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ARTICLE INFO ABSTRACT

Keywords: Inhibition of phosphodiesterase 4 (PDE4) produces neuroprotective effects against cerebral ischemia. However,
PDE4 the involved mechanism remains unclear. Augmentation of endoplasmic reticulum (ER) stress promotes neu-
Cerebral ischemia ronal apoptosis, and excessive oxidative stress is an inducer of ER stress. The present study aimed to determine
Nrf_'z . whether suppression of ER stress is involved in the protective effects of PDE4 inhibition against cerebral
g::;:;e stress ischemia. We found that exposing HT-22 cells to oxygen-glucose deprivation (OGD) significantly activated ER
stress, as evidenced by increased expression of the 78-kDa glucose-regulated protein (GRP78), phosphorylated
eukaryotic translation-initiation factor 2a (eIF2a), and C/EBP-homologous protein (CHOP). Overexpression of
PDE4B increased ER stress, while knocking down PDE4B or treatment with the PDE4 inhibitor, FCPRO3, pre-
vented OGD-induced ER stress in HT-22 cells. Furthermore, FCPR03 promoted the translocation of nuclear factor
erythroid 2-related factor 2 (Nrf-2) from the cytoplasm to the nucleus. Importantly, the Nrf-2 inhibitor, ML385,
blocked the inhibitory role of FCPR03 on OGD-induced ER stress. ML385 also abolished the protective role of
FCPRO3 in HT-22 cells subjected to OGD. Knocking down heme oxygenase-1 (HO-1), which is a target of Nrf-2,
also blocked the protective role of FCPR03, enhanced the level of reactive oxygen species (ROS), and increased
ER stress and cell death. We then found that FCPRO3 or the antioxidant, N-Acetyl-L-cysteine, reduced oxidative
stress in cells exposed to OGD. This effect was accompanied by increased cell viability and decreased ER stress. In
primary cultured neurons, we found that FCPR0O3 reduced OGD-induced production of ROS and phosphorylation
of elF2a. The neuroprotective effect of FCPR03 against OGD in neurons was blocked by ML385. These results
demonstrate that inhibition of PDE4 activates Nrf-2/HO-1, attenuates the production of ROS, and thereby at-
tenuates ER stress in neurons exposed to OGD. Additionally, we conclude that FCPRO3 may represent a pro-

mising therapeutic agent for the treatment of ER stress-related disorders.
1. Introduction Currently, recombinant tissue plasminogen activator (r-tPA) is the only
drug approved by the US FDA for stroke treatment. However, r-tPA
Cerebral ischemic stroke is a prevalent neurological disease that is needs to be injected within 4.5h of stroke onset. Additionally, admin-
usually caused by cerebrovascular occlusion, which leads to an inter- istration of r-tPA tends to aggravate preconditions of aberrant bleeding
rupted or reduced supply of blood to the brain. The incidence of is- [2]. All of these factors have limited the clinical application of r-tPA.
chemic stroke has increased globally each year and is the second- Hence, it is necessary to further investigate the mechanisms responsible
leading cause of death and the third-leading cause of disability [1]. for neuronal injury caused by ischemia/reperfusion and to explore
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effective interventions based on specific targets.

Phosphodiesterase 4 (PDE4) is an enzyme that specifically hydro-
lyzes cyclic adenosine monophosphate (cAMP) and, thus, regulates the
concentration of intracellular cAMP [3]. PDE4 is highly expressed in
neurons, inflammatory cells, and epithelial cells, and is involved in
diverse pulmonary, dermatological, and central nervous system dis-
eases [3]. Inhibition of PDE4 in these cells leads to the accumulation of
cAMP, which concomitantly activating protein kinase A (PKA) and the
exchange protein directly activated by cAMP (Epac). PKA is the up-
stream protein kinase of the cAMP-response element binding protein
(CREB)/brain-derived neurotrophic factor (BDNF) signaling pathway,
and Epac is involved in the activation of protein kinase B (Akt) [4,5].
PDE4 has been implicated in a number of physiological and patholo-
gical processes through regulating various signaling pathways that
allow cells to respond to various stimuli [6,7]. Our previous studies
have indicated that inhibition of PDE4 enhances intracellular con-
centrations of cAMP, protects against neuronal apoptosis and limits
neuroinflammation in the central nervous system [8-11]. In recent
years, the role of PDE4 in the development of ischemic stroke has
aroused extensive attention [12,13]. The first-generation PDE4 in-
hibitor rolipram has been used as a tool to study the role of PDE4 in
ischemic brain injury. The results have shown that inhibition of PDE4
reduces the damage of the blood-brain barrier, the release of in-
flammatory factors, and neuronal apoptosis [14]. Rolipram has also
been shown to significantly increase the survival of newborn hippo-
campal neurons after ischemia [15]. In one of our earlier studies, we
confirmed that inhibition of PDE4 ameliorated learning and memory
deficits in rats subjected to global cerebral ischemia [16]. Our recent
study revealed that inhibition of PDE4 by the novel PDE4 inhibitor
FCPRO3 alleviated brain damage and improved motor functions in rats
following cerebral ischemia/reperfusion injury [17]. These data suggest
that inhibition of PDE4 is a potential therapeutic strategy to reduce
brain injury following cerebral ischemia, although the underlying me-
chanisms remain largely unknown.

Cerebral ischemia/reperfusion triggers a complicated series of pa-
thological events that leads to neuronal damage. Despite decades of
intense research, our understanding of the causal pathways of post-is-
chemic neuronal death remains incomplete. Recently, the involvement
of endoplasmic reticulum (ER) stress has aroused extensive attention
[18,19]. The ER is an important organelle where secreted and trans-
membrane proteins are synthesized and correctly folded into three-di-
mensional conformations. The above dynamic process requires highly
precise regulation to maintain protein homeostasis [20]. Any stimuli
that break the above equilibrium will trigger the unfolded protein re-
sponse (UPR) and the occurrence of ER stress [21]. Under physiological
conditions, ER-transmembrane signaling molecules, such as protein
kinase-like endoplasmic reticulum kinase (PERK), is inactive through
binding to the 78-kDa glucose-regulated protein (GRP78), which serves
as an ER stress sensor [22]. Under the condition of ER stress, GRP78 is
released from PERK. PERK is then autophosphorylated and activated.
Activated PERK phosphorylates the eukaryotic translation-initiation
factor 2a (elF2a) to attenuate further protein synthesis [23]. This
process is beneficial for the survival of cells [24]. However, when the
duration of stimuli is too long or the stress is too severe, over-activated
ER stress promotes the expression of pro-apoptotic proteins, including
C/EBP-homologous protein, (CHOP) [24]. Ultimately, under these
conditions, cells undergo apoptosis. Collectively, ER stress is presumed
to be a pro-survival event under mild to moderate stress conditions,
while prolonged periods of ER stress trigger apoptosis.

