Apoptosis (2016) 21:390-403
DOI 10.1007/s10495-016-1213-x

=
@ CrossMark

Gadd45b prevents autophagy and apoptosis against rat cerebral
neuron oxygen-glucose deprivation/reperfusion injury
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Abstract Autophagic (type II) cell death has been sug-
gested to play pathogenetic roles in cerebral ischemia. Growth
arrest and DNA damage response 45b (Gadd45b) has been
shown to protect against rat brain ischemia injury through
inhibiting apoptosis. However, the relationship between
Gadd45b and autophagy in cerebral ischemia/reperfusion
(I/R) injury remains uncertain. The aim of this study is to
investigate the effect of Gadd45b on autophagy. We adopt the
oxygen-glucose deprivation and reperfusion (OGD/R) model
of rat primary cortex neurons, and lentivirus interference used
to silence Gadd45b expression. Cell viability and injury assay
were performed using CCK-8 and LDH kit. Autophagy acti-
vation was monitored by expression of ATGS, LC3, Beclin-1,
ATG7 and ATG3. Neuron apoptosis was monitored by
expression of Bcl-2, Bax, cleaved caspase3, p53 and TUNEL
assay. Neuron neurites were assayed by double immunoflu-
orescent labeling with Tujl and LC3B. Here, we demon-
strated that the expression of Gadd45b was strongly up-
regulated at 24 h after 3 h OGD treatment. ShRNA-Gadd45b
increased the expression of autophagy related proteins,
aggravated OGD/R-induced neuron cell apoptosis and neu-
rites injury. ShRNA-Gadd45b co-treatment with autophagy
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inhibitor 3-methyladenine (3-MA) or Wortmannin partly
inhibited the ratio of LC3II/LC3I, and slightly ameliorated
neuron cell apoptosis under OGD/R. Furthermore, shRNA-
Gadd45b inhibited the p-p38 level involved in autophagy, but
increased the p-JNK level involved in apoptosis. ShRNA-
Gadd45b co-treatment with p38 inhibitor obviously induced
autophagy. ShRNA-Gadd45b co-treatment with JNK inhi-
bitor alleviated neuron cell apoptosis. In conclusion, our data
suggested that Gadd45b inhibited autophagy and apoptosis
under OGD/R. Gadd45b may be a common regulatory protein
to control autophagy and apoptosis.

Keywords Gadd45b - Apoptosis - Autophagy - Oxygen-
glucose deprivation and reperfusion

Introduction

Cerebral ischemia-reperfusion (I/R) injury is the main
cause for the aggravation of cerebral injury and functional
impairment. The prevention and treatment of cerebral I/R
injury have been considered pivotal strategies for stroke
intervention [1]. Multiple cell signaling pathways and
biological processes are involved in cerebral I/R injury,
including apoptosis and autophagy [2, 3].

Autophagy, a catabolic and conserved lysosomal degra-
dation pathway, has received much attention in ischemic
disease recently [4]. Mounting evidence indicates that
cerebral I/R injury induces autophagy-like cell death (also
called type II programmed cell death), and the regulation of
autophagy affects the results of the cerebral I/R injury [5].
Autophagy has been considered a double-edged sword with
pro-survival or pro-death potential in cerebral I/R injury [6].
The inhibition of autophagy by autophagic inhibitor
3-methyladenine (3-MA) could prevent ischemic neuronal
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death [7-9]. However, some investigators have shown that
autophagy is involved in neuroprotection in cerebral I/R
injury [10, 11]. Emerging evidence indicates that the inter-
play of apoptosis (also called type I programmed cell death)
and autophagy may be more complex than previously
thought. There are many evidences that autophagy and
apoptosis may share common molecular inducers and reg-
ulatory mechanisms [12—15].

Growth arrest and DNA damage response 45 beta (Gad-
d45b), originally termed MyD118, is involved in growth
arrest and DNA repair [16]. Previously, our study indicates
that Gadd45b is a beneficial mediator of neuronal apoptosis
by decreasing the expression of the pro-apoptotic protein Bax
and active caspase-3, and increasing the expression of the
anti-apoptotic protein Bcl-2 [17]. In many circumstances,
autophagy and apoptosis can coexist or occur sequentially
[18]. A previous study reported that Gadd45b negatively
regulated the autophagic process [19, 20]. However, whether
Gadd45b regulates autophagy in the context of cerebral I/R
injury is uncertain. The aim of this study was to investigate
the potential involvement of Gadd45b with autophagy in the
pathological process of cerebral I/R injury. In the present
study, the oxygen glucose deprivation and reperfusion
(OGD/R) model of cortical neuronal cells was used to mimic
cerebral ischemia/reperfusion conditions in vitro [21]. To
determine the effect of Gadd45b on autophagy under cerebral
OGD/R, lentivirus silencing Gadd45b expression was
employed. In order to pursue further the mechanisms of
Gadd45b on the cultured cortical neuronal cells exposed to
OGD insult, we also investigated the potential role of p38 and
autophay related molecules. Finally, we investigated the
effects of Gadd45b on OGD-induced cell apoptosis and
neuritis injury. In this study, we showed that Gadd45b
inhibited autophagy in cortical neurons upon ischemia/
reperfusion stress, and significantly decreased neuronal
apoptosis. Furthermore, p38 signaling might be involved in
the Gadd45b-inhibited autophagy pathway. This modulation
on autophagic process contributes to the neuroprotective
effect of Gadd45b, indicating that Gadd45b could protect
against cerebral ischemia though multiple mechanisms.

