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Abstract

We have previously shown that inhibition of phosphodiesterase 4 (PDE4) protects against cerebral ischemia/reperfusion
injury. However, it remains unclear whether and how PDE4 affects ferroptosis under cerebral ischemia/reperfusion conditions.
In this study, we found that overexpression of PDE4B in HT-22 cells exacerbated the detrimental effects of oxygen—glucose
deprivation/reoxygenation (OGD/R), including a decrease in cell viability and glutathione (GSH) levels and an increase
in Fe** content. PDE4B knockdown mitigated the effects of OGD/R, as evidenced by decreased oxidative stress, lactate
dehydrogenase (LDH) release, Fe** content, and nuclear receptor coactivator 4 (NCOA4) expression. PDE4B knockdown
also enhanced the levels of GSH, ferroportin (FPN), and ferritin heavy chain 1 (FTH1). Consistently, inhibition of PDE4 by
roflumilast (Roflu) produced similar effects as PDE4B knockdown. Roflu also ameliorated the morphology and membrane
potential of the mitochondria. Glutathione peroxidase 4 (GPX4) knockdown blocked the effects of Roflu on cell viability
and lipid peroxidation. Moreover, we found that nuclear factor erythroid 2-related factor 2 (Nrf-2) knockdown decreased
GPX4 expression. In addition, Nrf-2 knockdown led to enhanced lipid peroxidation, LDH release, and iron levels, while the
GSH and FPN levels decreased. More crucially, PDE4 inhibition decreased infarct volume, alleviated oxidative stress, and
restored the expression levels of ferroptosis-associated proteins in middle cerebral artery occlusion/reperfusion (MCAO/R)
rats. Interestingly, the GPX4 inhibitor RSL3 blocked the neuroprotective effects of Roflu in rats subjected to MCAO/R. Thus,
PDE4 inhibition significantly inhibits neuronal ferroptosis by activating the Nrf-2/GPX4 pathway. These data indicate the
existence of a novel mechanism underlying the neuroprotective effects of PDE4 inhibition.
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Introduction

Ischemic stroke is one of the leading causes of death as well
as disability worldwide [1]. Although some progress has
been made in the research on ischemic brain injury in recent
years, the number of therapeutic agents for ischemic stroke is
still very limited [2]. Recombinant tissue plasminogen acti-
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vator is an FDA-approved drug for the treatment of ischemic
stroke [3]. However, its narrow therapeutic window and the
disadvantage of possible bleeding greatly limit its clinical
application [3]. Hence, there is an urgent need to further
clarify the mechanism of neuronal death in ischemic brain
injury and to identify novel therapeutic targets and drugs for
the treatment of ischemic stroke.

Phosphodiesterase 4 (PDE4) is a specific hydrolase
responsible for the hydrolysis of the second messenger
cyclic adenosine monophosphate (cAMP). Inhibition
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of PDE4 increases the intracellular level of cAMP and
activates multiple signaling pathways [4]. Studies by our
group and other researchers have previously demonstrated
that targeting PDE4 by either gene knockout or small mol-
ecule inhibitors increases neuronal survival in a variety
of neurological disease models [5, 6]. Our previous study
showed that PDE4 inhibition ameliorates cognitive deficits
in APP/PS1 transgenic mice [7]. We also found that PDE4
inhibitors protected dopaminergic neurons against apop-
tosis in experimental models of Parkinson’s disease [8].
Recently, we demonstrated the involvement of PDE4 in
neuronal death in ischemic brain injury [9]. Interestingly,
we found that inhibition of PDE4 reduced the levels of
reactive oxygen species (ROS) in neurons under ischemic
and hypoxic conditions [10]. The above studies have
shown that PDE4 is a potential target for the treatment of
central nervous system diseases. In addition, revealing the
mechanism by which inhibition of PDE4 produces neu-
roprotective effects will facilitate the discovery of novel
targets and drugs for the treatment of cerebral ischemia.

Iron-dependent excessive lipid peroxidation and mito-
chondrial dysfunction are characteristics of ferropto-
sis, which is a novel form of regulated cell death first
described in 2012 [11]. Ferroptosis is closely associated
with the initiation and progression of ischemic stroke
[12]. In an animal model of middle cerebral artery occlu-
sion/reperfusion (MCAQ/R), iron overload was observed
in the ischemic penumbra, and attenuation of ferroptosis
alleviated iron overload and cerebral infarction caused by
MCAOJ/R [13]. Consistently, iron levels in serum are sig-
nificantly elevated in patients with ischemic stroke [14].
Intracellular polyunsaturated fatty acids undergo a Fenton
reaction in the presence of divalent iron ions, generating
large amounts of ROS, which in turn induce cell death,
and intracellular mitochondrial sequestration is observed
morphologically [15]. Therefore, from this perspective,
ferroptosis may be inhibited by modulating intracellular
iron homeostasis, reducing ROS levels and lipid peroxi-
dation. Emerging studies have reported that ferroptosis
deteriorates cerebral ischemia and that inhibition of fer-
roptosis is beneficial for the treatment of stroke [16—18].
In summary, targeting ferroptosis is a potential strategy
for the treatment of ischemic brain injury. Our previous
study indicated that inhibition of PDE4 attenuates the
production of ROS in neurons. Importantly, inhibition of
PDE4 enhances the translocation of nuclear factor eryth-
roid 2-related factor 2 (Nrf-2) from the cytoplasm into
the nucleus and activates Nrf-2 in neurons under oxy-
gen—glucose deprivation/reoxygenation (OGD/R) condi-
tions [19]. Nrf-2 has been proven to play a pivotal role
in the regulation of ferroptosis [20]. However, whether
PDE4 is involved in the regulation of ferroptosis during
the process of stroke is unknown.
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The aim of the present study was to evaluate the protec-
tive role of PDE4 inhibition against ferroptosis induced by
cerebral ischemia and to identify the underlying signaling
pathways. Based on our previous studies, we hypothesized
that specific inhibition of PDE4 would protect against neu-
ronal ferroptosis. Mechanistically, the anti-ferroptotic effects
of PDE4 inhibition would be mediated through the activation
of Nrf-2. In the present study, we exposed HT-22 neuronal
cells to OGD/R and examined the changes in the expression
of ferroptosis markers, iron-related parameters, and potential
signaling pathways. We also verified the role of PDE4 inhi-
bition in rats subjected to MCAO/R. Collectively, our study
identified PDE4 as a novel contributor involved in ferrop-
tosis during the process of stroke. Additionally, roflumilast
(Roflu), an FDA-approved drug for the treatment of chronic
obstructive pulmonary disease, is a pan-PDE4 inhibitor with
a subnanomolar ICs, value against PDE4 activity [21]. In
the present study, we also found that Roflu is a potent neu-
roprotective agent against ferroptosis-associated diseases
including cerebral ischemia.