A number of pathologic conditions lead to acute ER stress and ac-
tivate the UPR, including nutrient deprivation, calcium overloading and
overproduction of free radicals [25]; all of these conditions are viewed
as contributors to neuronal damage induced by cerebral ischemia.
Current studies support that ER stress is an essential step in the pro-
gression of cerebral ischemia-induced neuronal injury, and modulation
of ER stress exerts protective effects against ischemic stroke and offers
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the prospect of novel stroke therapies [26]. Our previous study showed
that inhibition of PDE4 reduced neuronal cell death and improved
motor functions in an animal model of middle cerebral artery occlusion
(MCAO) [17]. Importantly, we found that the PDE4 inhibitor FCPR03
suppressed the excessive production of ROS in neurons subjected to
oxygen-glucose deprivation (OGD) [17]. ROS is an inducer of ER stress.
Ischemia/reperfusion leads to substantial production of ROS, and ex-
cessive ROS causes oxidative damage to lipids and proteins. Aggrega-
tion of oxidized proteins aggravates the misfolding or unfolding of
proteins, which contributes to the occurrence of ER stress [27]. Inter-
estingly, a recent study indicated that deletion of PDE4 reduced ER
stress in neurons and promoted the recovery of hindlimb locomotion
following spinal cord injury in mice [28]. Inspired by these findings, we
sought to determine whether inhibition of PDE4 exerts protective ef-
fects through inhibiting ER stress in neurons. In the present study, we
hypothesized that specific inhibition of PDE4 would protect neurons
against OGD-induced cell death. We also hypothesized that the pro-
tective effects of PDE4 inhibition would be mediated through sup-
pressing the production of ROS and the subsequent activation of ER
stress. In the present study, we exposed HT-22 neuronal cells and pri-
mary cultured neurons to OGD and examined the expression of cano-
nical ER stress markers, ROS production, apoptosis, and potential sig-
naling pathways. We also verified the role of PDE4 inhibition in rats
subjected to MCAO. Collectively, we demonstrate that PDE4 played an
important role in the development of ER stress and concomitant neu-
ronal death following OGD. Importantly, we also found that the novel
PDE4 inhibitor FCPRO3 was a potent neuroprotective agent against
cerebral-ischemia-induced brain insults.

2. Materials and methods
2.1. Materials

Antibodies against caspase-3 (#9662), phosphorylated PERK (p-
PERK, Thr980, #3179), PERK (#3192), phosphorylated elF2a (p-
elF2a, Ser51, #3597), elF2a (#2103), GRP78 (#3183), CHOP (#2895)
and HO-1 (#43966) were obtained from Cell signing technology cor-
poration (Massachusetts, USA). Anti-B-tubulin (#ab6046), anti-B-actin
(#ab8226) and anti-Nrf-2 (#ab137550) were purchased from Abcam
(Cambridge, USA). Goat anti-Rabbit IgG DyLight 488 (#A23220) and
Goat anti-Rabbit IgG Dylight 549 (#A23320) were obtained from
Abbkine (Abbkine Scientific Co., Ltd, Wuhan, China). Pierce™ Rapid
Gold BCA Protein Assay Kit (#A53225), high glucose DMEM
(#11965092), glucose-free DMEM (#11966025), fetal bovine serum
(FBS, #10099141), Neurobasal-A (#10888022), B27 (#17504044),
glutamine (#25030081), Lipofectamine™ 2000 Transfection Reagent
(#11668019), Opti-MEM® Reduced-Serum Medium (#31985088), Live
Cell Imaging Solution (#A14291DJ), and CellROX Deep Red Reagent
(#C10422) were obtained from Thermo Fisher Scientific (Waltham,
MA, USA). FCPRO3 was obtained from Southern medical university
(Guangzhou, Guangdong, China) [29,30]. ML385 (#T4360) and N-
Acetyl-i-cysteine (NAC, #T0875) were purchased from TargetMol
(Wellesley, MA, USA). Protoporphyrin IX zinc (II) (ZnPP, #MB4231)
was purchased from Meilun Biotechnology (Dalian, Shenyang, China).
Small interfering RNAs (si-RNAs) specific for HO-1 and PDE4B were
obtained from GenePharma (Shanghai, China). PDE4B plasmid was
constructed by Shuangquan Biotechnology (Guangzhou, Guangdong,
China). Lipid peroxidation malondialdehyde (MDA) Assay Kit (#S0131)
and Nuclear and Cytoplasmic Protein Extraction Kit (#P0027) were
purchased from Beyotime Biotechnology (Shanghai, China). Protease
inhibitor cocktail (#FD1001), phosphatase inhibitor cocktail
(#FD1002) and RIPA buffer (#FD009) were obtained from Fude Bio-
logical Technology (Hangzhou, Zhejiang, China). Immoblilon PVDF
membranes (#ISEQ00010) and Immobilon Western Chemiluminescent
HRP Substrate (#WBKLS0100) were purchased from Merck Co.,
(Darmstadt, Germany). The Cell Counting Kit-8 (CCK-8) was obtained
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from Dojindo Molecular Technologies (#CK04; Tokyo, Japan).
2.2. Cell culture

HT-22 hippocampal neuronal cells were purchased from Merck
(Darmstadt, Germany) and were cultured in DMEM containing 10% FBS
[17]. The cells were cultivated at 37 °C in a humidified atmosphere
containing 5% CO, and 95% air.

For the culturing of primary cortical neurons, 12 newborn one-day-
old Sprague-Dawley (SD) rats were used. Cultivation of primary cortical
neurons were obtained from the cerebral cortices of one-day-old SD
rats. After decapitation, the cerebral cortices were dissected and di-
gested with 0.125% trypsin for 5 min at 37 °C. Then, the digestion was
terminated by adding a complete medium and cells were dispersed with
a Pasteur pipette and seeded in plates or glass-bottom Petri dishes
coated with poly-1-lysine. Then, 4h later, the medium was replaced
with Neurobasal-A contained 2% B27 and 1% glutamine.

2.3. Oxygen and glucose deprivation cell model

Oxygen and glucose deprivation were performed in HT-22 neuron
cell lines and neurons as previously reported [17]. Briefly, cells were
washed once with PBS and the medium was then replaced with glucose-
free DMEM. Then, cells were transferred to an anaerobic chamber
(Billups-Rothenberg, Del Mar, CA, USA) containing a mixture gas
composed of 95% N, and 5% CO,, while the control group was main-
tained in an aerobic environment (95% air and 5% CO,). After OGD,
cells were returned to aerobic environment and the medium was re-
placed with DMEM containing glucose.