Materials and methods
Primary cortical neuron culture

All procedures on animals followed guidelines established
by the Institutional Animal Care Committee and China
Council on Animal Care. Rat primary cortical neuron cul-
tures were obtained from foetal Sprague-Dawley rats at
embryonic Day 17 as described previously [22, 23]. The
cerebral cortex was dissected from the brain, minced, and
digested with 0.125 % trypsin solution (Sigma, Cat. No.

T4549) and 0.05 % DNase I (Sigma, Cat. No. DN25) at
37 °C for 20 min. Neurons were suspended in DMEM with
10 % fetal bovine serum (FBS, Gibco, Cat. No. 10099-141)
to inactivate the trypsin, and filtered through a cell strainer
(70 pm, BD Falcon, Cat. No. 352350). Before seeding,
culture plates and coverslips were pre-coated with poly-D-
lysine (Sigma, Cat. No. P0899). Neurons cells were seeded
into 6-well plates (1.5 x 10° per well for Western blot and
real-time PCR experiments), or on 24 mm x 24 mm cov-
erslips (4 x 10° per well for immunocytochemistry studies)
respectively. The cells were maintained in Neurobasal
medium (Gibco, Cat. No. 21103-049), supplemented with
2 % B27 (Gibco, Cat. No. 17504-044), 100 U/ml penicillin/
streptomycin, and 25 mM GlutaMAX (Gibco, Cat. No.
35050-061). Neuronal cultures were maintained in an
incubator (5 % CO,/95 % air) at 37 °C. Medium was half
changed every three days. Experiments were performed after
in vitro Days (DIV) 7-12. At DIV 5, neurons were identified
by staining with neuron-specific marker rabbit anti-micro-
tubule associated protein 2 antibody (MAP2, Proteintech,
Cat. No. 17490-1-AP) and mouse anti-glial fibrillary acidic
protein antibody (GFAP, Proteintech, Cat. No. 60190-1-Ig)
simultaneously. The percentage of MAP2 immuno-positive
neurons was over 90 % by immunocytochemistry.

Induction of oxygen-glucose deprivation
and reperfusion (OGD/R)

Primary cortical neurons oxygen-glucose deprivation and
reperfusion is used as a model of hypoxic-ischemic insult
in vitro, essentially performed as described previously [21,
24]. Briefly, at DIV 7, primary cortical neurons cultures
were subjected to oxygen-glucose deprivation (OGD) in a
glucose-free DMEM (Gibco, Cat. No. 11966-025) within an
anaerobic chamber (0.3 % O,; 5 % CO,) at 37 °C for 3 h to
mimic ischemic insult. After 3 h, OGD was terminated by
incubating cells with normal culture medium and returning
cells to normal conditions (95 % air; 5 % CO,) for 6, 24, 48,
and 72 h at 37 °C (reperfusion, R). This resupply of glucose
and oxygen is similar to the reperfusion period of ischemic
injury in vivo. Cells in the control group were treated
identically except that they were not exposed to OGD/R.

Neuronal viability assay and LDH secretion

To evaluate the OGD/R model, primary cortical neuron
cells were seeded in 96-well plates. The cell viability was
quantified by the Cell Counting Kit-8 (CCK-8) assay
(Dojindo, Cat. No. CKO04). Cell injury was assessed by
phase contrast microscopy and by measuring release of
lactate dehydrogenase (LDH) into culture media, which
corresponds to the number of damaged neurons. The LDH
assay was using a LDH quantification kit (Sigma, Cat. No.
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11644793001). At the indicated time, cell viability and
injury were determined critically following the manufac-
turer’s instructions.

Lentiviral vector construction and Lentivirus
infection

Silencing Gadd45b Lentiviral vector (TRC- pLKO.1 sys-
tem) was ordered from Open Biosystem (Oligo Design for
Target Sequence ‘TGAAGAGAGCAGAGGCAATAA’)
produced with a three-plasmid system by transient trans-
fection of 293FT cells, as previously described [25, 26].
Lentivirus scramble vector was also produced by three-
plasmid transient transfection and served as a control in
this study. Lentiviral vectors were produced, concentrated
and titrated according to standard protocols. Briefly,for
lentivirus production, 293FT cells plated to 70 % conflu-
ency were cotransfected with pLKO.1 shRNA plasmid,
pCMVdr-8.91 packaging plasmid and pMD2.G envelope
plasmid using Lipofectamine®3000 Transfection Reagent
(Invitrogen, Cat. No. L3000). Medium was collected at
48 h and 72 h after transfection, and lentivirus was con-
centrated from medium by ultracentrifugation at 27,000
r.p.m. for 2.5 h. The resulting pellets were resuspended in
phosphatebuffered saline (PBS, pH 7.2) and stored at
—80 °C. Knockdown efficiency of shRNA-Gadd45b len-
tivirus was assessed on primary cortical neurons. At DIV 3,
three in four of the culture medium was removed from per
well of 6-well plates, and add 100 pl lentivirus, 500 pl
fresh normal culture medium and 5 pg/ml polybrene
(Sigma, Cat. No. AL-118). The cells were incubated for
24 h at 37 °C, and then medium was changed followed by
continuous incubation for 4 days. After 4 days, neurons
were harvested from each well. Successful transduction
was confirmed by examining neuronal cultures for Gad-
d45b protein level using Western blot and mRNA expres-
sion using quantitative real time PCR on ABI Prism 7500.