Materials and Methods
Materials

Roflu (#S2131) and z-VAD-fmk (Zvad, #S7023) were
obtained from Selleck (Shanghai, China). An Image-iT™
Lipid Peroxidation Kit (#C10445), Lipofectamine™ 3000
Transfection Reagent (#L.3000008), Opti-MEM® Reduced-
Serum Medium (#31985088), CellROX Deep Red Reagent
(#C10422), a Click-iT™ Lipid Peroxidation Imaging Kit
(#C10446), and tetramethylrhodamine ethyl ester perchlo-
rate (TMRE, #T669) were obtained from Thermo Fisher Sci-
entific (Waltham, MA, USA). Antibodies against cyclooxy-
genase-2 (COX2, #12282), ferritin heavy chain 1 (FTHI,
#4393), and PDE4B (#72096) were purchased from Cell
Signaling Technology, Inc. (Massachusetts, USA). Antibod-
ies against glutathione peroxidase 4 (GPX4, #ab125066),
acyl-CoA synthetase long-chain family member 4 (ACSL4,
#ab155282), and nuclear receptor coactivator 4 (NCOA4,
#ab86707) were obtained from Abcam (Cambridge, UK).
Antibodies against ferroportin (FPN, #26601-1-AP) and
Nrf-2 (#16396-1-AP) were obtained from Proteintech
(Wuhan, Hubei, China). An antibody against glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH, #FD0063) was
obtained from Fude Biological Technology (Hangzhou,
China). Small interfering RNAs (si-RNAs) specific to
GPX4, Nrf-2, and PDE4B were obtained from GenePharma
(Shanghai, China). The PDE4B plasmid was constructed
by Shuangquan Biotechnology (Guangzhou, Guangdong,
China), and the lipid peroxidation malondialdehyde (MDA)
assay kit (#50131) and lactate dehydrogenase (LDH) assay
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kit (#C0017) were purchased from Beyotime Biotechnol-
ogy (Shanghai, China). 2,3,5-Triphenyltetrazolium chloride
(TTC, #T8877) was purchased from Merck (Darmstadt,
Germany). A Cell Counting Kit-8 (CCK-8, #CK04) and
FerroOrange (#F374) were obtained from Dojindo Molec-
ular Technologies (Tokyo, Japan). Ferrostatin-1 (Fer-1,
#F129882) and erastin (#E126853) were purchased from
Aladdin (Shanghai, China). Deferoxamine mesylate (DFO,
#D873692), RSL3 (#R873890), and the autophagy inhibitor
chloroquine (CQ, #C843545) were purchased from Mack-
lin (Shanghai, China). An iron assay kit (#E-BC-K139-S)
was obtained from Elabscience Biotechnology (Wuhan,
China), and a glutathione (GSH) assay kit (#A006-2—1)
was obtained from the Nanjing Jiancheng Bioengineering
instituteInstitute (Nanjing, China). Polyoxyl 15 hydroxystea-
rate (HS-15, #MB1809-1) was purchased from Meilunbio
(Dalian, China).

Cell Culture

The HT-22 cell line was purchased from Merck (Darmstadt,
Germany). The cells were cultured in DMEM (#11965092,
Thermo Fisher Scientific) containing 10% fetal bovine
serum (FBS, #A3161001C, Thermo Fisher Scientific) in an
incubator with 5% CO, and 95% air at 37 °C.

Animals

Male adult (260-290 g) Sprague—Dawley rats were pur-
chased from the Experimental Animal Center of South-
ern Medical University (Guangzhou, Guangdong, China).
The temperature was maintained at 20-24 °C. The relative
humidity was maintained at 55-65%. All experimental pro-
cedures were approved by the Laboratory Animal Ethics
Committee of Southern Medical University (approval num-
ber: SMUL202310009) and performed in compliance with
the ethical guidelines of the NIH Guide for the Care and Use
of Laboratory Animals (NIH, revised 1996).

Drug Preparation

For in vivo experiments, the PDE4 inhibitor Roflu was dis-
solved in 0.9% saline containing 5% Tween-80 and 0.5%
dimethyl sulfoxide (DMSO). The apoptosis inhibitor Zvad,
the necrosis inhibitor Nec-1, the autophagy inhibitor CQ,
the ferroptosis inducers RSL3 and erastin, and the ferropto-
sis inhibitor Fer-1 were dissolved in DMSO and diluted in
a cell culture medium. The ferroptosis inhibitor DFO was
dissolved in PBS and diluted in a cell culture medium. For
in vitro experiments, Roflu and RSL3 were dissolved in 0.9%
saline containing 5% absolute ethyl alcohol and 5% HS-15.