2.4. Cell viability assay

Cell viability was determined by using the Cell Counting Kit-8 (CCK-
8). For HT-22 cells, cells were seeded in 48-well plates at the density of
8,000 cells per well. The next day, after pretreatment with FCPRO3 for
1h, HT-22 cells were subjected to 6 h of OGD followed by 24 h of re-
oxygenation. Then, 20 ul of CCK-8 was added per well and incubated at
37 °C. Finally, the absorbance at 450 nm was detected by a microplate
reader (Biotech, Winooski, VT, USA).

For primary cortical neurons, cells were seeded in 48-well plates at a
density of 40,000 cell per well. The processing was conducted at 7-10
day after seeding. Briefly, neurons, pretreated with FCPR03, were wa-
shed with PBS and the medium was changed to DMEM without glucose.
After 1h of OGD, cells were transferred to neurobasal-A medium for
24 h of re-oxygenation. Then, 20 pul of CCK-8 was added per well and
incubated at 37 °C. Finally, the absorbance at 450 nm was detected by a
microplate reader.

2.5. Extraction of cytoplasmic and nuclear protein

After the treatment described above, cytosolic and nuclear proteins
were detached by using the Nuclear and Cytoplasmic Protein Extraction
Kit. After protein quantification, the variation of Nrf-2 expression was
detected via Western blotting.

2.6. Transfection of small interfering RNA (siRNA)

Knockdown of PDE4B and HO-1 was conducted by using specific
siRNA synthesized by GenePharma (Shanghai, China). The sequences of
si-RNAs for HO-1 were as follows: sense: 5-CAGAUCAGCACUAGCUC
AUTT-3’, antisense: 5-AUGAGCUAGUGCUGAUCUGTT-3’. The se-
quences of siRNA for PDE4B were as follows: sense: 5-CCUGCAAGAA
GAAUCAUAUTT-3’, antisense: 5-AUAUGAUUCUUCUUGCAGGTT-3".
Briefly, cells were grown to 80-90% confluency at the time of trans-
fection. The siRNAs and lipofectamine 2000 transfection reagent were
mixed in opti-MEM for 20 min. Then, HT-22 cells were incubated in
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these mixtures. At 6h following the transfection, the medium was
changed to DMEM containing 1% FBS. Then, 18-24h later, cells un-
derwent OGD.

2.7. PDE4B plasmid transfection

Overexpression of PDE4B was conducted by using a PDE4B plasmid.
One day before transfection, HT-22 cells were seeded in 12-well-plates
at a density of 80-90% confluency. The following day, plasmid-trans-
fection complexes were prepared. Specifically, 1ug of the PDE4B
plasmid and the vector were transfected into HT-22 cells with 3 ul of
Lipofectamine 2000, according to the manufacturer's protocol.
Subsequently, 8-10h following the transfection, the medium was
changed to DMEM containing 1% FBS. Finally, 18-24 h later, cells
underwent OGD.

2.8. Detection of reactive oxygen species (ROS)

HT-22 cells were seeded overnight in glass-bottom petri dishes at a
density of 70% confluency. HT-22 cells, pretreated with FCPRO3 or a
vehicle, were then subjected to OGD. After 6 h of OGD, the HT-22 cells
were incubated with CellROX Deep Red Reagent for 30 min in DMEM.
Then, the medium was replaced with Live Cell Imaging Solution.
Finally, intracellular ROS was measured with a confocal microscope
(Nikon ECLIPSE Ti, Tokyo, Japan). The average fluorescent intensity
was analyzed by Image J (NIH, Bethesda, Maryland, USA).

Primary cultured cortical neurons were processed at the seventh day
after seeding. Primary cultured neurons, pretreated with FCPRO3 or a
vehicle, were subjected to OGD. After 1 h of OGD, primary cultured
cortical neurons were incubated with CellROX Deep Red Reagent for
30min in neurobasal-A. Then, cells were fixed with 4% paraf-
ormaldehyde for 15 min. Finally, intracellular ROS was measured with
a confocal microscope. The average fluorescent intensity was analyzed
by Image J.

2.9. Detection of malondialdehyde (MDA) level

The MDA level was measured with the Lipid Peroxidation MDA
Assay Kit (#S0131, Beyotime). In brief, after the treatment described
above, HT-22 cells were washed once with PBS and were then lysed.
The lysates were centrifugated at 12000 rpm for 10 min. Then, the su-
pernatant was collected for the detection of MDA. Finally, the absor-
bance at 532nm was detected by a microplate reader (Biotech,
Winooski, VT, USA) and the MDA level was normalized by the protein
concentration in each sample.

2.10. Immunohistochemistry

For the visualization of p-eIlF2a and Nrf-2, immunofluorescent ex-
periments were performed. HT-22 cells were seeded in glass-bottom
petri dishes. After treatment, cells were fixed with 4% paraformalde-
hyde and were then permeabilized with 0.5% Triton X-100. Then, non-
specific binding sites were blocked with 5% BSA in PBS for 1 h and cells
were then incubated with either a p-e[F2a antibody (1:200) or a Nrf-2
antibody (1:200) at 4 °C overnight. After washing three times with PBST
(5 min each time), cells were incubated with the secondary conjugated
antibodies, DyLight 488 or Dylight 549, at 4 °C for 4 h. Then, the cells
were washed three times with PBST. Finally, the cells were counter-
stained with DAPI and imaged with a confocal microscope (Nikon
ECLIPSE Ti, Tokyo, Japan). For the quantification of Nrf-2 in the nu-
cleus, the green fluorescence intensity (Nrf-2) in the nucleus was ana-
lyzed using Image J software.

2.11. Western blotting

After cells were subjected to OGD or control conditions, cells were
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frozen at —80°C overnight and were then lysed in RIPA buffer
(#FD009, FUDE) containing 1% protease inhibitor (#FD1001, FUDE)
and 1% phosphatase inhibitor (#FD1002, FUDE) on ice. Then, the ly-
sates were ultrasound pyrolysed and then centrifuged. The supernatant
was collected and the concentration of protein was measured by using a
BCA protein assay kit (#A53225, Thermo Fisher Scientific). After nor-
malization based on the protein level in each sample, the lysates were
boiled at 100 °C in a dry bath incubator. Protein extracts were separated
by SDS-polyacrylamide gel electrophoresis (8, 10, and 12%) at 80 V and
were transferred to 0.22-um PVDF membranes (#ISEQ00010, Merck) in
an ice-water bath at 100V for 100 min. Then, the PVDF membranes
were blocked with 5% skim milk for 1 h at room temperature and were
then incubated with primary antibodies overnight at 4 °C. After in-
cubation with primary antibodies, the membranes were washed four
times with TBST (5 min each time) and incubated with secondary an-
tibodies conjugated with HRP for 4hat 4 °C followed by four washes
with TBST (5min each time). Finally, protein bands were detected
using the Western Chemiluminescent HRP Substrate and were either
scanned with a multifunctional imaging analysis system
(ProteinSimple, California, USA) or exposed to X-ray films.
Densitometric analysis was conducted by using Image J.