Drug treatment

3-Methyladenine (3-MA, Cat. No. M9281), Wortmannin
(Cat. No. W1628), JNK inhibitor (SP600125, Cat. No.
S5567) and p38 MAPK inhibitor (SB203580, Cat. No.
S8307) were purchased from Sigma-Aldrich and dissolved in
DMSO respectively. Autophagy inhibitor 3-MA (final con-
centration of 10 mM) or Wortmannin (final concentration of
1 uM) was administered to the medium at the onset of
reperfusion at DIV 7. SP600125 (final concentration of
10 mM) or SB203508 (final concentration of 20 mM) was
administered to the medium for incubation 30 min before
and through OGD/R. The cells were harvested for subsequent
experiments. All cells were compared with a control group
(received the same amount of DMSO).
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Terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL)

Cell apoptosis was assessed using TUNEL staining. TUNEL
staining was performed using the In Situ Cell Death
Detection kit (Roche, Cat. No. 11684817910), in accordance
with the manufacturer’s instructions. Briefly, cells fixed on
coverlips were treated with 0.1 % Triton X-100 for 10 min.
Cells were washed in PBS and incubated with TUNEL
reaction mixture at 37 °C for 1 h. Cells were then counter-
stained with 4,6-diamidino-2-phenylindole (DAPI). Images
were taken using a fluorescent inverted microscope (Nikon)
at x400 magnification. The percentage of TUNEL-positive
nuclei was quantified using Image J software. The apoptotic
index (AI) was calculated as follows: Al = (number of
apoptotic cells/total number counted) x 100 %.

Immunofluorescence

For double immunofluorescence, cells were fixed in 4 %
paraformaldehyde for 10 min, and washed three times in
PBS (5 min for each). Cells were simultaneously incubated
with rabbit anti-LC3B antibody (1:50, Proteintech, Cat. No.
18725-1-AP) and mouse anti-Tujl antibody (1:250,
Chemicon, Cat. No. MAB1637) at 4 °C overnight, treated
with Alexa 594-labeled goat anti-mouse IgG and Alexa
488-labeled goat anti-rabbit IgG secondary antibody (1:500,
Invitrogen) at room temperature for 2 h, washed with PBS,
incubated with DAPI for nuclear stain, and then mounted
with ProLong Antifade Reagents (Invitrogen). Images were
obtained by a fluorescence inversion microscope (Nikon).
Digital images were recorded and analyzed using Image-Pro
Plus software and Adobe Photoshop software.

Western blotting

Proteins were extracted from cells in cold RIPA lysis buffer.
Western blotting was performed as standard protocols. Total
protein was quantified and separated on a 10 or 15 % SDS-
PAGE and blotted onto PVDF membranes (Millipore).
Antibodies included rabbit anti-Gadd45b (1:10000, Abcam,
Cat. No. ab128920), rabbit anti-Beclin-1 (1:1000, Cell Sig-
naling Technology, Cat. No. 3495), rabbit anti-ATG7
(1:10000, Abcam. Cat. No. ab133528), rabbit anti-ATG3
(1:10000, Abcam, Cat. No. ab108282), rabbit anti-APG5L/
ATGS (1:1000, Abcam, Cat. No. ab109490), rabbit anti-LC3
A/B (1:1000, Cell Signaling Technology, Cat. No. 4108),
rabbit anti-cleaved caspase3 (1:1000, Cell Signaling Tech-
nology, Cat. No. 9664P), rabbit anti-Bcl-2 (1:500, Protein-
tech, Cat. No. 12789-1-AP), rabbit anti-Bax (1:2000, Abcam,
Cat. No. ab32503), rabbit anti-p38 (1:1000, Cell Signaling
Technology, Cat. No. 8690), rabbit anti-phospho Thr180/
Tyr182-p38 (p-38, 1:1000, Cell Signaling Technology, Cat.
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No. 4511), rabbit anti-JNK (1:1000, Cell Signaling Tech-
nology, Cat. No. 9252), rabbit anti-phospho Thr183/Tyr185-
JNK (p-JNK, 1:1000, Cell Signaling Technology, Cat. No.
4671), rabbit anti-p53 (1:1000, Abcam, Cat. No. ab183544),
and mouse anti-B Tubulin (1:10000, Zhengneng Biotech-
nology) at 4 °C overnight. After washing, the membrane was
incubated with horseradish peroxidase-conjugated secondary
antibody for 1 h at room temperature. The protein levels
were normalized to B Tubulin. Immunoreactivity was
detected with a Chemiluminescent reagent (Millipore) on
films. Optical density of the bands was quantitatively ana-
lyzed using Image J software.