Oxygen-glucose Deprivation Cell Model

The oxygen—glucose deprivation cell model was established
using HT-22 cells as previously described [22]. HT-22 cells
were seeded in plates or dishes. After cells were adhered,
they were washed with PBS twice, and then the medium was
changed to serum- and glucose-free DMEM (#11966025,
Thermo Fisher Scientific). The cells were transferred to
an anoxic chamber with 95% N, and 5% CO, at 37°C. The
control cells were cultured in normal DMEM in a normal
cell incubator. After 6 h, the cells were transferred from
the anoxic chamber to the normal cell incubator, and the
medium was changed to DMEM.

Cell Viability Assay

Cell viability was determined by the CCK-8 assay. HT-22
cells were seeded at a density of 70-80%. The next day, the
cells were exposed to OGD/R, and then 20 pL of CCK-8
reagent was added to each well, and cells were incubated at
37°C. Finally, the absorbance at 450 nm was determined by
a microplate reader (BioTek Synergy HTX).

LDH Release Assay

HT-22 cells were seeded at a density of 70-80%. The next
day, the cells were exposed to OGD/R. Next, 120 pl of the
medium was collected and transferred to a 96-well plate.
Then 60 pl of LDH detection working liquid (lactic acid
solution:INT solution:enzyme solution, 1:1:1) was added to
each well. The 96-well plate was placed on a shaker at room
temperature away from light for 30 min. Finally, the absorb-
ance at 490 nm was determined by a microplate reader.

PDE4B Plasmid Transfection

Plasmid transfection was performed as previously described
[19]. Briefly, the PDE4B plasmid and P3000™ reagent were
mixed in opti-MEM, while Lipofectamine™ 3000 was
mixed with opti-MEM in another tube. After incubation at
room temperature for 5 min, these two were mixed gently,
incubated at room temperature for 20 min, and added to the
cells. Subsequent experiments were carried out after incuba-
tion for 24 h.

Transfection of siRNA

The si-PDE4B sequence was “CCUGCAAGAAGAAUC
AUAU”. The si-Nrf2 sequence was “CCGAAUUACAGU
GUCUUAATT”. The si-GPX4 sequence was “GCUGCG
UGGUGAAGCGCUATT”. siRNA and P3000™ reagent
were mixed in opti-MEM, while the Lipofectamine™ 3000
was mixed with opti-MEM in another tube. After incubation
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at room temperature for 5 min. These two were mixed gently,
incubated at room temperature for 20 min, and added to the
cells. Subsequent experiments were conducted after incuba-
tion for 24 h.

Detection of MDA Levels

HT-22 cells were seeded at a density of 80-90%. The next
day, the cells were pretreated with Roflu (1 pM) for 1 h
and washed with PBS. Then, the medium was changed to
glucose-free DMEM. The cells were exposed to OGD/R
and rapidly stored at — 80°C. The next day, the cells were
lysed on ice and the lysate was centrifuged at 12 000 r/min
for 5 min at 4°C. Then, the supernatant was collected for
MDA assay, and the optical density at 532 nm was meas-
ured by a microplate reader. Finally, the protein concentra-
tion in samples was determined by the bicinchoninic acid
(BCA) method, and MDA values were normalized by protein
concentrations.

Determination of Intracellular Lipid ROS Levels

The intracellular lipid ROS levels were determined by the
Image-iTTM Lipid Peroxidation Kit, which is based on the
oxidation—-reduction of BODIPY C11 [23]. HT-22 cells were
seeded at a density of 60-70%. After exposure to OGD/R,
the cells were incubated with BODIPY C11 away from light
for 30 min. The cells were washed with PBS once. Finally,
the medium was replaced with DMEM and the cells were
imaged by confocal microscopy.

Detection of Intracellular Lipid Peroxidation

HT-22 cells were seeded at a density of 70-80%. The next
day, cells were incubated with 50 pM Click-iTTM LAA
and then exposed to OGD/R. The cells were washed three
times with PBS and then immediately fixed with 4% para-
formaldehyde immediately for 15 min. Next, the cells were
incubated with 0.5% Triton X-100 for 10 min and blocked
with 1% bovine serum albumin for 30 min. The cells were
washed three times with PBS and incubated with a Click-
iTTM reaction cocktail away from light for 30 min. Finally,
the cells were washed once with 1% bovine serum albumin
and twice with PBS and imaged using confocal microscopy.
Fluorescence intensity was analyzed by Imagel software.

Mitochondrial Membrane Potential Measurement

The mitochondrial membrane potential (MMP) was meas-
ured by TMRE staining [24]. HT-22 cells were seeded at a
density of 70-80%. The next day, the cells were exposed to
OGD/R. Then, the cells were washed with PBS. The TMRE
(50 nM) dye was added to the dishes, which were incubated
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away from light for 15 min. The cells were washed with PBS
twice and the cells were imaged by confocal microscopy.
Quantitative analysis was performed using ImageJ.

Transmission Electron Microscopy

HT-22 cells were seeded in six-well plates. The next day, the
cells were pretreated with 1 pM Roflu. After the cells were
exposed to OGD/R, they were scraped off gently. The cells
were collected by centrifugation (1500 r/min) for 5 min,
and immediately infiltrated by glutaraldehyde. The cells
were fixed at room temperature for 1 h, and stored at 4°C
overnight. The next day, the cells were carefully washed
with precooled PBS three times. The cells were sliced into
ultrathin sections and imaged using a transmission electron
microscope [24].

Determination of Intracellular Fe** Levels

Intracellular Fe?* levels were determined by FerroOrange
staining [25]. HT-22 cells were seeded at a density of
60-70%. After the cells were exposed to OGD/R, the
medium was changed to DMEM containing 1 pM Fer-
roOrange, and the cells were incubated away from light in
a 37°C thermotank for 30 min. Finally, the free Fe>* lev-
els were determined by confocal microscopy. Quantitative
analysis was performed using ImageJ.

