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BACKGROUND AND PURPOSE

Ischaemic stroke is a leading cause of death and long-term disability. Promising neuroprotective compounds are urgently needed
to overcome clinical therapeutic limitations. Neuroprotective agents are limited to single-target agents, which further limit their
clinical effectiveness. Due to the brain’s particular energy requirements, the energy micro-environment, centred in mitochondria,
is a new research hotspot in the complex pathology of ischaemic stroke. Here, we studied the effects of neferine (Nef), a bis-
benzylisoquinoline alkaloid extracted from the seed embryo of Nelumbo nucifera Gaertn, on ischaemic stroke and its underlying
mitochondrial protective mechanisms.

EXPERIMENTAL APPROACH

Rats with permanent middle cerebral artery occlusion (pMCAO)-induced focal cerebral ischaemia and tert-butyl hydroperoxide
(t-BHP)-injured PC12 cells were used to investigate the neuroprotective effects of Nef, particularly with regard to energy
micro-environment regulation by mitochondria and its mechanism in vivo and in vitro.

KEY RESULTS

Nef protected t-BHP-injured PC12 cells in vitro and ameliorated neurological score, infarct volume, regional cerebral blood flow,
cerebral microstructure and oxidant-related enzyme deficits in pMCAO rats in vivo. Nef also prevented mitochondrial dysfunction
both in vivo and in vitro. The underlying mechanism of the mitochondrial protective effect of Nef might be attributed to the
increased translocation of Nrf2 to the nucleus. Furthermore, the translocation of Nrf2 to nucleus was also decreased by
sequestosome 1 (p62) knockdown.

CONCLUSIONS AND IMPLICATIONS
Our results demonstrated that Nef might have therapeutic potential for ischaemic stroke and may exert its protective role through
mitochondrial protection. This protection might be attributed to the modulation of Nrf2 signalling.

Abbreviations

3-MA, 3-methyladenine; AM, 6 h after 24 h MCAO; CBF, cerebral blood flow; CQ, chloroquine; DCFH,-DA, 2/,7’-
dichlorodihydrofluorescein diacetate; IP, immunoprecipitation; MDA, malondialdehyde; MDC, monodansylcadaverine;
MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide; Nef, neferine; NMD, nuclear magnetic detec-
tion; Nrf2-ARE, nuclear factor erythroid 2-related factor 2-antioxidant response element; PM, 15 min prior to 24 h MCAO;
pMCAO, permanent middle cerebral artery occlusion; p62, sequestosome 1; ROIs, regions of interest; t-BHP, tert-butyl
hydroperoxide; TEM, transmission electron microscope; TTC, 2,3,4-triphenyltetrazolium chloride
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Introduction

Stroke is a leading cause of long-term adult disability and
brain damage (Donnan et al., 2008; Mozaffarian et al.,
2016). Past decades witnessed tremendous achievements in
stroke diagnosis. However, numerous neuroprotective agents
have failed in clinical translation (Moretti et al., 2015). Prom-
ising neuroprotective compounds are urgently needed to
overcome the clinical therapeutic limitations.

In recent years, micro-environments characterized by the
concepts of systems and integration have become a new re-
search hotspot for drug treatment (Hui and Chen, 2015).
The special energy needs of the brain result in the existence
of an energy micro-environment centred in mitochondria.
Mitochondrial dysfunction following ischaemia makes the
prognosis of ischaemic stroke difficult. Neuroprotective
agents are limited to the regulation of single-target agents,
such as enzymes, receptors or channel proteins, which fur-
ther limits the clinical effectiveness of these agents (Chen
et al., 2011). Mitochondria are the core of the energy micro-
environment as they are the energy plants within a cell (Sims
and Muyderman, 2010; Fuhrmann and Brune, 2017). Struc-
tural and functional impairments in mitochondria directly
lead to an imbalance in the intracellular micro-environment
and further result in ischaemic injury (Wolinski and
Glabinski, 2013; Baxter et al., 2014).

Recent studies reported that the nuclear factor erythroid
2-related factor 2 (Nrf2)-antioxidant response element
(ARE) signalling pathway is crucial for mitochondrial protec-
tion (Hancock et al., 2013). In addition, this protective effect
was attributed to its cellular defence mechanism under oxida-
tive stress (Nguyen et al., 2009; Baird et al., 2014; Liu et al.,
2015). At baseline, this pathway is negatively regulated by a
cytoplasmic regulatory protein that targets Nrf2 for
proteasomal degradation, Keap1l. Canonical activation of
Nrf2 signalling during oxidative stress is mediated by a con-
formational change in Keapl, allowing Nrf2 to translocate
to the nucleus and initiate the transcription of genes with
ARE in their promoter (Nguyen et al., 2009). Recent work
demonstrated that Nrf2 signalling can also be activated
through a non-canonical system that depends on activation
of autophagy. Specifically, the substrate sequestosome 1
(p62) competes with Nrf2 for Keapl binding, promotes the
degradation of Keapl through autophagy and activates the
Nrf2-ARE pathway (Hu et al., 2013; Xu et al., 2013; Yin and
Cao, 2015; Duleh et al., 2016). Activation of Nrf2 signalling
protects the mitochondria to maintain the energy supply to
the brain in ischaemic stroke (Michelson and Ashwal, 2004;
Holmstrom et al., 2013; Ichimura et al., 2013).