2.12. Statistical analysis

All of the data are expressed as the mean *+ standard deviation
(SD) and were analyzed by analysis of variance followed by the Tukey's
post-hoc test. Data were analyzed using SPSS 20.0 (SPSS Inc., Armonk,
NY, USA). The figures were plotted by GraphPad Prism 8.0.1 (GraphPad
Software, La Jolla, CA, USA). Significance was defined as P < 0.05.
Each experiment was conducted at least in triplicate.

3. Results
3.1. OGD treatment induces significant ER stress in HT-22 neuronal cells

First, an in vitro model of cerebral ischemia in HT-22 neuronal cells
was established by OGD. Cells were exposed to OGD for various dura-
tions (1, 3, and 6 h). We then investigated the stimulatory roles of OGD
on ER stress. GRP78, p-PERK, p-el[F2a and CHOP were used as in-
dicators of ER stress. Western blotting assay was employed to measure
the levels of the above proteins. Treatment with OGD time-dependently
increased the expression of GRP78 (Fig. 1A and B), p-PERK (Fig. 1C and
D), p-elF2a (Fig. 1E and F), and CHOP (Fig. 1G and H) in HT-22 cells.
We also assayed the cell viability of HT-22 cells. Cells were subjected to
OGD for 1-6 h, followed by reperfusion for 24 h, and a CCK-8 assay was
applied to determine cell viability. We found that treatment of HT-
22 cells with OGD for 1, 3 or 6h followed by 24 h of reperfusion in-
duced significant decreases in cell survival (Fig. 1I). These data suggest
that significant ER stress occurred in the early stage of OGD, and that
this phenomenon was accompanied by decreased cell viability.

3.2. Overexpression of PDE4B enhances ER stress in HT-22 cells

We next examined the effects of PDE4 on ER stress. PDE4B is highly
expressed in neurons. Our previous study showed that knocking down
PDE4B exerted protective effects in neurons [9]. In the present study,
we first transfected a PDE4B plasmid and a corresponding empty vector
into HT-22 cells using lipofectamine 2000. PDE4B overexpression was
examined by Western blotting (Fig. 2A and B). Under the condition of
normoxia, PDE4B overexpression significantly increased the levels of
phosphorylated elF2a and GRP78 in HT-22 cells (Fig. 2C-E), suggesting
that ER stress was activated. We then further investigated the effect of
PDE4B overexpression on ER stress under OGD. Similarly, over-
expression of PDE4B under OGD also increased the expression of ER-
stress-related proteins (Fig. 2F-H). These findings suggest that PDE4
promoted the occurrence of ER stress in neuronal cells under both
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normoxia and OGD conditions.
3.3. PDE4 knockdown inhibits OGD-triggered ER stress in HT-22 cells

The above results clarified that overexpression of PDE4B promoted
ER stress. Next, we further knocked down the expression of PDE4B
through transfecting cells with PDE4B-specific siRNA and investigated
the proteins related to ER stress and apoptosis in HT-22 cells. The
knock-down efficiency was confirmed by Western blotting in our pre-
vious study [9]. We found that the expression of p-eI[F2a, GRP78, and
CHOP decreased in the cells after knocking down PDE4B (Fig. 3A-F).
We then investigated cell viability in OGD-treated HT-22 cells trans-
fected with control siRNA or PDE4B siRNA. We found that transfection
with PDE4B siRNA alone had no effect on cellular survival. OGD
treatment decreased cell viability to 54.64 = 5.31% (P < 0.01), while
PDE4 siRNA increased cell viability to 70.11 + 12.2% (P < 0.01,
Fig. 3G). Correspondingly, OGD increased the expression of cleaved
caspase 3 (Fig. 3H and I), while knockdown of PDE4B inhibited the
level of intracellular cleaved caspase 3 (Fig. 3H and I). These results
indicate that knocking-down the expression of PDE4B suppressed ER
stress and decreased cellular apoptosis in neuronal cells subjected to
OGD.

3.4. Inhibition of PDE4 activity by FCPR0O3 reduces OGD-triggered ER stress

Our previous study showed that the PDE4 inhibitor, FCPR0O3, was
effective in blocking neuronal damage induced by cerebral ischemia
both in vitro and in vivo [17]. However, whether FCPRO3 exerts its
protective role through attenuating ER stress has remained unknown.
We previously demonstrated that knocking down the expression of
PDE4B ameliorated OGD-induced ER stress and provided subsequent
neuroprotection. In the present study, we aimed to investigate the effect
of the PDE4 inhibitor, FCPRO3 (with high selectivity for PDE4B), on ER
stress and to explore the underlying mechanisms. As shown in Fig. 4,
OGD significantly stimulated the expression of ER-stress-associated
proteins (Fig. 4), while administration of the PDE4 inhibitor FCPR03
(20 uM) blocked the OGD-induced increase in GRP78 (Fig. 4A and B), p-
elF2a (Fig. 4D and E), p-PERK (Fig. 4F and G), and CHOP (Fig. 4H and
I) in HT-22 cells. Immunocytochemistry was used to further investigate
the expression of p-eIF2a in HT-22 cells, and the results showed that
OGD robustly increased the fluorescence of p-elF2a, which was par-
tially reversed by FCPRO3 (Fig. 4C). These results demonstrate that
inhibition of PDE4 by FCPRO3 attenuated OGD-induced ER stress in HT-
22 cells.