Detection of Intracellular GSH Level

The GSH level was detected using a GSH test kit according
to the manufacturer’s instructions. HT-22 cells were seeded
in 12-well plates at a density of 60-70%. After the cells
were exposed to OGD/R, PBS was added to each well and
scraped off the cells gently. The cells were then broken up by
sonication. The supernatant was collected after centrifuging
at 12,000 r/min for 20 min. The GSH level in the supernatant
was detected according to the method provided by the manu-
facturer. The protein level in the supernatant was detected
using the BCA method. Finally, the GSH levels in individual
samples were calibrated using protein concentrations.

Rotarod Test

The rotarod test was conducted 72 h after MCAO surgery [9,
26]. First, the rats were placed on a rotating drum (#YLS-
31A, Yiyan S&T Development Co., Ltd., Jinan, Shan-
dong, China), and then the speed of the rotating drum was
increased from 3 to 30 rpm in 60 s. The time the rats stayed
on the rod was recorded. The rats were trained three times
a day for three days before MCAO surgery until they could
stay on the rod for at least 60 s.
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Adhesive-removal Test

The adhesive removal test was performed as previously
described [9]. An adhesive tape (3 cm X 1 cm) was wrapped
around the unaffected forepaw. The time it took for the rats
to remove the tape (latency to remove) was recorded up to
90 s. The rats were trained once a day for three days before
MCAQO surgery.

Western Blot

Cells or tissues were lysed in RIPA buffer (#FD009, Fude
Biological Technology, Hangzhou, China) containing 1%
protease inhibitor, followed by ultrasonication and cen-
trifugation. The supernatant was collected and the protein
concentration was determined using a BCA Protein Assay
Kit (#A53225, Thermo Fisher Scientific). After adjusting
the concentration of each sample, the samples were boiled
at 98 °C for 12 min. The proteins were separated by SDS-
PAGE and transferred to PVDF membranes (#ISEQ00010,
Merck), which were blocked in 5% skim milk and incubated
with primary antibody at 4 °C overnight. The next day, the
membranes were washed, incubated with a secondary anti-
body at room temperature for 1-2 h, and washed again.
Finally, the protein bands were visualized and imaged using
an imaging system.

Statistical Analysis

All data are expressed as mean + standard deviation
(mean + SD). Comparisons between the two groups were
analyzed by Student’s unpaired #-test. Comparisons between
three or more groups were analyzed by one-way analysis of
variance followed by Tukey’s post hoc test. The histograms
were generated by GraphPad Prism 8.0. P <0.05 was con-
sidered to indicate statistical significance.

Results

Overexpression of PDE4B Enhances Fe** Levels
and Cell Death in HT-22 Cells Exposed to OGD/R

To investigate which types of cell death were involved in the
OGD/R-induced neuronal cell damage, HT-22 cells were
pretreated with z-VAD-FMK (Zvad, a pan-caspase inhibi-
tor), necrostatin-1 (Nec-1, an inhibitor of necroptosis), chlo-
roquine (CQ, a lysosome inhibitor), deferoxamine (DFO, an
iron-chelating agent), and ferrostatin-1 (Fer-1, a ferroptosis
inhibitor), followed by OGD/R treatment, after which the
cell viability was examined using a CCK-8 assay. We found
that treatment with nearly all of the inhibitors increased the
viability of HT-22 cells (Fig. S1). These data indicate that

multiple types of cell death contribute to OGD/R-induced
cell injury. We also found that the cell survival rate was
reversed by both DFO and Fer-1. These results suggest that
ferroptosis is essentially involved in OGD/R-induced neu-
ronal damage. To further verify the involvement of ferrop-
tosis in the cell death induced by OGD/R, HT-22 cells were
treated with the ferroptosis inhibitor Fer-1 before OGD/R.
We found that OGD/R decreased cell viability significantly
(P<0.01), while Fer-1 blocked the effects of OGD/R and
enhanced the viability of HT-22 cells (P <0.01, Fig. 1A).
The PDE4B isoform is viewed as a master regulator of
brain signaling and is crucial to the maintenance of brain
function [27]. Our previous study also confirmed the criti-
cal role of PDE4B in the pathology of OGD/R [19]. In the
present study, we investigated the protein level of PDE4B in
HT-22 cells. Cells were exposed to OGD for 6 h, followed
by reoxygenation for various periods of time (1-6 h). The
results showed that the expression of PDE4B increased in a
time-dependent manner (Fig. 1B and C). To further verify
the involvement of PDE4 in OGD/R-triggered ferroptosis,
FerroOrange was used to determine the Fe?* content by
immunofluorescence staining. As shown in Fig. 1D and E,
OGDI/R increased the fluorescence intensity significantly
(P<0.001), which indicates that the level of iron increased
after OGD/R. PDE4B overexpression further increased the
level of iron under OGD/R conditions (P <0.001), while
both Fer-1 and the iron chelator DFO reversed the effects
of PDE4B overexpression and decreased the level of iron
in cells subjected to OGD/R (Fig. 1D and E). Similarly, we
also found that both Fer-1 (P <0.01) and DFO (P<0.01)
blocked the inhibitory effects of PDE4B on cell viability
(Fig. 1F and G). In accordance with these results, PDE4B
overexpression attenuated the level of GSH under the
OGD/R condition (P <0.001), while Fer-1 (P <0.05) and
DFO (P <0.05) enhanced the level of GSH in HT-22 cells
subjected to OGD/R. Taken together, these results show that
PDE4B overexpression enhanced the Fe** content and cell
death in HT-22 cells exposed to OGD/R.