Neferine (Nef) is a bis-benzylisoquinoline alkaloid iso-
lated from the green seed embryos of Nelumbo nucifera Gaertn
(Lotus) (Furukawa, 1965). There is an abundance of evidence
showing that this alkaloid has sedative, anti-pyretic,
(Sugimoto et al., 2008), anti-arrhythmic (Narayana Moorthy
et al., 2013), anti-depressant (Sugimoto et al., 2010) and
autophagy-inducible effects (Poornima et al., 2013). More-
over, Nef also has effects related to cardiovascular diseases
and neurological disorders, such as anti-thrombotic (Zhou
et al., 2013) and inhibitory effects on the p-site amyloid pre-
cursor protein-cleaving enzyme 1 (Jung et al., 2015). How-
ever, as yet, the effects of Nef on cerebral ischaemia have
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not been explored. Hence, we investigated the anti-ischaemic
effects of Nef on stroke and the underlying mitochondrial
protective mechanism of this alkaloid.

Methods

Cell culture

PC12 cells, obtained from the American Type Culture Collec-
tion, were cultured in complete DMEM/F-12K medium con-
taining 5% FBS and 10% horse serum. Cells were incubated
at 37°C in a humidified atmosphere of 5% CO, in air.

Primary cortical neuron culture

Primary rat cortical neurons were isolated from the cerebral
cortices of neonatal SD rats. Under sterile conditions, dis-
sected cortices were dissociated with 0.125% trypsin and
plated onto poly-L-lysine-coated 24-well plates. Aftera 4 h in-
cubation, the medium was replaced with serum-free
neurobasal-A medium supplemented with 2% B27 and
0.5 mM glutamine, followed by re-incubation for 7 days,
and half of the medium was changed every 3 days. Cells were
maintained at 37°C in a humidified atmosphere of 5% CO,.

Identification of primary cortical neurons

The primary cortical neurons were washed and fixed with 4%
paraformaldehyde for 20 min at 37°C, permeabilizaed with
0.1% Triton X-100 for 15 min and blocked with 3% BSA for
30 min at room temperature. Then, the cells were incubated
with MAP-2 (1:400) antibody overnight at 4°C. Subsequently,
the cells were incubated with PE-conjugated goat anti-rabbit
IgG (H+L) (1:1000) mixture for 2 h at room temperature in
the dark for 20 min. Cell images were observed under a
fluorescence inverted microscope.

Cell viability assay

Cells were seeded on a 96-well plate overnight and then
treated with tert-butyl hydroperoxide (t-BHP) (100 uM) for
1 h, with or without Nef (1-10 uM) pretreatment/post-
treatment for 24 h. Subsequently, 20 pL of 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT)
solution (5 mg-mL_l) was added to each well, and the sam-
ples were then incubated at 37°C for 4 h. The supernatant
was removed, and the insoluble formazan product was dis-
solved in 100 uL of DMSO. Absorbance of each culture well
was measured with a microplate reader (Molecular Devices,
USA) at a wavelength of 570 nm.

Measurement of ROS generation

Cells were seeded in six-well plates overnight followed by
treatment with or without Nef for 24 h and then treated with
t-BHP (100 uM) for 1 h. The cells were incubated with 2/,7'-
dichlorodihydrofluorescein  diacetate  (DCFH,-DA) or
MitoSOX™ Red mitochondrial superoxide indicator in the
dark at 37°C for 30 min (Dixon et al., 2012). Cells were
washed twice with PBS and detached with trypsin/EDTA. Cel-
lular fluorescence was analysed by flow cytometry (Becton
Dickinson FACS Canto TM, USA).
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Immunofluorescence staining

PC12 cells were cultured in 96-well plates overnight followed
by treatment with or without Nef for 24 h and then treated
with t-BHP (100 uM) for 1 h. The cells were then washed
and fixed with 4% paraformaldehyde for 15 min at 37°C,
permeabilized with 0.5% Triton X-100 for 20 min and
blocked with 3% BSA for 30 min at room temperature. Next,
the cells were incubated with Nrf2 antibody (1:200) over-
night at 4°C and then with PE-conjugated goat anti-rabbit
IgG (H+L) as a secondary antibody (1:1000) performed at
room temperature for 1 h. After being washed with PBS, cells
were incubated with Hoechst 33342 for 5 min, in the dark, to
stain the nuclei. The Nrf2 protein and nuclei are displayed as
red and blue fluorescence respectively. Cell imaging was
simultaneously viewed on a high-content analyser to
determine the translocation of Nrf2 (Xin et al., 2014).

JC-1 staining

PC12 cells (5 x 10* per well) were cultured in black-walled
96-well plates. After treatment with t-BHP (100 uM) for 1 h,
the mitochondrial membrane potentials were determined
by JC-1 staining according to the manufacturer’s instruc-
tions. Images were analysed by Image].

Immunoprecipitation assay

PC12 cells were treated with t-BHP (100 uM) for 1 h, with or
without Nef/chloroquine (CQ)/3-methyladenine (3-MA) pre-
treatment for 24 h. Cells were washed twice with ice-cold PBS
and lysed on ice with Beyotime™ lysis buffer. The cell lysate
was collected via centrifugation at 3000 x g for 15 min. In ad-
dition, the lysate was then divided into two equal parts: one
for total protein extraction and the other for immunoprecipi-
tation (IP). Approximately 10 pg of Keap1 antibody was added
to 300 ug of lysate obtained from the cells and incubated over-
night at 4°C. Agarose A beads (20 pL) were added to the mix-
ture and the samples were incubated for another 8 h under
gentle rocking. Lysates were then collected via centrifugation
at 3000x g for 3 min, and the supernatant was separated out.
Beads were then washed 6 times with lysis buffer. The Keap1
complex from each sample was eluted with 40 pL of lysis
buffer. Then, the protocol for Western blotting was followed.