Quantitative real-time polymerase chain reaction
(PCR)

SYBR green-based quantitative real time RT-PCR was
used to examine changes in mRNA level of Gadd45b.
RNAs prepared from primary rat cortex neuron treated as
described above. Total RNAs were isolated using Trizol
reagent (Invitrogen). For real-time PCR analysis, the
reaction solution contained cDNA template, forward and
reverse primers, and SYBR Green I Master Mix (Invitro-
gen) according to the manufacturer’s instructions. Reac-
tions were conducted in the cycler (ABI Prism 7500, Life
Sciences). GADPH gene was used as internal control. The
primers used for PCR were as follows:

Gadd45b: forward: 5'-GTCACCTCCGTCTTCTTG-3',
reverse: 5'-GATTCAGTCACACTTCACAG-3’
GADPH: forward: 5'-GCCAAAAGGGTCATCATCTC-3'
reverse: 5'-GTAGAGGCAGGGATGATGTTC-3’

Statistical analysis

All data were expressed as mean & S.D. and analyzed
using Graph Pad Prism 5 Software. The one way ANOVA
or Student t test was used to assess differences among
groups. P < 0.05 was defined as statistically significant.

Results

Oxygen glucose deprivation and reperfusion (OGD/R)
injury induced Gadd45b expression

OGD/R-induced cortex neuron cell injury acts as a model
to mimic cerebral I/R injury in vitro and results in neuronal
insult. In our previous study, we had found that neuronal
cell viability declined progressively as the reperfusion time
prolonged [27]. Only 40.8 % of cells remained viable at
24 h. Meanwhile, LDH leakage was markedly increased
from 3 h OGD to 72 h after reperfusion (data not shown).

We also found that the expression of Gadd45b was
increased after OGD/R and reached the peak level at
reperfusion 24 h (data not shown) [27].

Inhibition of Gadd45b increased the expression
of autophagy-related proteins after OGD/R injury

To identify the influence of Gadd45b on autophagy, we
firstly examined the expression of autophagy-related mole-
cules during OGD/R. Two biochemical markers unique to
autophagy are the covalent conjugates of ATG12-ATGS and
microtubule-associated protein light chain 3 (LC3) [28].
ATGS, a key molecule involved in autophagic vacuole
formation, is required for the autophagic cell death. The
conversion of LC3 I (16 kDa) to LC3 II (14 kDa), indicated
as “LC3 puncta processing”, yielding LC3 II used for the
detection of autophagic activity [4]. As shown in Fig. la, a
time course analysis of ATGS and LC3 were conducted in
primary cultured neurons at OGD 3 h and reperfusion 6, 24,
48, and 72 h. ATGS antibody labeled primarily the ATG12-
ATGS conjugated form (~53 kDa) in all subcellular frac-
tions, whereas the unconjugated (free form) ATGS
(~32 kDa) was barely detected [29]. Western blot results
showed the expression of ATGS (~53 kDa) increased sig-
nificantly from 24 to 72 h after reperfusion (Fig. 1a). The
ratio of LC3 II/LC3 I was increased at OGD 3 h, and lasted
up to 72 h after reperfusion (Fig. 1a). These findings sug-
gested an enhancement of neuronal autophagy in this OGD/
R model. The p38 pathway plays an important role in
transducing signals involved in autophagy [30]. As shown in
Fig. 1a, OGD/R affected the rate of p-p38/p38.

Because of the expression of Gadd45b was on peak
at 24 h after 3 h OGD, so we choose this point time for next
study. Cells were pretreated with lentivirus shRNA-Gad-
d45b at DIV 3, and then followed by OGD 3 h and
reperfusion 24 h at DIV 7. We prepared whole cell extracts
from neuron cells, and then performed western blot and
gPCR. Treatment with shRNA-Gadd45b, obviously
decreased the protein expression of Gadd45b at 24 h after
3 h OGD, compared to lentivirus scramble vector (Fig. 2a).
QPCR result showed that knockdown efficiency of len-
tivirus shRNA-Gadd45b was 92.33 % (Fig. 2c). As shown
in Fig. 2d, shRNA-Gadd45b increased the expression of
ATGS and the LC3 II/LC3 I ratio at 24 h after reperfusion.
We also examined other autophagy-related molecules, such
as Beclin-1, ATG7 and ATG3. A significant increase in the
expression of Beclin-1, ATG7 and ATG3 was observed at
24 h after reperfusion in cultured neurons treated with
shRNA-Gadd45b. These results indicated that inhibition of
Gadd45b increased the expression of autophagy-related
proteins after OGD/R Injury.

We next explored the potential mechanisms underlying
the regulation of Gadd45b on autophagy in neurons under
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Fig. 1 Oxygen glucose
deprivation and Reperfusion
affected the expression of
autophagy-related proteins and
the rate of p-p38/p38 at 24 h

(a) OGD Reperfusion (
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after reperfusion. a Western blot
results of autophagy-related
proteins ATGS and LC3 and
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OGD/R. Gadd45b has been described as regulators of
MAPK signaling, activated MEKK4 and the downstream
activator of the p38 MAPK pathway to inhibit autophagy
[19]. Treatment with shRNA-Gadd45b significantly
decreased the p-p38 at 24 h after 3 h OGD, compared to
treatment with scramble vector (Fig. 2d), whereas total p38
content was unchanged.

Inhibition of Gadd45b increased the expression
of apoptosis-related proteins after OGD/R injury

Treatment with shRNA-Gadd45b significantly decreased the
expression of anti-apoptotic protein Bcl-2, but increased the
expression of pro-apoptotic protein Bax at 24 h post 3 h
OGD (Fig. 3a). Similarly, we found that the level of cleaved
caspase3 was significantly up-regulated after shRNA-Gad-
d45b treatment at 24 h (Fig. 3a). However, the expression of
p53 was significantly down-regulated after shBRNA-Gadd45b
treatment at 24 h (Fig. 3a).