PDE4B Knockdown Attenuates OGD/R-induced
Ferroptosis in HT-22 Cells

To further verify that PDE4B exacerbated ferroptosis in
HT-22 cells, we knocked down PDE4B in HT-22 cells
as described in our previous report [19]. The results
showed that PDE4B knockdown was effective in allevi-
ating OGD/R-induced intracellular lipid peroxidation, as
evidenced by a decrease in the accumulation of oxidized
BODIPY C11 in HT-22 cells (Fig. 2A and B). The role
of PDE4B in lipid peroxidation was further confirmed
using the Image-iT™ Lipid Peroxidation Kit. We found
that PDE4B knockdown significantly reduced the fluo-
rescence intensity in HT-22 cells (P < 0.05, Fig. 2C and
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Fig.1 Overexpression of PDE4B enhanced Fe?* levels and cell death
in HT-22 cells exposed to OGD/R. A HT-22 cells were pre-treated
with Fer-1 (2 pM) for 1 h, and then cells were subjected to OGD/R.
After 24 h of reoxygenation, the change in cell viability was detected
using the CCK-8 assay (nine duplications from three independent
experiments, n=3). B HT-22 cells were subjected to OGD insult and
reoxygenation for 1, 3, and 6 h. The variance of PDE4B was detected
using immunoblotting. C Relative density analysis of PDE4B/
GAPDH in HT-22 cells (n=3). D HT-22 cells were transfected with
a vector or a PDE4B plasmid. At 24 h after transfection, cells were
incubated with Ferrostatin-1 (2 pM) or DFO (100 pM) for 1 h and
then subjected to OGD/R insult. After 1 h of reoxygenation, Fer-
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roOrange staining was conducted in HT-22 cells. Scale bar: 50 pm.
E Quantitative analysis of FerroOrange staining (n=3). F After 24 h
of reoxygenation, the change in cell viability was detected using
the CCK-8 assay (nine duplications from three independent experi-
ments, n=3). G At 24 h after transfection, cells pretreated with DFO
(100 pM) for 1 h were subjected to OGD/R insult. After 24 h of reox-
ygenation, the change in cell viability was detected using the CCK-8
assay (nine duplications from three independent experiments, n=3).
H After 1 h of reoxygenation, intracellular GSH levels were detected
using a GSH detection kit (n=3). Data are presented as mean+SD

values. “P<0.05, “P<0.01, and ““P<0.001 versus the indicated
group
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Fig.2 PDE4B knockdown attenuated OGD/R-induced lipid peroxi-
dation in HT-22 cells. HT-22 cells were transfected with NC or si-
PDE4B. At 24 h after transfection, cells were subjected to OGD/R
insult. A After 1 h of reoxygenation, intracellular lipid ROS levels
were examined using BODIPY staining. Red represents reduced
BODIPY-C11; and green represents oxidized BODIPY-C11. Scale
bar: 100 pm. B Quantitative analysis of oxidized BODIPY Cl11 stain-
ing (n=4). C After 1 h of reoxygenation, a Click-iTTM Lipid Peroxi-
dation Imaging Kit was used to detect the level of intracellular lipid

peroxidation. Scale bar: 100 pm. D Quantitative analysis of lipid per-
oxidation staining (n=3). E After 1 h of reoxygenation, intracellular
GSH levels in HT-22 cells were detected using a GSH detection kit
(n=3). F The variance of COX2 was detected using immunoblotting.
G Relative density analysis of COX2/GAPDH in HT-22 cells (n=4).
H The LDH release was detected using an LDH cytotoxicity assay kit
(n=3). Data are presented as mean + SD values. "P<0.05, “P<0.01,
and "P<0.001 versus the indicated group
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D). Consistent with the decrease in lipid peroxidation,
the level of GSH increased in cells subjected to OGD/R
and treated with PDE4B siRNA (P <0.05, Fig. 2E). We
then found that PDE4B knockdown was able to alleviate
the release of LDH (P <0.001) and the upregulation of
COX2 (P<0.05, Fig. 2F-H), a ferroptosis marker protein.

Meanwhile, we also found that PDE4B knockdown
reduced the level of Fe** in HT-22 cells subjected to
OGD/R (P <0.05, Fig. 3A and B). We then investigated
iron-related proteins. We found that PDE4B knockdown
alleviated the downregulation of FPN (P <0.001, Fig. 3C
and F) and FTH1 (P <0.01, Fig. 3D and G). Interestingly,
the level of NCOA4 decreased (P <0.05, Fig. 3E and H).
The above results indicated that PDE4B knockdown alle-
viated OGD/R-induced ferroptosis.

Control+NC

Control+siPDE4B OGD/R+NC

C D

kDa

Inhibition of PDE4 Ameliorates OGD/R-induced Lipid
Peroxidation in HT-22 Cells

We then examined the effect of PDE4 inhibition by Roflu
on ferroptosis in HT-22 cells after OGD/R treatment. Cells
pretreated with Roflu were subjected to OGD for 6 h and
oxygenation for various periods of time (3—24 h). As shown
in Fig. 4A, Roflu decreased the release of LDH in HT-22
cells after oxygenation for 12 or 24 h. We then investigated
the changes in intracellular lipid peroxidation by measuring
GSH and MDA levels (Fig. 4B and C). Compared with the
control group, OGD/R-induced cells exhibited an increase
in the MDA level (P <0.01) but a decrease in the GSH level
(P<0.01). Treatment of HT-22 cells with Roflu decreased
the level of MDA (P <0.05) and enhanced the level of GSH
(P <0.05). Furthermore, we found that Roflu decreased
COX2 expression (P <0.01, Fig. 4D and E). We then deter-
mined the intracellular lipid peroxidation levels using two
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Fig. 3 PDE4B knockdown attenuated OGD/R-induced accumulation
of Fe** in HT-22 cells. HT-22 cells were transfected with NC or si-
PDE4B. At 24 h after transfection, cells were subjected to OGD/R
insult. A After 1 h of reoxygenation, FerroOrange staining was con-
ducted in HT-22 cells. Scale bar: 50 pm. B Quantitative analysis of
FerroOrange staining (n=3). C-E After 1 h of reoxygenation, the
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variances of FPN, FTH1, and NCOA4 were detected using immunob-
lotting. F-H Relative density analysis of FPN/GAPDH (n=4), FTH1/
GAPDH (n=4), NCOA4/GAPDH (n=4) in HT-22 cells. Data are
presented as mean + SD values, “P <0.05, P <0.01, and “*P <0.001
versus the indicated group
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Fig.4 Inhibition of PDE4 ameliorated OGD/R-induced lipid peroxi-
dation in HT-22 cells. A HT-22 cells were subjected to OGD insult.
After 1, 3, 6, 12, and 24 h of reoxygenation, the LDH release was
detected using an LDH Cytotoxicity Assay Kit (n=3). B HT-22 cells
were pre-incubated with Roflu (1 pM) for 1 h, and then cells were
subjected to OGD/R. After 1 h of reoxygenation, intracellular GSH
levels were detected using a GSH detection kit (n=3). C After 1 h
of reoxygenation, intracellular MDA levels were detected using an
MDA detection kit (n=3). D After 1 h of reoxygenation, the variance
of COX2 was detected by immunoblotting. E Relative density analy-