Western blotting

PC12 cells were collected, and the total protein was extracted
after treatment with or without Nef for 24 h, and the cells
were then treated with t-BHP (100 uM) for 1 h. The protein
concentration was detected by bicinchoninic acid protein as-
says, according to the manufacturer’s instructions. A total of
30 pg of cellular protein from each group was electro-blotted
onto PVDF membranes, followed by separation on 8% SDS-
PAGE. The immune-blots were then incubated with blocking
solution (5% skimmed milk) at room temperature for 1 h,
followed by incubation with the primary antibody overnight
at 4°C. After being washed with Tween 20/Tris-buffered saline
and incubated with secondary antibodies (1:10000) for 2 h at
room temperature, the blots were developed by SuperSignal
West Femto chemi-luminescence. Nucleus and cytoplasm
proteins were isolated using a commercial kit, following the
manufacturer’s instructions.
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Animal models

Adult male Sprague-Dawley rats weighing 240-270 g were
obtained from the National Institute for Food and Drug
Control (Beijing, China). All animals were kept on a 12 h
light/12 h dark cycle with free access to food and water.
The experimental procedures were approved by the China
Academy of Chinese Medical Science’s Administrative
Panel on Laboratory Animal Care. All studies have followed
the editorial on experimental design and analysis in
pharmacology (Curtis et al., 2015). The animal studies
was compliance with the ARRIVE guidelines (Kilkenny
et al., 2010).

Rats were anaesthetized by injection of 10% chloral hydrate
(400 mg-kg ™, i.p.) after 2 days of acclimatization. Body temper-
ature was monitored and maintained at 37 + 0.5°C. After the
rats’ response to the non-aversive and noxious stimulation
disappeared, the procedures were performed (Field ef al., 1993).
The middle cerebral artery occlusion (MCAO) model was
performed according to a previously described method with mi-
nor modifications (Longa et al., 1989). Briefly, a 4-0 monofila-
ment nylon suture with a rounded tip was inserted from the
left external carotid artery into the lumen of the internal carotid
artery to occlude the origin of the MCA (Jiang et al., 2010). Rats
with <80% reduction in cerebral blood flow (CBF) in the core of
the MCA area were excluded from the study. Rats were killed
24 h after the MCAO.

Rats were randomly divided into six groups (n = 10 per
group): the sham group; vehicle control, EGb761 group
(4mg-kg!); and Nef-treated groups (12.5, 25 and 50 mg-kg ).
Nef was dissolved in sterile saline (containing 2% Tween
80) and diluted before administration. Both Nef and
EGb761 were administered intragastrically 15 min prior to
the 24 h MCAO (Jiang et al., 2015) or 6 h after the 24 h
MCAO (AM). The sham- and vehicle-treated rats were
injected with physiological saline.

Treatment groups were assigned in a randomized fashion.
Researchers were blind to the assignment of treatment during
surgeries and the outcome evaluations.

Evaluation of neurological deficits

The neurological defects were determined by a single re-
searcher 24 h after the MCAO. The researcher was blinded
to the experimental treatment groups. The neurological be-
haviours were scored on 5-point scale as described previously
(Hanley et al., 1989).

Evaluation of cerebral infarct volume

The cerebral infarct volume was determined by 2,3,4-
triphenyltetrazolium chloride (TTC) staining at 24 h after
cerebral ischaemia. Brain tissue was sliced into six coronal
sections (2 mm thick), stained with 2% TTC solution at
37°C for 30 min, followed by fixation with 4% paraformal-
dehyde (Zhao et al., 2015). Normal tissue was stained deep
red, while the infarct area was stained white. The stained
slices were photographed and recorded. The adjusted infarct
areas and both hemispheric areas of each slice were
determined by an image analysis system (Image-Pro Plus
6.0) (Lin et al., 1993).



Detection of GSH-Px, SOD and MDA

Rat blood samples were obtained from the abdominal aorta
24 h after cerebral ischaemia, and then, the serum was
collected. The activity of GSH peroxidase (GSH-Px) and
SOD and the concentration of malondialdehyde (MDA) were
determined after centrifugation with a commercial kit.

Nuclear magnetic detection (NMD)

Rats were anaesthetized (2% isoflurane), and images were ac-
quired using a 7.0 T Bruker Biospin MR imaging system and
the Paravision 5.1 software. T2 maps, which were generated
from T2-weighted sequences, were further analysed using
Image]. Irregular regions of interest (ROIs) were drawn to en-
circle the entire stroke lesion, which manifested as a hyperin-
tense area on each T2 map. The lesion areas delineated were
summed and multiplied by the slice thickness to determine
the stroke volume for each time point. The observed changes
were expressed as percentage change compared with the
stroke volume calculated in the sham group. CBF maps gener-
ated from arterial spin labelling pulse sequences were used to
evaluate changes in blood flow over time. Irregular ROIs
outlining the stroke areas were created in T2 maps and were
transferred horizontally to the ipsilateral side (the brain
midline was used as the line of reference) of the CBF map of
the corresponding slice. The mean value of the CBF was
measured on the ipsilateral and contralateral sides using the
ROIs specified on the T2 maps. Mean CBF measurements were
obtained from the contralateral hemisphere. Data analysis
was performed in ImageJ] on the maps generated 24 h after
the MCAO procedure.