We next explored the potential mechanisms underlying
the regulation of Gadd45b on apoptosis in neurons under
OGD/R. Gadd45b had been demonstrated that protecting
hematopoietic cells from UV-induced apoptosis via tar-
geting MKK4 to mediate inhibition of JNK activation [31].
As shown in Fig. 3c, there was an increased trend of p-JNK
at 24 h after 3 h OGD. ShRNA-Gadd45b significantly
increased the ratio of p-JNK/INK at 24 h (Fig. 3e).
SP600125, a common JNK pathway inhibitor, obviously
decreased the ratio of p-JNK/JNK at 24 h. Inhibition of
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JNK also decreased the expression of Bax, cleaved cas-
pase3 and increased the expression of Bcl-2 (Fig. 3e).
ShRNA-Gadd45b co-treatment with SP600125 decreased
the ratio of p-JNK/INK, and decreased the expression of
Bax and cleaved caspse3, compared to vector co-treatment
with DMSO (Fig. 3e). Thus, Gadd45b may through JNK
signaling pathway to inhibit apoptosis in the content of
OGD/R injury.

Inhibition of Gadd45b and autophagy affect
apoptosis after OGD/R injury

Autophagy develops as a primary response to stress stimuli
and then triggers either apoptosis or necrotic cell death that
kills the cell [32]. Autophagy and apoptosis are controlled in
cooperation with certain common regulatory proteins [15]. It
seems that the same stimuli can induce either autophagy or
apoptosis depending on the threshold [33]. To conclude that
whether Gadd45b plays a role in the anti-apoptosis effects
against OGD/R injury through inhibiting autophagy, we
used autophagy inhibitors 3-MA and Wortmannin to treat
with cortex neuron cells at the onset of reperfusion.
Firstly, we examined the effect of autophagy inhibitor
on the expression of ATG5 and LC3. Inhibition of Gad-
d45b increased the rate of LC3 II/LC3 I and the expression
of ATGS. As shown in Fig. 4a, 10 mM 3-MA and 1 pM
Wortmannin significantly decreased the ratio of LC3 II/
LC3 I at 24 h after OGD. 3-MA co-treatment with shRNA-
Gadd45b slightly increased the ratio of LC3 II/LC3 T at
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Fig. 2 Inhibition of Gadd45b increased the expression of autophagy-
related protiens at reperfusion 24 h. Lentivirus shRNA-Gadd45b was
added to the cortex neuron culture medium at DIV 3 as described in
the methods. Cultured cortical neurons were exposed to OGD/R
injury at DIV 7. a Note that lentivirus shRNA-Gadd45b decreased the
protein level of Gadd45b at 24 h after reperfusion, as seen by western
blot. b Quantitative forms of (a). ¢ Note that lentivirus shRNA-
Gadd45b decreased the mRNA expression of Gadd45b at 24 h after

24 h. Wortmannin co-treatment with shRNA-Gadd45b
decreased the ratio of LC3 II/LC3 I. It indicated that
inhibition of Gadd45b also induced autophagy even after
co-treatment with 3-MA. Wortmannin slightly decreased
the expression of ATGS at 24 h. However, Wortmannin co-
treatment with shRNA-Gadd45b had not affected the
expression of ATGS at 24 h. Inhibition of Gadd45b
decreased the expression of p-p38. Treatment with 3-MA

Relative Ilevel of proteins

0.0

ATGS LC3NLC3I Beclin1  ATG7  ATG3

reperfusion, as seen by qPCR. d Western blot results showed that
treatment with shRNA-Gadd45b obviously increased the expression
of autophagy-related proteins (ATGS, LC3, Beclin-1, ATG7, ATG3)
and decreased the expression of p-p38, compared to the lentivirus
scramble vector. e Quantitative forms of (d). B Tubulin was used as
an internal control for western blot; GADPH was used as an internal
control for qPCR. #p < 0.05 versus vector + OGD/R

or Wortmannin did not affect phosphorylation of p38 at
24 h after OGD (Fig. 4a). Similarly, we found that shRNA-
Gadd45b co-treatment with 3-MA or Wortmannin led to
inactivation of p38 as measured at 24 h.

Inhibition of Gadd45b decreased the expression of Bcl-2
and increased the expression of Bax and cleaved caspase3.
Western blot results showed that 3-MA or Wortmannin
increased the expression of Bcl-2 and decreased the
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Fig. 3 Treatment of shRNA-
Gadd45b and JNK inhibitor
modulated the expression of
apoptotic key proteins.

a Cortex neuron cells were
treated with lentivirus shRNA-
Gadd45b at DIV 3. Cells were
harvested for western blot
analysis at 24 h after OGD/R.
Note that shRNA-Gadd45b
significantly increased the
expression of Bax and cleaved
caspase3, but decreased the
expression of Bcl-2.

b Quantitative forms of (a).
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expression of Bax under OGD/R injury (Fig. 4a). 3-MA
co-treatment with shRNA-Gadd45b decreased the Bcl-2
level, and increased the cleaved caspase3 level, compared
to scramble vector co-treatment with DMSO. However,
there was no significant difference in the amount of Bax
between the shRNA-Gadd45b + 3-MA group and Vec-
tor + DMSO group at 24 h, the levels of Bax and cleaved
caspase3 exhibited a decrease trend in the shRNA-Gad-
d45b + 3-MA group (Fig. 4a). Wortmannin also increased
the expression of Bcl-2 and decreased the expression of
Bax and cleaved caspase3 under OGD/R injury. Wort-
mannin co-treatment with shRNA-Gadd45b did not affect
the level of Bcl-2 at 24 h (Fig. 4a). However, Wortmannin
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co-treatment with shRNA-Gadd45b also decreased the
level of Bax and cleaved caspase3.