kits, the Image-iT™ Lipid Peroxidation Kit and the Click-
iTTM Lipid Peroxidation Imaging Kit. The results showed
that the intracellular lipid peroxidation level significantly
increased after OGD/R treatment, and Roflu was able to
effectively alleviate OGD/R-induced lipid peroxidation in
HT-22 cells (Fig. 4F-I).

At the same time, TMRE was used to quantify the
MMP. We found that OGD/R triggered a decrease in
MMP (P <0.001), while treatment with Roflu (0.1-1 pM)
increased the MMP in a concentration-dependent manner
(Fig. SA and B). We also used transmission electron micros-
copy to observe the changes in mitochondrial morphology
in HT-22 cells after OGD/R treatment. We found that the

sis of COX2/GAPDH in HT-22 cells (n=3). F After 1 h of reoxy-
genation, a Click-iTTM Lipid Peroxidation Imaging Kit was used to
detect the level of intracellular lipid peroxidation. Scale bar: 100 pm.
G Quantitative analysis of lipid peroxidation staining (n=3). H After
1 h of reoxygenation, intracellular lipid ROS levels were examined
using BODIPY staining. Scale bar: 100 pm. I Quantitative analy-
sis of oxidized BODIPY Cl11 staining (n=3). Data are presented as
mean + SD values. *P<0.05, P<0.01, and “P<0.001 versus the
indicated group

mitochondria in HT-22 cells were obviously sequestered
after OGD/R treatment, and Roflu was able to effectively
reduce the sequestration of mitochondria (Fig. 5C). The
above results indicate that inhibition of PDE4 could allevi-
ate OGD/R-induced ferroptosis in HT-22 cells.

Inhibition of PDE4 Alleviates OGD/R-induced
Accumulation of Fe** in HT-22 Cells

Ferroptosis is an iron-dependent form of programmed cell
death. Therefore, we next examined the changes in intra-
cellular free Fe*" levels using FerroOrange staining. The
experimental results showed that intracellular free Fe**
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Fig.5 Inhibition of PDE4
alleviated OGD/R-induced
mitochondrial membrane
potential loss and mitochondrial
pyknosis in HT-22 cells. A-B
HT-22 cells were pre-incubated
with Roflu (1 pM) for 1 h, and
then cells were subjected to
OGD/R. After 1 h of reoxygena-
tion, MMP was visualized using
TMRE staining, and statisti-

cal analyses were conducted
using ImageJ (n=3). Scale bar:
50 pm. C The changes in the B
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levels increased after OGD/R treatment (P <0.01), and
Roflu was able to alleviate intracellular free Fe?* accumu-
lation (P <0.01, Fig. 6A and B). Ferritin is an important
protein in the intracellular regulation of free iron levels,
and changes in the levels of FTHI1, the heavy chain of
intracellular ferritin, reflect changes in the levels of intra-
cellular ferritin [28]. We therefore examined the changes
in FTHI protein levels. We found that intracellular FTH1
expression was significantly reduced after OGD/R treat-
ment (P <0.01), and Roflu was able to effectively alleviate
the OGD/R-induced reduction in FTHI1 levels (P <0.01,
Fig. 6C, E). By contrast, ferritinophagy during ischemic
brain injury can lead to intracellular Fe** accumulation
by degrading ferritin, which in turn aggravates ferroptosis
[29]. Therefore, we examined the changes in the levels of
NCOAA4, a key protein in ferritinophagy [30]. The results
showed that NCOA4 expression was significantly upregu-
lated in HT-22 cells after OGD/R treatment (P <(0.01), and
Roflu was able to alleviate the OGD/R-induced upregula-
tion of NCOA4 (P <0.05, Fig. 6C and D). FPN, an iron
exporter in mammals, plays a critical role in iron home-
ostasis [31]. We found that the level of FPN decreased
in HT-22 cells after OGD/R (P <0.01), whereas Roflu
restored the level of FPN (P <0.001, Fig. 6F and G).

To further verify the protective effects of Roflu against
ferroptosis, HT-22 cells were treated with the ferroptosis
inducers erastin and RSL3. The results showed that erastin
(2.5-20 pM) and RSL3 (1.25-10 pM) reduced cell viabil-
ity in a concentration-dependent manner (Fig. 7A and B),
whereas Roflu (0.1-10 pM) reversed the effects of both
erastin and RSL3 (Fig. 7C and D). Taken together, these
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data indicate that inhibition of PDE4 is beneficial to iron
homeostasis in neuronal cells under OGD/R conditions.