Electron microscopy

After anaesthesia, the heart was exposed, and the left
ventricle was perfused with 0.9% saline, followed by
perfusion for 2 h with fixative consisting of 6% glutaralde-
hyde in 0.1 M sodium cacodylate (pH 7.40-7.50). At the end
of the perfusion, the brain tissues were isolated and cut into
1to 2 mm” pieces. The samples were kept in the same fixative
for 1 h, rinsed in washing solution (0.15 M NacCl plus 0.2 M
sucrose), post-fixed in 1% osmium tetroxide (OsO,) diluted
in the same solution, dehydrated in a graded acetone series
and embedded in Epon 812. For light-microscopic
examinations, semithin sections (1 pm thick) were cut on
an ultra-microtome (Reichert S Ultra-Cut, Leica) and stained
with 1% toluidine blue (TB). For transmission electron
microscope (TEM), ultrathin sections (60 nm thick) were
obtained from selected blocks of cerebral regions after
histological examination of the TB sections. The ultrathin
sections were mounted on copper grids (200 mesh) and
double-contrasted with uranyl acetate and lead citrate for
examination by an LEO 906 TEM (Zeiss, Oberkochen,
Germany) operated at 60 kV.

PC12 cells were seeded in 10 cm dishes. The following day,
cells were treated with t-BHP (100 uM) for1 h, with or without
Nef (10 uM) pretreatment for 24 h. Cells were collected in
PBS, gently spun down, fixed in 2% paraformaldehyde and
2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer
before being washed in 0.1 M sodium cacodylate buffer and
post-fixed in 1% osmium tetroxide in 0.1 M sodium
cacodylate buffer. Following fixation, cells were dehydrated
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through a graded series of alcohols and embedded in Spurr’s
resin. Ultrathin sections were cut with a diamond knife using
a Leica Ultra-cut S ultra-microtome and stained with both
methanolic uranyl acetate and lead citrate before being
viewed by an LEO 906 TEM operated at 60 kV.

siRNA knockdown
The Nrf2 and p62 siRNA were synthesized by Suzhou
GenePharma Co., Ltd. (Suzhou, China). siRNA transfections
in PC12 cells were performed with Lipofectamine® 2000
according to the manufacturer’s instructions.

siRNAs for rats were dissolved in RNAase free water to pro-
duce a stock solution with a concentration of 100 pM accord-
ing to manufacturer’s instructions. Then, we took 100 pL of
the stock solution, diluted it with in vivo transfection reagent
to a total volume of 200 uL and gently mixed the solution.
Rats were anaesthetized as above and appropriately posi-
tioned. The injectable solutions (10 pL and 50 pM) were ste-
reotactically injected slowly into the lateral ventricle at the
following coordinates with the aid of a brain locator:
1.1 mm caudal to bregma, 1.5 mm lateral to the sagittal suture
and 4.5 mm in depth.

Statistics

Data are expressed as the mean + SD of at least five indepen-
dent experiments. The protective effects were assessed using
the GraphPad Prism 6 software (GraphPad, CA, USA).
Relative protein semi-quantification was performed using
the QUANTITY ONE software (Bio-Rad, CA, USA). Differences
between groups were assessed by ANOVA. A P value less than
0.05 was considered statistically significant.

Materials

Nef (>99.0%) was purchased from Chenguang Herb Purify
Co., Ltd. (Chengdu, China). The positive control EGb761
was purchased from Dr. Willmar Schwabe (Karlsruhe,
Germany). t-BHP was purchased from Aladdin (Shanghai,
China). Antibody for Nrf2 (cat# sc-722) was purchased from
Santa Cruz Biotechnology (CA, USA). Antibodies for Keapl
(cat# 4678), p62 (cat# 8025), LC3B (cat# 3868), HO-1
(cat# 82206), MAP-2 (cat# 8707), GAPDH (cat# 5174) and
PE-conjugated goat anti-rabbit IgG (H+L) (cat# 14705) were
purchased from Cell Signaling Technology (MA, USA).
Resazurin, CQ, 3-MA, TTC, monodansylcadaverine (MDC),
MTT, Hoechst 33342, paraformaldehyde and chloral
hydrate were purchased from Sigma (St. Louis, MO, USA).
The DCFH,-DA, MitoSOX Red mitochondrial superoxide
indicator, Lipofectamine 2000 and SuperSignal West Femto
chemi-luminescence were purchased from Thermo Fisher
Scientific (MA, USA). The LDH assay kit and JC-1 staining kit
(C0016) were purchased from Beyotime Biotechnology
(Haimen, China). Entranster-in vivo RNA transfection reagent
was purchased from Engreen (Beijing, China). The siRNAs
for Nrf2 and p62 were purchased from Suzhou GenePharma
Co., Ltd. Assay kits for GSH-Px, SOD, MDA, Na*-K*-
ATPase and Ca®*-Mg®*-ATPase were purchased from
Nanjing Jiancheng Bioengineering Institute (Nanjing,
China).
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Nomenclature of targets and ligands

Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the TUPHAR/BPS Guide to PHARMACOLOGY (Harding
et al., 2018), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2017/18 (Alexander et al.,
2017a,b,c).