SB203580, as a common p38 inhibitor, obviously
decreased the expression of p-p38, and increased the
expression of ATGS5 and the ratio of LC3 II/LC3 L
SB203580 also decreased the expression of Bcl-2 and
increased the expression of Bax and cleaved caspase3.
SB203580 co-treatment with shRNA-Gadd45b obviously
decreased the expression of Bcl-2 and increased the
expression of Bax and cleaved caspase3 (Fig. 4a).

Neurons were used to detect apoptosis using TUNEL at
24 h after 3 h OGD. We found that TUNEL-positive cells
were increased at 24 h (Al: 47.09 &+ 8.64) (Fig. 5b),
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«Fig. 4 Treatment with autophagy inhibitor or p38 inhibitor modu-
lated the autophagic and apoptotic key proteins. Cortex neuron cells
were treated with lentivirus shRNA-Gadd45b at DIV 3. Autophagy
inhibiotor 3-MA or Wortmannin (Wort) and p38 inhibitor (SB) were
used as described in the methods. Cells were harvested for western
blot analysis at 24 h after OGD/R. a Western blot results of LC3,
ATGS, p-p38,p38, Bcl-2, Bax, cleaved caspase3. Note that 3-MA and
Wortmannin significantly suppressed the rate of LC3 II/LC3 I, and
had no effect on p-p38. 3-MA or Wortmannin increased the Bcl-2
level and decreased the Bax level. Wortmannin also decreased the
cleaved caspase3 level. 3-MA or Wortmannin co-treatment with
shRNA-Gadd45b affected the expression of Bcl-2, Bax and cleaved
caspase3. b Quantitative results from (a). § Tubulin was used as an
internal control. *p <0.05 versus DMSO or vector or
DMSO + vector

compared to normal controls (Al: 10.89 %+ 0.69) (Fig. 5a).
Treatment with shRNA-Gadd45b obviously aggravated the
neuronal apoptosis at 24 h after OGD (80.18 £ 7.43)
(Fig. 5d). Treatment with 3-MA or Wortmannin reduced
apoptosis at 24 h (Fig. 5f, g). As shown in Fig. 5i, 3-MA co-
treatment with sShRNA-Gadd45b slightly increased the apop-
tosis at 24 h after OGD. However, there were no differ-
ences between 3-MA 4 shRNA-Gadd45b and DMSO +
vector (58.28 + 8.73). Wortmannin co-treatment with
shRNA-Gadd45b decreased the apoptosis at 24 h
(22.29 £ 7.14) (Fig. 5j).

The immunofluorescence results of Tujl and LC3B

It seems that autophagy in brain ischemia might contribute
to neurites degeneration [34]. These were confirmed by the
recent research, where rapid and massive degeneration of
cortical neuronal axons after 24 h of ischemia/hypoxia was
observed [18]. Because inhibition of Gadd45b induced
neuronal autophagy and apoptosis at 24 h after OGD, we
further investigated whether Gadd45b could affect the
integrity of neuronal structure. In addition to detect the
changes of axon morphology, neurons were stained with
specific antibodies Tujl. Tujl is a somatodendritic marker
for dendrites and axons. LC3B has been used to monitor
autophagy, measured as an increase in punctate LC3 [35].
As shown in Fig. 6a, normal neurons developed normal
polarity, having a single axon and multiple dendrites
(Fig. 6a). The cell body and proximal end of neurites
became shorten and degraded at 24 h after OGD (Fig. 6b).
Treatment with shRNA-Gadd45b increased the LC3B at
24 h (Fig. 6g), and the neuron cells lost the cell polarity
(Fig. 6d). 10 mM 3-MA decreased the LC3B at 24 h, and
slightly improved neurites injury, showing relatively intact
structure and polarity of part of neurons after OGD
(Fig. 6e). 3-MA co-treatment with shRNA-Gadd45b partly
inhibited autophagy induced by shRNA-Gadd45b, but had
not obviously improved neurites injury (Fig. 6f).
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Discussion

In the present study, we examined the effect of Gadd45b on
autophagy and apoptosis against cerebral oxygen-glucose
deprivation and reperfusion injury in vitro. The present
study reveals that silencing Gadd45b lentivirus precondi-
tioning significantly increases the expression of autophagy
related proteins in the cortex neuron cells followed by
oxygen-glucose deprivation and reperfusion. Gadd45b
inhibited autophagy through p38 pathway. Inhibition of
Gadd45b increased the pro-apoptosis protein Bax and
cleaved caspase 3, and decreased the anti-apoptosis Bcl-2.
3-MA or Wortmannin treatment relieved the cerebral neuron
apoptosis under OGD/R. The effect of sShRNA-Gadd45b on
neuron apoptosis was just the opposite to that of 3-MA or
Wortmannin treatment. In addition, sShRNA-Gadd45b obvi-
ously aggravated the neurites injury by morphology assay.
Inhibition of autophagy mildly alleviated neurites injury at
24 h after OGD. These results suggest that the inhibition of
autophagy underlies, at least partly, the neuroprotection
mechanism of Gadd45b against cerebral ischemia and
reperfusion. Gadd45b may be a common regulatory protein
to control autophagy and apoptosis.