3.5. Inhibition of PDE4 promotes the translocation of Nrf-2 from the
cytoplasm into the nucleus under OGD

OGD induces substantial production of ROS. Our previous study
indicated that inhibition of PDE4 decreased the production of ROS in
neuronal cells under OGD [17]. Nrf-2 is a transcription factor that in-
creases the transcription of antioxidant proteins through binding to
antioxidant-response element (ARE) in the nucleus. In view of the im-
portant role of Nrf-2 in ER stress, we next investigated whether in-
hibition of PDE4 promotes the nucleus translocation of Nrf-2. Im-
munocytochemical staining was used to show the sub-cellular location
of Nrf-2 in HT-22 cells. As shown in Fig. 5A and B, we found that OGD
treatment increased the nuclear localization of Nrf-2, and treatment
with FCPRO3 further increased the nuclear localization of Nrf-2. Nu-
clear and cytoplasmic proteins were then separated and the Nrf-2 levels
were determined by Western blotting. We found that OGD treatment
significantly decreased the level of Nrf-2 in the cytoplasm (P < 0.01,
Fig. 5C and E). Interestingly, FCPRO3 increased the expression of Nrf-2
in the cytoplasm. We continued to examine the level of Nrf-2 in the
nucleus. In contrast, OGD increased the entry of Nrf-2 into the nucleus
(Fig. 5D and F). Consistent with the results of cellular
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Fig. 2. Overexpression of PDE4B exacerbates OGD-triggered ER stress in HT-22 cells. (A, B) HT-22 cells were transfected with an empty plasmid (vector) or PDE4B
plasmid. At 24 h after transfections, the overexpression of PDE4B was verified by Western blotting. The relative level of PDE4B/p-tubulin was measured by
semiquantitative analysis of the Western blots (n = 3). (C, D, E) HT-22 cells were transfected with an empty vector or a PDE4B plasmid. At 24 h after transfections,
the protein levels of GRP78, p-elF2a, and elF2a were determined by Western blotting. The relative levels of GRP78/B-tubulin and p-eIF2a/elF2a were measured by
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Fig. 3. Silencing of PDE4B ameliorates
OGD-triggered ER stress in HT-22 cells. (A,
C, E) HT-22 cells were transfected with ne-
gative control si-RNA (NC) or si-RNA for
PDE4B (si-PDE4B). At 18-24 h after trans-
fection, the cells were subjected to 6 h of
OGD. The protein levels of GRP78, p-elF2a,
elF2a, and CHOP were determined by
Western blotting. (B, D, F) The relative le-
vels of GRP78/B-tubulin (n = 4), p-elF2a/
elF2a (n = 5) and CHOP/B-tubulin (n = 4)
were measured by semiquantitative analysis
of the Western blots. (G) HT-22 cells trans-
fected with NC or si-PDE4B were subjected
to OGD for 6 h and re-oxygenation for 24 h,
and then the cell viability was detected by a
CCK-8 assay. (12 duplications from three
independent experiment, n = 3). (H, I) HT-
22 cells were processed as described above,
and the protein levels of cleaved-caspase 3
were determined by Western blotting. The
relative level of cleaved-caspase 3/pro-cas-
pase 3 was measured by semiquantitative
analysis of the blots (n = 4). Results are
expressed as the mean *= SD, *P < 0.05,
**pP < 0.01 versus the indicated group.
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Fig. 4. FCPRO3 ameliorates OGD-triggered ER stress. (A, D, F, H) HT-22 cells pretreated with FCPRO3 (20 uM) for 1 h were subjected to 6 h of OGD. The protein
levels of p-elF2a, elF2a, GRP78, p-PERK, PERK, and CHOP were determined by Western blotting. (C) HT-22 cells pretreated with FCPR0O3 (20 uM) for 1 h were
subjected to 6 h of OGD. After fixing, cells were stained with p-elF2a (red) and DAPI (blue). The representative images were detected by confocal microscopy. (B, E,
G, I) The relative levels of p-elF2a/elF2a (n = 5), GRP78/B-tubulin (n = 5), p-PERK/PERK (n = 3) and CHOP/fB-actin (n = 5) were determined by semiquantitative
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Fig. 5. FCPRO3 promotes translocation of Nrf-2 into
the nucleus and increases the level of Nrf-2 in the
cytoplasm after OGD. (A) HT-22 cells pretreated
with FCPRO3 (20 uM) for 1 h were subjected to 6 h
of OGD. After fixing, cells were stained with Nrf-2.

CTL+FCPRO B-tubulin E 0.5 The intracellular localization of Nrf-2 was visualized
E by confocal microscopy. (B) The relative fluores-
oGb - - + + 0.0 . . . .
+ + 0GD - M cence intensity of Nrf-2 in the nucleus was quanti-
FCPRO3 - = FCPRO3 - 2 fied using image J (18 fields from three independent
OGD+FCPRO3 experiments, n = 3). (C, D, E, F) HT-22 cells pre-
F treated with FCPRO3 for 1 h were subjected to 6 h of
B 5 o5 OGD. The change of cytosolic and nuclear Nrf-2
3 ) Nrf-2 g4 protein levels were detected by Western blotting.
g 2 .3 3 '_' The relative levels of Nrf-2/p-tubulin and Nrf-2/
=z Histone H3 gz Histone H3 were measured by semiquantitative
81 ﬁ ¢ 1 r% analysis of the Western blots (n = 5). Results are
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5 é)R%g ; FCPRO3 + + ECPROS - N *P < 0.01 versus the indicated group.

immunofluorescent staining, FCPRO3 further enhanced the expression
of Nrf-2 in the nucleus (Fig. 5D and F), suggesting that PDE4 inhibition
enhanced Nrf-2 translocation into the nucleus.

3.6. Nrf-2 inhibition attenuates the inhibitory effects of FCPRO3 on ER
stress and apoptosis

We showed that the PDE4 inhibitor, FCPR03, increased the nuclear
localization of Nrf-2. Next, we further investigated whether inhibition
of Nrf-2 could block the effects of FCPRO3 on ER stress and apoptosis
under OGD. As shown in Fig. 6A-F, OGD significantly induced the ex-
pression of ER-stress-related proteins, while FCPRO3 reversed the ef-
fects of OGD and reduced ER stress. As expected, the Nrf-2 inhibitor
ML385 (5uM), blocked the action of FCPRO3, and the levels of ER
stress-related proteins increased significantly after administration of
ML385 (Fig. 6A-F). These results suggest that Nrf-2 plays a key role in
the regulation of PDE4 on ER stress. Similarly, we investigated whether
ML385 blocked the role of PDE4 inhibition on apoptosis. Fig. 6G-I
shows that OGD treatment significantly reduced cellular viability
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significantly (54.34 + 8.05%, P < 0.01, Fig. 6G and H). The PDE4
inhibitor, FCPRO3, increased cell viability to 71.07 *= 8.16%
(P < 0.01), and reduced the level of cleaved caspase 3 (P < 0.01).
Notably, the cytoprotective effect of FCPRO3 was blocked by ML385
(Fig. 6G-I). ML385 reduced cell viability to 50.84 = 7.34%
(P < 0.01). These data suggest that Nrf-2 was involved in the neuro-
protective effect of FCPRO3.

3.7. Knockdown of HO-1 attenuates the inhibitory effects of FCPRO3 on ER
stress and increases the production of ROS

HO-1 is a downstream target gene of Nrf-2. Nrf-2 enhances the
transcription of HO-1 through binding to ARE in the nucleus [31]. In
the present study, we also confirmed that knocking down the expression
of Nrf-2 reduced the protein level of HO-1 in HT-22 cells under OGD
(Supplementary Fig. S1). HO-1 is known to be a crucial anti-oxidant
protein. We showed that Nrf-2 was involved in the inhibitory effect of
FCPRO3 on OGD-triggered ER stress and cellular injury. We then further
examined if HO-1 was involved in this process. Cells were transfected