Results

Nef protected PC12 cells from t-BHP-induced
cell injury

The viability of the PC12 cells decreased to 50% that of the
control group after treatment with t-BHP. Pre- and post-
treatment with Nef (5 and 10 pM) significantly increased
the cell viability (Figure 1A). Furthermore, pre- and post-
treatment with Nef (1, 5 and 10 pM) decreased
t-BHP-induced LDH leakage (Figure 1B). At the concentra-
tion of 10 puM, Nef provided better protection from
t-BHP-induced cell injury; thus, further experiments in cells
were performed with this concentration. Nef showed
marked inhibitory effects on t-BHP-induced ROS generation
(Figures 1C). Nef also improved mitochondrial morphology,
increased the red-to-green ratio and decreased ROS
generation in the mitochondria (Figure 1D-F), as well as
increasing the content of ATP (Figure 1E).
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Anti-cerebral ischaemic effect of Nef in rats
subjected to pMCAO

The MCAO was performed on the left side. After 24 h, the be-
haviour of the animals, cerebral microstructures and activity
of oxidative stress-related enzymes were all disturbed. After
24 h of pMCAO, Nef, at the dosages of 25 and 50 mg-kg !,
significantly decreased neurological scores and infarct
volumes, both 15 min prior to MCAO and 6 h after MCAO
(Figure 2A-C). At the dosage of 50 mg-kg™', Nef exhibited
more remarkable effects; thus, the subsequent experiments
in the rats were performed with this dosage. The NMR results
revealed that Nef, at the dosage of 50 mg-kg ", increased CBF
(Figure 2D, panel b, E) and decreased infarct volume
(Figure 2D, panel ¢, F). Regarding the brain microstructure,
Nef alleviated the injury to neurons, decreased the oedema
of astrocytic end-feet and improved vascular conditions
(Figure 2G). Moreover, Nef increased the activity of
SOD (Figure 3A,D) and GSH-Px (Figure 3B,E) and decreased
the concentration of MDA (Figure 3C,F) in serum and
brain tissue.

Mitochondrial protective effect of Nef in rats
subjected to pMCAO

After subjected to pMCAO, rat’s brain mitochondrial
structures and mitochondrial activity were injured. In the
vehicle group, mitochondrial crests fractured, swelled and
even ruptured. After Nef (50 mg-kg ') treatment, the
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Nef protected PC12 cells from t-BHP-induced cell injury. Cell viability (A) and LDH release (B) were determined by MTT assay and LDH kit (n = 5).
ROS generation (C) was determined with a DCFH,-DA probe (n = 5). Mitochondrial structure and mitochondrial membrane potential were
observed by TEM and high-content analyser respectively (n=5) (D). ATP content was determined with a commercial kit (n = 5) (E). Mitochondrial
ROS was determined with MitoSOX probes (n = 5) (F). Data are expressed as the mean + SD and were analysed by ANOVA. *P < 0.05.
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Figure 2

Anti-cerebral ischaemic effect of Nef in rats subjected to pMCAO. Nef and EGb761 were both administered intragastrically 15 min prior to MCAO
and 6 h after MCAO. (A-C) Effects of Nef on infarct volume and neurological deficits (n = 10). Angiography (D, panel a), cerebral blood flow
(D, panel b, E) and infarct volume (D, panel c, F) were determined by nuclear magnetism (n = 5). Neuron, astrocyte and microvascular were
observed with an electron microscope (n = 5) (G). Data are expressed as the mean + SD and were analysed by ANOVA. *P < 0.05.
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Figure 3

Antioxidant effect of Nef in rats subjected to pMCAO. Nef was administered intragastrically 15 min prior to MCAO and 6 h after MCAO. The
activity of SOD (A, D), GSH-Px (B, E) and the concentration of MDA (C, F) were detected by a commercial kit (n = 10). Data are expressed as
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mitochondrial structures improved (Figure 4A). Moreover, respiration (Figure 4D), mitochondrial Na*-K™-ATPase
Nef increased mitochondrial activity (Figure 4B), the activity (Figure 4E) and mitochondrial Ca**-Mg**-ATPase
mitochondrial red-to-green ratio (Figure 4C), mitochondrial activity (Figure 4F).

British Journal of Pharmacology (2019) 176 400-415 405



m CWu et al.

A B g
Nef-50 mg'kg™ =

Sham pMCAQO +pMCAQO 2

& - o

=5

(==

£

S

N

©

w

@

o

C c E 25071 3 sham D 5
& & B pMCAO =
L ® ogp{ EE Net-50 mgkg™' + pMCAO =
o' a
g § 150- * % * % o
g I T
%5 € 1004 S
[0 c
25 <]
© o 50 £
x5 o]
=} o

= 0 =

15 min prior to MCAO 6 h after MCAO
E F

, = 250 +
+¥ g E ;Sxago S
-5 £ 200 M Nefs0 mgkg™! + pMCAO =
- 0

[+ +
Z% 1s50{ ™ k]
5 R -t
=g 1001 o
z 8 z
I5 501 =
<g B
< <

15 min prior to MCAO 6 h after MCAO

Figure 4

intensity (% of sham)

(% of sham)

ATPase (% of sham)

3 Sham
B pMCAO
Bl Nef-50 mg'kg™' + pMCAQ

*  k

15 min prior to MCAO 6 h after MCAQ

[ Sham
B pMCAO
W Nef-50 mg'kg™" + pMCAO

*

50

0

15 min prior to MCAO 6 h after MCAO

1 sham
I pMCAO
Il Nef-50 mg'kg™? + pMCAO

L T

o

o

0
15 min prior to MCAO 6 h after MCAO

Protective effect of Nef on mitochondria in rats subjected to pMCAO. Nef was administered intragastrically 15 min prior to MCAO and 6 h after
MCAO. (A) Mitochondrial structure was observed by TEM (n = 5). Mitochondrial vitality (B) was determined with fluorescence dye resazurin
(n = 10). Mitochondrial membrane potential (C), activity of Na*-K*-ATPase (E) and Ca2+-Mgz+-ATPase (F) were determined with commercial kits
(n=10). Mitochondrial respiration (D) was determined by Oxygraph-2k (n = 10). Data are expressed as the mean £ SD and were analysed by

ANOVA. *P < 0.05.