Cell death plays an essential role in ischemic stroke
pathogenesis. Recent studies have shown autophagy activation
in cerebral ischemia in vitro and in vivo [2]. Although mod-
erate autophagy has been thought to have neuroprotection
generally, accumulating evidences have documented that
ischemia and reperfusion-induced autophagy leads to neuronal
death following ischemic stroke [18]. Autophagy may play
dual roles during ischemia and reperfusion: protective during
ischemia while detrimental during reperfusion [6, 29]. Sup-
pression of autophagy by 3-MA can block neuronal death in
response to various stress conditions in the CNS such as rodent
traumatic or ischemic brain injury [36]. Substantial reports
have documented that ischemia-induced autophagy leads to
neuronal death following ischemic stroke [2, 6, 29, 34]. In the
present study, our data provided the first evidence that Gad-
d45b inhibited autophagy in the content of OGD/R of primary
rat cortical neurons, as judged by an increase in the protein
expression of ATGS, Beclin-1, ATG7, ATG3 and the ratio of
LC3 II/LC3I. ATGS plays an important role in initiating
autophagosome generation. In this study, 3-MA, at the early
stage of autophagosome biogenesis, partly prevented shRNA-
Gadd45b-induced autophagy. Our study suggested that Gad-
d45b may activate signaling cascades that inhibit autophago-
some generation. In addition, our results indicated that
shRNA-Gadd45b increased the ratio of LC3 II/LC3 I. It could
be a result of either LC3 I to LC3 II conversion or defects in
LC3 II degradation. If the LC3 II level was up in response to
experimental conditions compared to controls, it can be due to
increased conversion of LC3-I to LC3-II as in the case of
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Fig. 5 Inhibition of Gadd45b
and autophagy affected
neuronal apoptosis in vitro at
24 h by TUNEL assay. a The
TUNEL-positive cells were
hardly detected in the normal
cortex neurons controls. b The
TUNEL-positive cells were
increased at 24 h after OGD.

d ShRNA-Gadd45b obviously
induced the neuron cellular
apoptosis at 24 h after OGD,
compared to the scramble vector
lentivirus (c¢). Treatment with
3-MA (f) or Wortmannin

(g) reduced cellular apoptosis at
24 h after OGD, compared to
the DMSO treatment (e).
ShRNA-Gadd45b co-treatment
with 3-MA (i) slight increased
the neuron cellular apoptosis at
24 h after OGD, compared to
the scramble vector

lentivirus co-treatment with
DMSO (h). ShRNA-Gadd45b
co-treatment with Wortmannin
(j) slight decreased the neuron
cellular apoptosis at 24 h.

k Quantitative forms of TUNEL
results. *p < 0.05 versus
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inhibition by Gadd45b. Autophagy process is mainly regulated
by the phosphatidylinositol-3-kinase (PI3K)/Akt signaling
pathway [12]. The action of 3-MA, a phosphoratidylinositol-3-
kinase (PI3K) inhibitor, has been proposed to prevent PIP3,
which is important in the recruitment of Atg proteins on the
autophagosome membrane [37]. Gadd45b can interact with
the upstream kinase MTK1/MEKK4, and subsequently acti-
vate downstream kinase p38 [20]. The stress-responsive p38
MAPK pathways regulate cell cycle, apoptosis and mediate
autophagy in response to stress. On the basis of these findings,
it appears that p38 is involved in the Gadd45b signalling

pathways. One study demonstrated that the spatial regulation
of p38 by Gadd45b/MEKK4 negatively regulates the autop-
hagic process [20]. In our study, we also have shown that
inhibition of Gadd45b leading to p38 inactivation. We may
conclude that Gadd45 inhibited autophagy through the p38
pathway under OGD/R. However, the mechanism underlying
Gadd45b-mediated p38 signaling and its inhibition to autop-
hagy required further investigation. We need to further study
by special inhibitor targeting signal transduction pathway.
Excessive or dys-regulated autophagy results in neuron
damage or death, known as “autophagic cell death”, also
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Fig. 6 The immunofluorescent
staining results of Tujl and
LC3B. Cultured cortical
neurons were treated with
shRNA-Gadd45b with/without
3-MA followed by OGD/R

24 h. After treatment, the cells
were performed double
immunofluorescence with anti-
Tujl and anti-LC3B antibodies.
LC3B is an autophagy marker
(green), and individual axons
are brightly stained with Tujl
(red). Blue is DAPI for neuron
nucleus. Green arrow showed
that LC3B positive neuron cells.
a LC3B was in basal level in
normal neurons (green
arrowheads). Normal neurons
developed normal polarity, with
most of them having a single
axon and multiple dendrites. b,
¢ OGD/R 24 h induced LC3B
expression. The cell body and
proximal end of neurite became (g)
shorten and degrade (white

arrowheads) at 24 h after OGD.