Fig. 6. Protective effects of FCPRO3 in
ameliorating ER stress and reducing apop-
tosis are abolished by ML385. (A, C, E) HT-
22 cells pre-treated with the Nrf-2 inhibitor
ML385 (5 uM), were treated with FCPR0O3
(20 uM) for 1 h followed by 6 h of OGD. The
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Fig. 7. Protective effects of FCPRO3 in ameliorating ER stress and reducing apoptosis are abolished by silencing of HO-1. (A, C, E) HT-22 cells were transfected with a
negative control (NC) or siRNA of HO-1 (si-HO-1). At 24 h after transfections, cells were pretreated with FCPR0O3 for 1 h and subjected to 6 h of OGD. The protein
levels of HO-1, GRP78, p-elF2q, and elF2a were determined by Western blotting. (B, D, F) The relative levels of HO-1/B-tubulin (n = 3), GRP78/f-tubulin (n = 3)
and p-elF2a/elF2a (n = 3) were measured by semiquantitative analysis of the Western blots. (G, H) HT-22 cells transfected with NC or si-HO-1 were pretreated with
FCPROS3 for 1 h, subjected to 6 h of OGD, and were incubated with CellROX Deep Red Reagent (5 uM) for 30 min. Finally, the intracellular ROS was detected by
confocal microscopy. Intracellular ROS was quantified by Image J (18 fields from three independent experiments, n = 3). (I) HT-22 cells transfected with NC or
si-HO-1 were pretreated with FCPRO3 for 1 h and subjected to OGD for 6 h and re-oxygenation for 24 h. Then, cell viability was measured by a CCK-8 assay (12

duplications from three independent experiments, n = 3). (J, K) HT-22 cells were processed as described above, and the protein level of cleaved-caspase3 was
determined by Western blotting. The relative level of cleaved-caspase 3/pro-caspase 3 was measured by semiquantitative analysis of the Western blots (n = 3).

Results are expressed as the mean =+
reader is referred to the Web version of this article.)

with specific HO-1 si-RNA. Then, at 24 h after transfection, cells were
treated with FCPR0O3 and were exposed to OGD. We found that FCPR03
significantly increased the expression of HO-1 in HT-22 cells (Fig. 7A),
which was consistent with the finding that FCPRO3 increased the level
of Nrf-2 in the nucleus (Fig. 5). FCPR0O3 reduced the levels of ER stress-
related proteins, such as GRP78 and p-elF2a. In contrast, knockdown of
HO-1 blocked the role of FCPRO3 and significantly increased the ex-
pression of these ER stress-related proteins (Fig. 7C-F). Since Nrf-2/HO-
1 signaling is a canonical pathway for ameliorating oxidative stress, we
next examined the production of ROS in HT-22 neuronal cells trans-
fected with HO-1 si-RNA. Our results indicated that knockdown of HO-1
blocked the anti-oxidant effects of FCPRO3 and increased the produc-
tion of ROS in cells subjected to OGD (Fig. 7G and H). Similarly,
FCPRO3 increased cell viability (Fig. 7I) and reduced the level of the
apoptotic protein, cleaved caspase 3, while knockdown of HO-1 blocked
the anti-apoptotic effect of FCPR0O3 (Fig. 7J and K). In addition, to
further confirm the involvement of HO-1, we also investigated the role
of the HO-1 inhibitor, ZnPP, on the expression of ER-related proteins.
Similar to the results showing in Fig. 7, inhibition of HO-1 attenuated
the inhibitory role of FCPRO3 on the expression of both GRP78 and p-
elF-2a (Supplementary Fig. S2). ZnPP also blocked the protective role
of FCPRO3 and decreased cell viability in HT-22 neuronal cells sub-
jected to OGD (Supplementary Fig. S3). These results indicate that HO-
1 was involved in the protective effect of FCPR0O3 ameliorating ER
stress.

SD, *P < 0.05, **P < 0.01 versus the indicated group. (For interpretation of the references to colour in this figure legend, the

3.8. FCPRO3 reduces OGD-induced oxidative stress and ER stress similar to
that of a free radical scavenger

Nrf-2/HO-1 is an intracellular endogenous antioxidant system.
Oxidative stress can trigger ER stress [27]. We showed that FCPR0O3
activated Nrf-2/HO-1 and reduced ROS production. We next in-
vestigated whether removal of ROS by the free radical scavenger, NAC,
would exert a similar effect to that of FCPR03. HT-22 cells were sub-
jected to OGD in the presence of NAC (2.5 mM) or FCPR03 (20 uM), and
the level of ROS was determined by the CellROX™ Deep Red reagent.
We found that NAC exerted similar effects to these of FCPRO3 in re-
ducing the production of ROS (Fig. 8A and B). In addition, OGD
treatment caused a significant increase in lipid peroxide MDA (Fig. 8C,
P < 0.01), FCPRO3 and NAC antagonized the oxidative stress triggered
by OGD and restored the level of MDA (Fig. 8C). Next, we examined
whether NAC could reduce OGD-induced ER stress. As shown in
Fig. 8D-G, OGD induced the expression of GRP78 and p-elF2a, while
NAC blocked the role of OGD and significantly reduced the level of
GRP78 (P < 0.05) and p-elF2a (P < 0.01). Consistently, NAC and
FCPRO3 played similar effects in increasing cell viability in HT-22 cells
subjected to OGD. OGD treament decreased cell viability to
41.3 + 8.80%, while NAC and FCPRO3 increased cell viability to
57.88 = 14.63% (P < 0.01) and 58.47 *= 5.93% (P < 0.01), re-
spectively. (Fig. 8H). Taken together, these results indicate that FCPRO3
exhibited a similar effect to that of a free radical scavenger and, im-
portantly, that removal of free radicals is beneficial to reduce OGD-
triggered ER stress and subsequent neuronal death.
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Fig. 8. FCPRO3 reduces intracellular ROS and represses ER stress in OGD-treated HT-22 cells. (A, B) HT-22 cells pretreated with FCPRO3 (20 uM) or N-Acetyl-L-
cysteine (NAC, 2.5 mM) for 1 h were subjected to 6 h of OGD and were incubated with CellROX Deep Red Reagent (5 uM) for 30 min. Finally, intracellular ROS was
detected by confocal microscopy. Intracellular ROS was quantified by Image J (18 fields from three independent experiments, n = 3). (C) HT-22 cells pretreated with
FCPRO3 or NAC for 1 h were subjected to 6 h of OGD. Lipid peroxidation in HT-22 cells was measured by the level of malondialdehyde (MDA). (D, E, F, G) HT-22 cells
pretreated with NAC for 1 h were subjected to 6 h of OGD. The protein levels of GRP78, p-eIF2a, and elF2a were determined by Western blotting. The relative levels
of GRP78/[B-tubulin and p-eIlF2a/elF2a were determined by semiquantitative analysis of the Western blots (n = 3). (H) HT-22 cells pretreated with FCPRO3 or NAC
for 1 h were subjected to OGD for 6 h and re-oxygenation for 24 h, and then cell viability was detected by a CCK-8 assay (12 duplications from three independent
experiments, n = 3). Results are expressed as the mean #+ SD, *P < 0.05, **P < 0.01 versus the indicated group. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