Knockdown of GPX4 Blocks the Protective Effect
of Roflu Against OGD/R-induced Ferroptosis
in HT-22 Cells

In the present study, Roflu was found to enhance the level
of GSH. Glutathione peroxidase 4 (GPX4) is an enzyme
that reduces lipid peroxidation of cell membranes using
GSH as a co-factor [32]. We then further investigated
whether GPX4 mediates the protective effects of Roflu
against ferroptosis in neuronal cells. GPX4 was knocked
down in HT-22 cells (Fig. 8A and B). Roflu inhibited the
OGD/R-induced reduction in cell viability (P <0.01),
while knockdown of GPX4 blocked this effect and
decreased the viability of HT-22 cells (P <0.01, Fig. 8C).
We also found that Roflu enhanced the viability of primary
cultured neurons under the OGD/R condition, and knock-
down of GPX4 by siRNA blocked the protective effects of
Roflu in neurons (Fig. S2). Consistent with these results,
Roflu effectively alleviated OGD/R-induced intracellular
lipid ROS accumulation, as evidenced by increased levels
of the oxidized state of BODIPY C11 (green in Fig. 8D
and E) and the fluorescence intensity of lipid peroxidation
(Fig. 8F and G), whereas knockdown of GPX4 blocked
the effect of Roflu on intracellular lipid ROS levels
(Fig. 8D-G). These results suggest that GPX4 is involved
in the protective effects of Roflu against OGD/R-induced
ferroptosis.
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Fig. 6 Inhibition of PDE4 alleviated OGD/R-induced accumulation
of Fe?* in HT-22 cells. HT-22 cells were pre-incubated with Roflu
(1 pM) for 1 h, and then cells were subjected to OGD/R. A After
1 h of reoxygenation, FerroOrange staining was conducted in HT-22
cells. Scale bar: 50 pm. B Quantitative analysis of FerroOrange stain-
ing (n=4). C After 1 h of reoxygenation, the variance of FTH1 and

Knockdown of Nrf-2 Blocks the Protective Effect
of PDE4 Inhibition Against OGD/R-induced
Ferroptosis

Having clarified the involvement of GPX4 in the protective
effect of PDE4 inhibition, we next examined the mechanism
by which inhibition of PDE4 promotes GPX4 expression. In
our previous study, we found that inhibition of PDE4 pro-
moted OGD/R-induced Nrf-2 expression [19], and it was
shown that Nrf-2 upregulated GPX4 expression [33]. In
ischemic brain injury, the relationship between Nrf-2 and
GPX4 is unclear. Therefore, we next examined the role of
Nrf-2 in the regulation of GPX4 under OGD/R conditions.
Nrf-2 was knocked down in HT-22 cells (Fig. 9A and B).
We then examined the effects of Nrf-2 knockdown on the
release of LDH. We found that Roflu decreased the release
of LDH (P <0.05, Fig. 9C), while Nrf-2 knockdown blocked
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NCOA4 were detected by immunoblotting. D-E Relative density
analysis of FTH1/GAPDH (n=3), NCOA4/GAPDH (n=3) in HT-22
cells. F After 1 h of reoxygenation, the variance of FPN was detected
by immunoblotting. G Relative density analysis of FPN/GAPDH
in HT-22 cells (n=5). Data are presented as mean=+SD values.
“P<0.05, P <0.01, and “*P<0.001 versus the indicated group

the effects of Roflu and increased the release of LDH
(P <0.05, Fig. 9C). We then found that Roflu decreased
Fe?* accumulation and Nrf-2 knockdown increased Fe?*
accumulation (P <0.05, Fig. 9D and E). Similarly, Nrf-2
knockdown reduced the level of FPN in Roflu-treated cells
(P<0.01, Fig. 9F and G).

We also investigated the effects of Nrf-2 knockdown
on lipid peroxidation. The results showed that the knock-
down of Nrf-2 resulted in decreased GSH levels (P <0.01,
Fig. 10A). We then examined the effect of Nrf-2 knock-
down on GPX4 levels under OGD/R conditions. Consistent
with the previous results, Roflu promoted GPX4 expres-
sion (P <0.05, Fig. 10B and C). While Nrf-2 knockdown
downregulated GPX4 expression, it also blocked the effect
of Roflu on GPX4 expression (P <0.01, Fig. 10B and C).
We also found that Nrf-2 knockdown led to more intracel-
lular accumulation of lipid ROS, and Roflu downregulated
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Fig. 7 Inhibition of PDE4 A B
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intracellular lipid ROS levels (P <0.01). Importantly, Nrf-2
knockdown blocked the effects of Roflu (P <0.01, Fig. 10D
and E). These results indicate that inhibition of PDE4 allevi-
ated OGD/R-induced ferroptosis by enhancing Nrf-2/GPX4.