d ShRNA-Gadd45b obviously

increased the expression of

LC3B at 24 h after OGD. The

neuron lost polarity after treated

with shRNA-Gadd45b

lentivirus. e 3-MA at 10 mM

decreased the autophagy at

24 h. 3-MA slightly reduced

neurite degradation, showing

relatively intact structure and

polarity of some neurons at

24 h. f shRNA-Gadd45b

lentivirus co-treatment with

3-MA could not significant

(@) Lc3B/Tuj1/

200
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Average optical density of LC3B

Control

ShGadd45b+OGD/R

OGD/R 24h

3-MA+OGD/R §ShGadd45b+3-MA+OGD/R|

reduced the neurite injury.

g Average optical density of
LC3B. *p < 0.05 versus
control, #p < 0.05 versus
DMSO or scramble vector
lentivirus. Scale bar 10 pm

referred as type II programmed cell death in cerebral
ischemia, with associated increased levels of light chain 3
(LC3)-II and Beclin-1 [38]. Apoptosis is referred as type I
cell death. Autophagic pathways overlap with the apoptosis
through the involvement of both autophagic and apoptotic
proteins [15]. There is extensive cross-talk between
autophagy and apoptosis [15]. Autophagy is carried out
through interaction of various molecules such as Bcl-2,
Beclin-1, Atg5 and Atgl2, resulting in the activation of the
intrinsic apoptosis pathway [2]. Moreover, depending on
cell types, environment and stimulation manners, autop-
hagy can precede, inhibit or enhance apoptotic cell death.
However, 3-MA or suppression of autophagy regulatory

@ Springer

pathways may provoke apoptosis, some studies have sug-
gested that autophagy might also mediate cell death [28].
The pro-death hypothesis suggests that activation of
autophagy mediates or induces cell death via over digestion
of cellular contents or by activation of apoptotic enzymes.
The discrepancies may be duo to the complex and diverse
interactions among autophagy, apoptosis and cell death. In
addition, previous study also confirmed that cells have co-
localized apoptosis and autophagy [6, 37]. It seems that
autophagy-apoptosis relation varies according to the cere-
bral area. In the cortex those processes are closely linked to
each other, while in the hippocampus they rather act
independently [37]. Neurons that presented both enhanced
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level of autophagy and apoptotic features were also
observed in a rat model of severe perinatal asphyxia [28].
Previously, our study indicated that Gadd45b is a beneficial
mediator of neuronal apoptosis, by affect levels of Bax and
active caspase-3, and Bcl-2 [17]. In this study, we have
found shRNA-Gadd45b in cultured rat cortical neurons
resulted in autophagy induction, concomitant with the
neuronal apoptosis in early stage of cerebral cortex neuron
cells ischemia and reperfusion in vitro as mentioned above.
Based on these studies, we then asked whether the regu-
lation of Gadd45b on autophagy contributed to the anti-
apoptosis effect of Gadd45b. The autophagy inhibitor
3-MA or Wortmannin protected neurons against OGD/R-
induced neuronal apoptosis and neurite injury, suggesting
the involvement of autophagy-mediated apoptosis. How-
ever, co-treatment with shRNA-Gadd45b and 3-MA partly
protected neurons from neuronal apoptosis and neurite
injury. However, we cannot exclude the possibility for
3-MA direct inhibition on apoptosis completely. Whether
other factors in Gadd45b-inhibited autophagy, such as
oxidative stress, or mitochondrial dysfunction, could con-
tribute to autophagic cell death or require further investi-
gation. In addition, ATGS seems to be directly involved in
the induction of apoptosis, as a calpain-generated fragment
of ATGS associates with Bcl-xL at mitochondria, resulting
in the activation of the intrinsic apoptosis pathway [34].
Thus, ATGS could have a key role in controlling cell fate.
More specific siRNA knockdown of the Atg protein (ex:
ATGS) will be performed for further study to elucidate the
interaction between autophagy and apoptosis. Based on our
study, Gadd45b may be a common regulatory protein to
control autophagy and apoptosis.

Although inhibition of Gadd45b affected the autophagy
and apoptosis under OGD/R, we found that shRNA-Gad-
d45b decreased the transcription factor p53 expression. One
study showed that Gadd45b was a novel downstream target
gene of p53 [39]. Gadd45b mRNA and protein expression
were significantly inhibited by p53 siRNA in a rat ischemic
heart model [39]. In addition, p38a-mediated phosphoryla-
tion of p53 at both Ser15 and Ser20 was shown to be essential
for the expression of Gadd45b mRNA and protein during
anoxia [39]. These results reveal the p38a-p53-Gadd45b axis
as a novel signaling module in the anoxia-induced apoptotic
death pathway. Whether there exists a feedback mechanism
between Gadd45b and p53. The correlation of Gadd45b and
p53 need further researches.

Conclusion
In summary, induced autophagy by silencing Gadd45b

expression contributes to the neuronal cell apoptosis pro-
cess. In other words, Gadd45b as pro-survival gene(s), is a

critical mediator of ischemia/hypoxia-induced autophay
death in cortex neuron cells. Our findings indicated that
Gadd45b could protect cortex neuron cells against cerebral
ischemia though multiple mechanisms including autophagy
and apoptosis. The integrated regulation of autophagy and
apoptosis determines cell fate, requires to be established in
the future.
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