A C D

S ——— g_°

58

T ©

B-tubulin [Sr——] 85’

oGD =- = + + £
FCPRO3 = + = + oGD - - + +

FCPRO3 - + - +

CTL+FCPRO3

ve)

5 150

o 29 T k% ¥x

- =48 i

32 5 100

<] 52 12

E 1 % © 50 ﬁ ﬁ

° oR =

c':. ﬁ 0 L

r OGD + o+ o+

OGD = FCPRO3 - - - + +

FCPRO3 -  + OGD+FCPR03 ML385 - + - -+
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3.9. Inhibition of PDE4 reduces ROS production and ER stress in primary
cultured neurons

We showed that knockdown or inhibition of PDE4 reduced ROS and
ER stress in HT-22 neuronal cells exposed to OGD. Next, we validated
these results in primary cultured cortical neurons. Cultured neurons
were identified by immunocytochemical staining of neuronal nuclei
(NeuN), and the ratio of NeuN-positive cells was more than 85%
(Supplementary Fig. S4). First, p-e[F2a was used as a representative
marker to indicate ER stress. Western blotting showed that FCPRO3
significantly decreased the level of p-eIF2a in primary cultured neurons
(Fig. 9 A and B, P < 0.01). Next, similar to the results obtained in HT-
22 neuronal cells, OGD treatment caused substantial production of ROS
in primary neurons, while FCPRO3 was effective in reducing the in-
tracellular ROS (Fig. 9C and D). We then tested the effects of FCPRO3 on
cell viability and the involvement of Nrf-2 in primary cultured neurons.
We found that cell viability was significantly decreased in neurons
subjected to OGD treatment (56.87 * 9.79%), while the PDE4 in-
hibitor, FCPR03, blocked the role of OGD and enhanced cell viability
(71.07 £ 5.66%, Fig. 9E, P < 0.01). Consistently, the Nrf-2 inhibitor,
ML385, abolished the role of FCPR0O3 on cell viability (51.62 + 12.41,
Fig. 9E, P < 0.01). These results suggest that inhibition of PDE4 in
primary cultured neurons reduced ROS production, ER stress, and
apoptosis. Additionally, these findings suggest that Nrf-2 was poten-
tially involved in these processes. Next, we examined the role of PDE4
inhibition on ER stress in vivo. A focal cerebral ischemia/reperfusion
model in rats was induced by MCAO for 2 h, followed by reperfusion for
24 h. The experimental procedure and sample preparation were the
same as those used in our previously published work [17]. We found
that the protein levels of GRP78, p-elF2a, and CHOP were significantly
increased in the penumbra of the ipsilateral hemisphere
(Supplementary Fig. S5), while intraperitoneal administration of
FCPRO3 (5mg/kg) at 2h after MCAO restored the levels of GRP78
(P < 0.01), p-elF2a (P < 0.01), and CHOP (P < 0.01).

4. Discussion

In the current study, we showed for the first time that inhibition of
PDE4 reduced OGD-triggered ER stress and apoptosis in neuronal cells
and, importantly, that this protective effect was mediated by activating
Nrf-2/HO-1 signaling and subsequently suppressing oxidative stress.
These conclusions are based on the following observations: (1) exposure
of neuronal cells to OGD caused significant ER stress at the early stage
of OGD; (2) overexpression of PDE4 increased ER stress under both
basal and OGD conditions; (3) knockdown of PDE4 or treatment with
the PDE4 inhibitor, FCPR03, reduced ER stress and neuronal apoptosis
in HT-22 neuronal cells exposed to OGD; (4) FCPRO3 increased the
nuclear localization of Nrf-2, and inhibition of Nrf-2 attenuated the role
of FCPRO3 on ER stress and cell viability; (5) FCPRO3 increased the
expression of HO-1, whereas HO-1 knockdown abolished the inhibitory
effects of FCPRO3 on ER stress, ROS production, and neuronal apop-
tosis; (6) FCPRO3 was effective in reducing ROS, and scavenging ROS
was beneficial in reducing ER stress; and (7) these findings were ver-
ified in primary cultured neurons and in an MCAO animal model. A
summary of the protective effects of PDE4 in ameliorating OGD-trig-
gered ER stress and potential related signaling pathways are shown in
Fig. 10.

Cerebral ischemia-reperfusion injury is a trigger to induce and in-
itiate ER stress in neurons. Excessive ER stress induces neuronal
apoptosis, and in turn aggravates neuronal damage caused by cerebral
ischemia [32]. Under this circumstance, GRP78 acts as a sensor and
activates PERK and IRE1aq, after which downstream signaling molecules
such as elF2a, ATF4, and CHOP are activated [33]. In the present study,
we established an OGD cellular model and found that GRP78 was up-
regulated at the early stage of hypoxia (3h) and continued to increase
in a time-dependent manner (Fig. 1A and B). GRP78 binds to PERK at
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rest and is inactive. When ER stress occurs, GRP78 is activated by
dissociation from PERK, and PERK also activates and phosphorylates
the downstream target, elF2a. elF2a is a translational regulator that is
activated by phosphorylation. We found that OGD treatment led to the
activation of both PERK and elF2a (Fig. 1C-F). Activated elF2a pro-
motes the translation of ATF4, which further promotes the expression of
CHOP [34]. As expected, we found that the expression of CHOP was
significantly increased in the absence of oxygen for 3-6 h (Fig. 1G and
H). When stimuli persist, ER stress exceeds the neuronal compensatory
capacity, and high expression of CHOP activates the Caspase-3 apop-
totic cascade, which promotes apoptosis. Our present study also con-
firmed that hypoxia and reoxygenation for 24 h significantly decreased
the cell viability (Fig. 1I). In the present study, we did not examine the
expression of ATF4, but it is predicted that OGD treatment also in-
creases the level of ATF4, as ATF4 is activated by the GRP78/PERK/
elF2a pathway.

PDE4 is highly expressed in neurons [35]. A genome-wide search
found that the PDE4 gene is highly associated with ischemic stroke
[36]. To investigate the protective effects and underlying mechanisms
of PDE4 inhibition against ischemic stroke, we established in vitro and
in vivo models to mimic the pathology of stroke. We found that over-
expression of PDE4 significantly increased ER stress under basal and
OGD conditions, as evidenced by increased levels of GRP78 and p-
elF2a/elF2a (Fig. 2). Consistently, knockdown of PDE4 or inhibition of
PDE4 decreased ER stress and down-regulated the expression of ER
stress-related proteins, such as GRP78, p-el[F2a and CHOP. Importantly,
knockdown PDE4 increased cell viability and decreased the level of
cleaved caspase 3 under OGD. These data are consistent with our pre-
vious findings that inhibition of PDE4 by FCPRO3 enhances cellular
survival in neurons subjected to OGD [17]. Additionally, we also ver-
ified that cerebral ischemia-reperfusion significantly increased the le-
vels of GRP78, p-elF2a/elF2a, and CHOP in the penumbra of the ip-
silateral hemisphere of rats subjected to MCAO, whereas administration
of PDE4 inhibitors reduced ER stress (Supplementary Fig. S5). These
data are further supported by the results that inhibition of PDE4 re-
duced cerebral infarct size and ameliorated neurological deficits in rats
following MCAO [17]. These results suggest that neuroprotective ef-
fects of PDE4 inhibition in models of cerebral ischemia is mediated
through inhibiting ER stress. Collectively, for the first time, we linked
the protective effects of PDE4 inhibition in neurons with ER stress
suppression. Inspired by these findings, we were interested to further
study by which molecules PDE4 inhibition suppressed ER stress.

