mRNA
expression of PGC-1a and its
related gene, cytochrome c, was
detected by PCR. c—e PC12 cell
were incubated with ZLNOOS
(1, 2, 5 uM) for 24 h and then
subjected to OGD condition for
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in vitro, PC12 cells were treated with ZLNOOS5 (2 uM) for
different time points as indicated in Fig. 5a. PCR results
showed that ZLNOO5 enhanced the mRNA expression of
PGC-1a (p < 0.01 for 12 h and p < 0.05 for 24 h vs. O h,
Fig. 5a) and cytochrome ¢ (p < 0.05 vs. 0 h, Fig. 5b) in
PC12 cells with a time-dependent manner. Furthermore, in
order to investigate the effect of ZLN0OS5 on PGC-1a path-
way under OGD/R injury, PC12 cells were pretreated with
varying concentrations of ZLNOO5 (1, 2, or 5 uM) followed
by exposed to OGD condition for 2 h. Then the cells were
incubated for further 22 h with or without ZLLNOOS5 (1, 2,
or 5 uM) in normal condition. Then the mRNA expression

for PGC-1a and cytochrome ¢ was detected using PCR. In
Fig. 5c, there was a significant upregulation of PGC-1a gene
in OGD condition when compared with control (p < 0.05 vs.
control). However, ZLNOOS (2, 5 uM) showed a significant
increase in PGC-1a mRNA expression (p < 0.01 for 2 pM
group and p < 0.05 for 5 pM group vs. OGD group, Fig. 5¢)
and protein level (p < 0.01 for 2 pM group and p < 0.01 for
5 pM group vs. OGD group, Fig. 5¢) when compared with
OGD group. Furthermore, there was a remarkable increase
in mRNA expression of cytochrome ¢ in ZLNOO5-treated
cells when compared to OGD group (p < 0.05 for 2 uM
group vs. OGD group, Fig. 5d). The results showed that the
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beneficial effect of ZLN0OS against OGD-induced neuronal
injury may be mediated by PGC-1a activation.

ZLNO0O5 Upregulated the Expression
of the Antioxidant Genes in PC12 Cells Under OGD
Condition

Oxidative stress caused by reactive oxygen species (ROS)
generated during cerebral ischemia and reperfusion (I/R)
easily leads to neuronal cell death and consequent brain
damage (Li et al. 2015). However, antioxidant strategies for
ischemic stroke have achieved encouraging results in exten-
sive studies (Gao et al. 2015; Liu et al. 2016). In this study,
we evaluated the antioxidant potentials of ZLNOOS on PC12
cells injured by 2-h OGD. There was a significant increase
in the mRNA expression of SOD1 (p < 0.01 for 2 pM group
vs. OGD group, Fig. 6a) and HO-1 mRNA (p < 0.05 for
2 pM group vs. OGD group, Fig. 6b) in ZLNOO5-treated
cells when compared with OGD group.

Discussion

Stroke is a major cause of severe disability and mortality
around the world (Wang et al. 2014). At present, for most
patients there are few effective treatments currently available
for ischemic stroke (Yu et al. 2014). Therefore, we assessed
the neuroprotective effect of ZLNOOS5 after ischemic stroke
in vivo and in vitro. The experiment of tMCAO in rats is
a well-established animal model in the research of clini-
cal ischemic stroke (Chen et al. 2014). In the present study,
we demonstrated that treatment with ZLNOOS significantly
reduced brain infarction volume and improved neurologi-
cal deficit at 24 h after tMCAO onset, indicating that com-
pound ZLNOO5 ameliorated ischemic stroke-related brain
damage and disability. Well-differentiated PC12 cells, a rat
pheochromocytoma cell line, have been generally applied
as an in vitro model in investigating neuronal survival and
developing potential neuroprotection compounds (Wu et al.

Fig.6 ZLNOOS5 upregulates the
gene expression of antioxidant
genes in PC12 cells under OGD
condition. PC12 cells were
treated with or without ZLNOO5
(1, 2, 5 uM) under OGD condi-
tion. There was an increase in
SOD1 (a) and HO-1 (b) mRNA
expression. GAPDH was used
as an internal control. Data

are expressed as mean + SD.

*p < 0.05, **p < 0.01 versus

A

SOD1/GAPDH
(Fold change)

SOD1 mRNA
(PC12:

2007). Thus, the protective effect of ZLNOOS in vitro was
further assessed in PC12 cells exposed to oxygen—glu-
cose—deprivation/reoxygenation (OGD/R) injury. We found
that ZLNOO5 improved OGD/R-induced PC12 cell viability
loss. These results indicated that ZLNOOS exhibited a potent
neuroprotective effect in vivo and in vitro.