A C
Histone H3 I“- |
+BHP (100 pM) - + +
Nef (10 pM) - . +
B D
2807 E Control E:-) .
| t-BHP — 50
>€ 240 I Nef-1 uM#+-BHP % o " “
£ P 9 H Nefs M+BHP 2L £ 200
T E M Nef-10 JM+-BHP L5
@ O 160 |. | * 5 £ O 150
= 0 * * o
> { | o 1
> 120 | | — g3
0] 801 = 50
OR NP
< 401 5 0
0- tBHP (100 uM) - + +
Pre-treatment  Post-treatment Nef (10 uM) - s +

Figure 5
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Nef activated the Nrf2 pathway in PC12 cells and rats subjected to pMCAO. The translocation of Nrf2 to the nucleus in PC12 cells was determined
by immunofluorescence (n=5) (A). The expressions of n-Nrf2, Keap1 and HO-1 in PC12 cells were determined by Western blotting (n=5) (B, C).
Cell viability with or without ZnPP and Nef was determined by MTT assay (n = 5) (D). The expressions of n-Nrf2, Keap1, HO-1 and NQOT1 in rats
were determined by Western blotting (n=5) (E, F). Data are expressed as the mean + SD and were analysed by ANOVA. *P < 0.05. n-Nrf2, nucleus-

Nrf2; n.s., no significance; ZnPP, zinc protoporphyrin.

Nef activated the Nrf2 pathway both in vitro
and in vivo

The Nrf2-ARE signalling pathway is a major mechanism in
the cellular defence against oxidative or electrophilic stress.
After treatment with t-BHP, the viability of primary cortical
neurons decreased significantly compared to that of the con-
trol group, which was dramatically reversed by Nef pretreat-
ment and post-treatment (Figure S5A). Furthermore, Nef
increased the expression of Nrf2 in nucleus in primary corti-
cal neurons (Figure 5B). The immunofluorescence results in
PC12 cells revealed that after treatment with t-BHP, the trans-
location of Nrf2 to the nucleus was decreased; however, Nef
promoted the translocation of Nrf2 from the cytoplasm to
the nucleus (Figure 6A). Nef increased the expression of
Nrf2 in nucleus (Figure 6B). Meanwhile, Nef decreased the ex-
pression of Keap1 and increased HO-1 and NQO1 expression
(Figure 6C). Nef alone protected against t-BHP induced cell
death, which was significantly abolished by co-treatment
with zinc protoporphyrin (ZnPP), an Nrf2 pathway in-
hibitor (Figure 6D). In addition, Nef also activated the Nrf2
pathway in rats subjected to MCAO (Figure 6E,F). PC12 cells
co-treatment with Nef alone, showed no influence on cell vi-
ability, intracellular ROS and Nrf2 protein level (Figure S1).

Nrf2 played a pivotal role in mitochondrial
protection in PC12 cells subjected to t-BHP
Nrf2 was knocked down in PC12 cells by si-Nrf2 (Figure 7A).
Nef alone increased mitochondrial membrane potentials

(Figure 7B), decreased mitochondrial ROS (Figure 7C) and in-
creased ATP content (Figure 7D) in the cells. After Nrf2 knock-
down, the mitochondrial protective effect of Nef in PC12
cells was abolished.

Nrf2 played a pivotal role in mitochondrial
protection in rats subjected to pMCAO

Nrf2 was knocked down in rats by si-Nrf2 (Figure 8A). Nef
alone decreased neurological scores and infarct volume. After
Nrf2 knockdown, the protective effect of Nef was abolished in
neurological scores and cerebral infarction (Figure 8B-D). Nef
alone protected mitochondrial structures (Figure 8E) and
increased both the reduced mitochondrial respiration
(Figure 8F) and vitality (Figure 8G). After knockdown of the
Nrf2, the mitochondrial protective effect of Nef in rats was
abolished.

Nef induced autophagy in PC12 cells subjected
to t-BHP and in rats subjected to pMCAO

The MDC staining results showed that Nef could increase
green fluorescence; however, t-BHP showed no influence on
the intensity of the green fluorescence (Figure 9A). Nef alone
could up-regulate the expression of LC-31I and down-regulate
the expression of p62 (Figure 9C). Nef co-treatment with
t-BHP could also up-regulate the expression of LC-3II and
down-regulate the expression of p62 (Figure 9D). Nef also in-
duced autophagy in rats (Figure 9B). Moreover, Nef decreased
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Nef induced autophagy in PC12 cells subjected to t-BHP and rats subjected to pMCAO. Autophagic vacuoles were determined by MDC staining
(A) and observed by TEM (B) (n = 5). The expressions of p62 and LC3 with or without t-BHP in PC12 cells were determined by Western blotting
(n=15) (C, D). The expressions of p62 and LC3 in rats were determined by Western blotting (n = 5) (E). Data are expressed as the mean + SD and

were analysed by ANOVA. *P < 0.05. n.s., no significance.

the expression of p62 and increased the expression of LC-3I1
in rats (Figure 9E).

Nef protected PC12 cells from t-BHP inju
through the activation of p62—Keap1 —Nrg

An accumulation of literature has reported that the activation
of Nrf2 is linked to autophagy. Here, in this study, the autoph-
agy inhibitors CQ and 3-MA were used to confirm this. After
co-treatment with CQ and Nef, the expression of Nrf2 in
the nucleus was further significantly increased compared
with the Nef-treated group. However, after co-treatment with
3-MA and Nef, the expression of Nrf2 in the nucleus did not
remarkably increase compared to the Nef-treated group
(Figure 10A). The immunofluorescence results further
confirmed these results (Figure 10B).