Nrf-2 is widely expressed in the brain and is one of the most im-
portant antioxidant defense mechanisms within cells [37]. Under phy-
siological conditions, Nrf-2 binds to Keapl in the cytoplasm. Under the
condition of cerebral ischemia and reperfusion, excessive oxidative
stress promotes the separation of Keapl with Nrf-2, and activates Nrf-2
[38]. Activated Nrf-2 translocates to the nucleus and binds to ARE,
which initiates transcription of multiple downstream anti-oxidant
genes, such as HO-1 [39]. Therefore, Nrf-2 is a key transcription factor
maintaining redox homeostasis inside cells. Previous studies have
shown that Nrf-2 possesses cytoprotective effects in various models of
ischemia-reperfusion-induced brain injury and renal injury [40,41].
More importantly, administration of an Nrf-2 activator is effective at
reducing oxidative stress damage [41]. When cerebral ischemia occurs,
the production of ROS is significantly increased, and antioxidant de-
fense is usually insufficient to antagonize the substantially increased
ROS. Excessive oxidative stress directly triggers the occurrence of ER
stress, which subsequently increases the expression of HO-1 in cells.
The increase in HO-1 expression is a compensative auto-regulatory
mechanism or a negative-feedback mechanism that is supposed to
scavenge ROS and attenuate cell death caused by ER stress [42]. In the
present study, we found that the amount of Nrf-2 in the nucleus of HT-
22 neuronal cells was increased following OGD, while FCPRO3 further
increased the level of Nrf-2 in the nucleus. Interestingly, the Nrf-2 in-
hibitor, ML385, attenuated the neuroprotective effect of FCPRO3,
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Fig. 10. Inhibition of PDE4 protects neurons against
ER stress via activation of the Nrf-2/HO-1 pathway.
Under the condition of cerebral ischemia-reperfu-
sion (I/R), excessive production of ROS triggers ER
stress, and activates PERK/elF2a/CHOP pathway.
This leads to cellular apoptosis following cerebral
ischemia. Inhibition of PDE4 increases the in-
tracellular concentration of cAMP, which subse-
quently activates Nrf-2. In the nucleus, Nrf-2 binds
to ARE and promotes the expression of HO-1,
thereby enhancing the scavenge of ROS, reducing
secondary ER stress and neuronal apoptosis.

decreased cell viability and increased the expression of cleaved caspase
3. Consistently, ER-stress-related proteins such as GRP78, CHOP and p-
elF-2a/elF-2a were increased by ML385 as well. These data suggest
that the neuroprotective effects of PDE4 inhibition against OGD de-
pends on the presence of Nrf-2. We further knocked down the expres-
sion of HO-1 in cells by specific siRNA. The results demonstrated that
the effects of the PDE4 inhibitor was weakened, and that ER stress-
related proteins were up-regulated. These results suggest that the Nrf-2/
HO-1 system is involved in the neuroprotective effect of PDE4 inhibi-
tion against OGD, and that its effect is highly correlated with the sup-
pression of ER stress.

HO-1 shows efficiency in inhibiting ER stress. Mechanistically, HO-1
is distributed in the ER. HO-1 is able to regulate the redox homeostasis
of the ER [43], and thus provides a redox microenvironment suitable
for the folding of newly synthesized proteins or misfolded molecules.
Alternatively, HO-1 may also reduce ER stress through enhancing au-
tophagy [44]. Hence, it is worthwhile for future studies to further in-
vestigate how HO-1 affects OGD-triggered ER stress. Additionally, an-
other phenomenon worth elucidating is how PDE4 regulates Nrf-2.
Recent studies have shown that Nrf-2 activation is not solely dependent
on the Keapl pathway. Non-Keapl-dependent pathways, such as PI3K/
Akt and GSK3p, are also involved in the regulation of Nrf-2 [45,46].
Studies have shown that the expression of GSK3[} is increased in is-
chemic brain injury [47]. Consistent with this finding, we also found
that an inhibitor of GSK3[p exerted neuroprotective effects in an is-
chemic hypoxic animal model [48]. Activated GSK3[3 may inhibit the
activation of Nrf-2 by both direct and indirect ways. GSK3p may di-
rectly phosphorylate Nrf-2, which would result in degradation and
decreased localization of Nrf-2 in the nucleus [49]. Additionally, acti-
vated GSK3[3 may promote the translocation of Nrf-2 from the nucleus
to the cytoplasm and its subsequent degradation through the phos-
phorylation of Fyn [50]. Interestingly, our recent study found that in-
hibition of PDE4 by FCPRO3 inactivates GSK3f through increasing
cAMP and the subsequent activation of the Epac/Akt pathway in neu-
rons exposed to OGD and in rats subjected to MCAO [17]. Hence, it is
highly possible that inhibition of PDE4 promotes the nuclear translo-
cation of Nrf-2 through promoting the phosphorylation of Akt and
GSK3p.

In the present study, we demonstrated that PDE4 inhibitor FCPR0O3
protected neurons against oxygen-glucose deprivation-induced

11

endoplasmic reticulum stress. We would like to point out that compared
with the first-generation PDE4 inhibitor rolipram, FCPRO3 is a novel
PDE4 inhibitor with better PDE4 inhibitory activity. FCPRO3 has an
IC50 (Inhibitory Concentration 50%) value of 60 nM, while rolipram
has an IC50 value of 550 nM [29]. Importantly, rolipram is character-
ized for its potential to trigger nausea and vomiting, while FCPR03 had
no effect on inducing emesis in rodents at its effective doses [29].
Hence, FCPRO3 might be a promising compound for the intervention of
neurological disorders, such as ischemic stroke.

5. Conclusions

In conclusion, the present study demonstrates that inhibition of
PDE4 protects against ER stress—induced cellular damage by activating
the Nrf-2/HO-1 pathway, thereby restoring ER homeostasis and pre-
venting neuronal death. In addition, our present findings suggest that
PDE4 may serve as a therapeutic target for the intervention of cerebral
ischemia. Moreover, our results suggest that FCPRO3 may represent a
promising candidate for the treatment of ER stress-mediated neurolo-
gical diseases.
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