PGC-1a serves as a master regulator of energy metabo-
lism and governs a series of gene transcription involving
cytochrome ¢, COX5B, and alternative oxidase (AOX)
(Zhang et al. 2013). Prior researches have generally con-
firmed that ischemia injury increases the expression of
PGC-1a and suppression of PGC-1a exacerbates brain dam-
age, indicating the neuroprotective role of PGC-1a against
cerebral ischemia (Li et al. 2016a; Ma et al. 2016). ZLLNOO5
has been implicated as a PGC-1la activator in myotubes
and skeletal muscle (Zhang et al. 2013). Indeed, we found
that post-ischemia administration of ZLNOOS increased the
expression of PGC-1a and its related target genes. In addi-
tion, we also observed that ZLNOOS upregulated PGC-1a
expression after exposure to OGD injury in PC12 cells.
Taken together, upregulation of PGC-1a may be responsible
for the neuroprotective properties of ZLNOOS.

PGC-1a plays a central role in governing the transcrip-
tional regulatory network for mitochondrial biogenesis
and respiratory function. Activation of PGC-1a results in
improvement of neuronal mitochondrial dysfunction (Chen
et al. 2011). It has been well known that mitochondrial
metabolism is the major source of ROS production. After
cerebral ischemia, oxidative stress is induced with the dis-
turbed balance between ROS generation and clearance and
causes cell injury. In ischemic neurons, PGC-1a is increased
upon oxidative stress, which further triggering upregulation
of genes that involves ROS-detoxifying system, including
SOD1, SOD2, ANT1, and UCP2. Meanwhile, PGC-1a
activation also stimulates mitochondrial biogenesis and
respiration, which may protect neurons against ischemic
injury (Chen et al. 2010; Yin et al. 2008). A recent study has
reported that PGC-1a exerts a protective role through Sirt3
signaling pathway in spinal cord neurons against ischemic

HO-1 mRNA
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injury (Liu et al. 2017). While the molecular mechanisms
underlying neuroprotective effect of PGC-1a has remained
largely unclear, we further explored the pathways possibly
involved in the neuroprotective properties of ZLNOOS5.

SOD, an important antioxidant enzyme, specifically
catalyzes superoxide to hydrogen peroxide resulting in the
clearance of free radicals. Among three isoforms of SOD
expressed in mammals, SOD1, also known as Cu—Zn super-
oxide dismutase, acts as an indispensable role in regulating
ROS activities and improving neuronal cell survival after
acute ischemia (Qiao et al. 2012). Exposure to ischemia
induces defect of SOD activity, and thus stimulating SOD1
expression and increasing SOD activity would be expected
to diminish oxidative stress and protect brain from ischemic
damage. Furthermore, PGC-1a has been reported to regu-
late the antioxidant genes expression, including SOD1, and
ameliorate oxidative stress-induced neuronal injury (Mékela
et al. 2016; Singh et al. 2016; St-Pierre et al. 2006; Xiao
and Goswami 2015). Thus, we propose that neuroprotective
effect of ZLNOO5 may be strongly associated with PGC-1a-
mediated upregulation of SOD1 expression and restoration
of SOD activity. Our results confirmed that ischemic injury
induced a marked reduction of SOD activity, while treat-
ment with ZLNOO5 enhanced SOD activity and SOD1 gene
expression. In addition, we found that ZLLNOOS treatment
significantly upregulated SOD1 expression in PC12 cell
after OGD injury. These results suggested that the beneficial
effect of ZLNOO5 against ischemia-induced neuronal injury
might be related to the restoration of antioxidant system.
Further studies are needed to clarify the detailed molecu-
lar mechanisms responsible for the relationship between
PGC-1a activation and SOD restoration after ZLNOOS5 treat-
ment in ischemic stroke model.

HO-1 is a stress-inducible enzyme and exerts potent anti-
oxidant activity in ischemic stroke (Wang et al. 2017a; Won
et al. 2013). Our results were in agreement with the previ-
ous reports that HO-1 mRNA expression was induced in
acute post-ischemia period (Zhang et al. 2014). Due to the
individual variability in animal samples, overexpression of
HO-1 protein after acute ischemia was not observed in our
study. However, after treatment with ZLNOO5, the HO-1
mRNA and protein levels were significantly upregulated in
rats with tMCAO. Similarly, we demonstrated that ZLN0O05
increased HO-1 gene expression after exposure to OGD-
induced injury in PC12 cells. These results indicated that
HO-1 activation may be partly responsible for the neuropro-
tective effect of ZLNOOS.

Conclusion

In summary, ZLNOOS, a known PGC-1a activator, showed
a neuroprotective role in ischemic rat model and PC12 cells

model with OGD/R. For the first time, the beneficial effects
of ZLLNOOS in cerebral ischemic stroke were demonstrated.
Besides, ZLLN0OO5 was shown to activate PGC-1a and its
neuroprotective effects may be possibly through induction
of cellular antioxidant systems. Therefore, our results may
provide the therapeutic potential of ZLNOOS for the treat-
ment of ischemic stroke.
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