Considering that there is relationship between the activa-
tion of Nrf2 and autophagy, we subsequently wanted to ex-
plore the underlying mechanisms of this relationship.
Following pretreatment with the autophagy inhibitor, CQ af-
ter the treatment with Nef and t-BHP, the expressions of p62
and Keap1l were both up-regulated; however, the early-phase
autophagy inhibitor, 3-MA, did not remarkably affect the ex-
pression of p62 or Keapl compared with the Nef-treated
group (Figure 10C). The Keap1 IP results showed that, after
co-treatment with CQ and Nef, the p62 interaction with
Keapl increased. Meanwhile, the Nrf2 interaction with

Keap1 decreased. After autophagy was completely inhibited
by 3-MA, the p62 interaction with Keapl decreased signifi-
cantly and was accompanied by a strong interaction between
Nrf2 and Keap1 (Figure 10D).

p62 played a pivotal role in the activation of the
Nrf2 pathway

p62 was knocked down in PC12 cells (Figure 11A) and in rats
(Figure 11C). Nef alone increased the translocation of Nrf2 to
the nucleus. After knockdown of the p62, the translocation of
Nrf2 to the nucleus decreased in both PC12 cells (Figure 11B)
and rats (Figure 11D).

Discussion

Stroke is the second most frequent cause of permanent dis-
ability that results in costs of approximately 3-7% of the total
health care expenditure in high-income countries (Feigin
et al., 2014). The treatment of complex diseases gradually
turned to the system-integrated treatment, with the micro-
environment becoming the focus. Mitochondria are the
core of the brain energy micro-environment and play a role
in determining cell death and survival. There is a pressing
need to investigate new treatments for patients with acute
ischaemic stroke, which classifies most strokes (Chamorro
et al., 2016).
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In this study, a cell model was used to determine the pro-
tective effects of Nef against ischaemic stroke in vitro at first.
Oxidative stress was involved among several identified
key players in ischaemic cell death within the penumbra
(Lo etal., 2005). t-BHP, a membrane-permeable oxidant com-
pound (Martin et al., 2001), was used as the oxidative stress
stimulus in this cell-based study. The results showed that
Nef increased cell viability and decreased both the release of
LDH and the generation of ROS. Moreover, Nef increased
mitochondrial membrane potentials and ATP content and
decreased mitochondrial ROS in PC12 cells.

Due to the significant effect of Nef on PC12 cells, then the
in vivo anti-cerebral ischaemic effects of Nef were subse-
quently explored in rats. After the 24 h pMCAO, Nef, at the
dosages of 25 and 50 mg-kg ", significantly decreased neuro-
logical scores and infarct volume both PM and AM. The statis-
tical results revealed that pre-treatment and post-treatment
with Nef were not significantly different. Nef, at the dosage
of 50 mg-kg’l, exhibited more remarkable effects; thus,
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further experiments were performed with this dosage. The
NMD results further confirmed that Nef increased the re-
gional CBF and decreased the infarct volume in the acute
phase against cerebral ischaemia in in vivo living status.

After the onset of ischaemic stroke, the redox environ-
ment was disrupted. The antioxidant enzymes GSH-Px and
SOD decreased, and the content of the oxidation product
MDA increased. Nef increased the activity of GSH-Px and
SOD and reduced the content of MDA. Excessive free radicals
further attacked the brain tissue, causing tissue damage. The
neuronal nuclei condensed, and the electron densities of
the neurons increased. The end-feet of the astrocytes were
swollen. Microvascular lumina were crushed and became
narrow. Nef regulated the imbalanced neurovascular micro-
environment, namely, by improving neurons, astrocytes
and the microvascular.

Accompanied by disturbances of the redox environment
and neurovascular micro-environment, the imbalance in
the energy micro-environment was not avoided under the
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condition of ischaemic attack. The structure and function of
mitochondria in the brain were impaired, which seriously
affected the energy supply to the brain and further disturbed
the energy micro-environment (Blomgren et al., 2003; Narne
et al., 2017). Thus, a series of further protective effect
experiments of Nef were conducted that focused on the
mitochondria. Administration of Nef increased the mito-
chondrial viability, mitochondrial membrane potentials,
mitochondrial respiration and the activity of Na*-K"-ATPase
and Ca”**-Mg**-ATPase both PM and AM. These findings
suggested that Nef ameliorated the mitochondrial structural
and viability defects and further restored the supply of ATP,
which promoted the improvement of the energy micro-
environment in the brain.

Finally, considering the remarkable anti-ischaemic
stroke effects of Nef, in order to verify the energy micro-
environment regulatory effect of Nef, we investigated the
underlying mitochondrial protective mechanisms. Nrf2
transcription factors are critically important for the health,
homeostasis and longevity of multicellular organisms
(Kensler et al., 2007; Sykiotis and Bohmann, 2010; Hayes
and Dinkova-Kostova, 2014). In recent years, one of the
important roles of these transcription factors was reported

to defend against mitochondrial dysfunction and suppress
mitochondria-related disorders (Holmstrom et al., 2016).
The results showed that Nef increased the decreased expres-
sion of Nrf2 in the nuclei of PC12 cells, an occurrence that
was accompanied by the increased expression of HO-1 and
NQO1, which is downstream of the Nrf2. In addition, by
inhibiting the Nrf2-HO-1 pathway with the HO-1 inhibitor
ZnPP, the protective effect of Nef was abolished. The results
implied that the activation of the Nrf2 pathway might
protect PC12 cells from oxidative stress injury (Figure 6).
Consistent with this finding in cells, the Nrf2 pathway was
also activated in rats subjected to pMCAO.

Considering the effects of Nef on activation of Nrf2 and
mitochondrial protection, the relationship among these fac-
tors was subsequently investigated via Nrf2 knockdown
(Figures 7 and 8). Interestingly, the mitochondrial protective
effects of Nef were abolished once the Nrf2 had been
knocked down. In addition, this result was confirmed both
in vivo and in vitro. This revealed that the activation of Nrf2
might be crucial for the mitochondrial protective effect of
Nef after ischaemic stroke. Consistent with the results in
the PC12 cells, Nef protected against t-BHP-induced injury
in primary cortical neurons and induced the translocation
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of Nrf2 to the nucleus. Considering the consistency of the
experimental animal species, siRNA was used in Nrf2 knock-
down in rats. Though we have obtained positive results in
the acute stage of ischaemic stroke, this method could not
provide a long duration of the knockout effect, which was
a limitation of this study.

In addition to the canonical activation approach of Nrf2,
there is still a non-canonical activation approach that is
closely related to autophagy. The autophagosome-localized
protein LC3 plays multiple roles in autophagy, including in
membrane fusion, cargo selection and autophagosome trans-
port (Pankiv et al., 2007). p62 contains an LC3-interacting re-
gion that can interact with multiple sites on LC3 (Ichimura
etal., 2008), and this interaction is indispensable for autoph-
agic degradation of p62. Moreover, p62 plays pivotal roles in
selective autophagy, namely, packaging of ubiquitinated
cargo and activation of Nrf2. p62 competes with Nrf2 to inter-
act with Keap1 and then precipitates p62-Keap1 interactions
in autophagosomes, which promote the translocation of Nrf2
into the nucleus to induce a battery of Nrf2 target genes
encoding antioxidant enzymes; this is the Nrf2 non-
canonical activation approach (Itoh et al., 1999; Fukutomi
et al., 2014; Jiang et al., 2015).

Based on the above findings, we next explored the Nef-
induced Nrf2 activation mechanisms. An accumulation of
literature has reported that Nef could induce autophagy
in PC12 cells (Wong et al., 2015). In addition, this finding
was also confirmed in this study. Nef induced autophagy
both in PC12 cells and in rats. In PC12 cells pretreated
with Nef for 24 h, immediately after the treatment with
100 pM t-BHP for 1 h, the translocation of Nrf2 to the nu-
cleus increased. The autophagy post-phase inhibitor CQ
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further increased the translocation of Nrf2 to the nucleus,
which implied the occurrence of Nrf2 non-canonical acti-
vation. After inhibition of autophagy in the early phase,
the translocation of Nrf2 did not increase significantly
compared with the Nef-treated group. However, the in-
crease was significant compared with the t-BHP-treated
group, which implied the occurrence of the Nrf2 canonical
activation.

Accompanied by the Nrf2 translocation, there was a
down-regulation of p62 and Keap1. Pretreatment with the au-
tophagy inhibitors CQ, after treatment with Nef and t-BHP,
resulted in up-regulation of the expression of p62 and Keap1;
however, the early-phase autophagy inhibitor 3-MA did not
remarkably affect the expression of p62 or Keapl compared
with that in the Nef-treated group. These results implied that
there was an interaction between p62 and Keap1. IP was per-
formed to further verify the effects of Nef on p62 and Keap1l
interactions. A dramatic decrease in p62-bound Keapl was
observed in the Nef-treated group, and this decrease was in-
creased after pretreatment with CQ but was abolished by
3-MA in PC12 cells. The interaction between Nrf2 and Keap1l
was also decreased in the Nef-treated group, and this interac-
tion was further decreased after pretreated with CQ. After
pretreatment with 3-MA, a strong increase in Nrf2-bound
Keapl was observed. The IP results revealed that there was
an accumulation of p62-Keapl complexes after inhibition
of autophagy; however, this accumulation was abolished by
early inhibition by 3-MA. These results further confirmed
the occurrence of the Nrf2 canonical activation.

Consistent with the in vitro results, there existed an
increase in Nrf2 and HO-1 in MCAO rats pretreated with
Nef. In addition, the expressions of Keapl and p62 showed
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Nef has a protective effect on mitochondria through activation of the p62-Keap1-Nrf2 pathway in cerebral ischaemia. Upon the onset of
the ischaemic stroke, the mitochondria were damaged. Nef increased the translocation of Nrf2 to the nucleus through the activation of

the p62-Keap1-Nrf2 pathway and further rescued mitochondria.
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the same tendency in MCAO rats pretreated with Nef, which
implied that the p62-Keapl-Nrf2 pathway was activated
in vivo. We further confirmed this result via p62 knockdown
both in PC12 cells and in rats. The results revealed that, after
knockdown of p62, the translocation of Nrf2 to the nucleus
was significantly decreased, implying the activation of
p62-Keap1-Nrf2 both in vivo and in vitro.

In conclusion, this study provided comprehensive
evidence supporting the potential effects of Nef on ischaemic
stroke and the underlying protective mechanisms of this
alkaloid. The data supported the idea that Nef exerts its
anti-ischaemic effects not only through routine vascular
protection (increased the regional CBF) but also through
multi-target protection. Clearly, the effects of Nef are not
limited to one pathway, but the therapeutic effects in this
study could be expressed mainly via mitochondrial
protection. In addition, this protection was attributed to
Nrf2 signalling activation (Figure 12). The results showed
that Nef might be a promising neuroprotective agent against
ischaemic stroke, and further study is needed for clinical use
in the future.
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