Inhibition of PDE4 Alleviates MCAO/R-induced
Ferroptosis

Our above results revealed the effects of PDE4 inhibi-
tion on ferroptosis in HT-22 cells. Next, we examined the
protective role of Roflu in an animal model of MCAO/R.
Consistent with the results obtained in the cellular experi-
ments, we found that the level of iron was elevated in the
brain tissue of rats following MCAO/R injury, and the
inhibition of PDE4 reduced the level of iron (Fig. S3).
RSL3, a GPX4 inhibitor, was used to further demonstrate
the modulatory effect of Roflu on ferroptosis. The vol-
ume of cerebral infarction in Sprague—Dawley rats was
determined using TTC staining. We found that Roflu
reduced the cerebral infarct volume (P <0.01), whereas
RSL3 blocked the effect of Roflu on cerebral infarction
(P<0.01, Fig. 11A and B). Next, the neurological deficit
scores were evaluated. Consistent with the above results,
Roflu was able to reduce the neurological deficit scores
(P <0.01), and RSL3 blocked the protective effect of
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Roflu (P <0.01, Fig. 11C). To determine the functional
significance of the neuroprotective effects of Roflu, a
rotarod test and an adhesive-removal test were conducted
to evaluate the sensorimotor deficits in rats. We found
that inhibition of PDE4 significantly ameliorated behav-
ioral deficits in animals after cerebral ischemia (Fig. 11D
and E). We then detected oxidative stress occurring in
the ischemic penumbra of rats following MCAO/R. Our
results demonstrated that Roflu significantly increased
GSH (P <0.001) and decreased MDA (P <0.01) levels.
When GPX4 was inhibited by RSL3, Roflu failed to res-
cue the content of GSH (P <0.001), and the level of MDA
(P<0.01) increased as well (Fig. 11F and G). ACSL4,
COX2, and FPN were selected as representative ferropto-
sis indicators. The results showed that ACSL4 (P <0.001)
and COX2 (P <0.001) were significantly upregulated in
the ischemic penumbra of rats after MCAO/R, while
the level of FPN decreased (P <0.01). Treatment with
Roflu significantly reduced the expression of ACSL4
(P<0.001) and COX2 (P<0.01) (Fig. 11H-J). Roflu also
enhanced the level of FPN (Fig. 11H and K, P <0.01).
Interestingly, RSL3 blocked the protective effects of
Roflu. The levels of ACSL4 (P <0.01) and COX2
(P <0.05) increased, whereas the FPN (P <0.001) level
decreased after application of RSL3 (Fig. 1 1H-K). The
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Fig.8 Knockdown of GPX4 blocked the protective effect of Roflu
against OGD/R-induced ferroptosis in HT-22 cells. A HT-22 cells
were transfected with NC or si-GPX4 for 24 h. The variance of GPX4
was detected using immunoblotting. B Relative density analysis of
GPX4/GAPDH in HT-22 cells (n=3). C HT-22 cells were transfected
with NC or si-GPX4. At 24 h after transfection, cells were incubated
with Roflu (1 pM) for 1 h and then subjected to OGD/R insult. After
24 h of reoxygenation, cell viability was detected using the CCK-8
assay (nine duplications from three independent experiments, n=3).

above results indicated that MCAO/R induced ferroptosis
in the ischemic penumbra of Sprague—Dawley rats, and
inhibition of PDE4 significantly alleviated the MCAO/R-
induced ferroptosis.
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D After 1 h of reoxygenation, intracellular lipid ROS levels were
examined using BODIPY staining. Scale bar: 100 pm. E Quantita-
tive analysis of oxidized BODIPY Cl11 staining (n=3). F After 1 h
of reoxygenation, a Click-iTTM Lipid Peroxidation Imaging Kit was
used to detect the level of intracellular lipid peroxidation. Scale bar:
100 pm. G Quantitative analysis of lipid peroxidation staining (n=3).
Data are presented as mean + SD values. “P <0.05 and “"P <0.01 ver-
sus the indicated group

Discussion

PDE4 is a promising target for the treatment of stroke. How-
ever, the association of PDE4 with iron-induced cell death
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Fig.9 Knockdown of Nrf-2 blocked the protective effect of PDE4
inhibition against OGD/R-induced accumulation of Fe**. A HT-22
cells were transfected with NC or si-Nrf-2 for 24 h. The variance of
Nrf-2 was detected by immunoblotting. B Relative density analysis of
Nrf-2/GAPDH in HT-22 cells (n=4). C HT-22 cells were transfected
with NC or si-Nrf-2. At 24 h after transfection, cells were incubated
with Roflu (1 pM) for 1 h and then subjected to OGD/R insult. After
24 h of reoxygenation, the LDH release was detected using an LDH

under cerebral ischemia and the signaling pathway remains
only partially understood. In the present study, we explored
the role of PDE4 in ferroptosis in ischemic brain injury and
its possible mechanisms. We found that PDE4B overexpres-
sion enhanced lipid peroxidation, while PDE4B knockdown
suppressed lipid peroxidation, reduced the accumulation of
iron, and restored the expression of FTH1, FPN, and NCOA4
in HT-22 cells following OGD/R. We then found that the
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Cytotoxicity Assay Kit (n=4). D After 1 h of reoxygenation, Fer-
roOrange staining was conducted in HT-22 cells. Scale bar: 50 pm. E
Quantitative analysis of FerroOrange staining (n=3). F After 1 h of
reoxygenation, the variance of FPN was detected by immunoblotting.
G Relative density analysis of FPN/GAPDH in HT-22 cells (n=4).
Data are presented as mean + SD values. P <0.05 and ““P <0.01 ver-
sus the indicated group

PDE4 inhibitor Roflu was able to alleviate OGD/R-induced
intracellular lipid peroxidation and intracellular Fe** accu-
mulation. Similarly, Roflu alleviated the OGD/R-induced
increase in COX2 and NCOA4 expression and the decrease
in FTH1 expression in HT-22 cells. Interestingly, further
experiments revealed that GPX4 knockdown blocked the
effect of Roflu on OGD/R-induced ferroptosis. Moreover, we
found that the knockdown of Nrf-2 blocked the promotion of
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Fig. 10 Knockdown of Nrf-2 blocked the protective effect of PDE4
inhibition against OGD/R-induced lipid peroxidation. HT-22 cells
were transfected with NC or si-Nrf-2. At 24 h after transfection,
cells were incubated with Roflu (1 pM) for 1 h and then subjected to
OGD/R insult. A After 1 h of reperfusion, intracellular GSH levels in
HT-22 cells were detected using a GSH detection kit (n=3). B After
1 h of reoxygenation, the variance of GPX4 was detected by immuno-

GPX4 expression by Roflu and the reduction of intracellular
lipid ROS levels. This suggests that Nrf-2/GPX4 signaling
mediates the role of Roflu in alleviating OGD/R-induced
ferroptosis. We also verified the anti-ferroptotic effect of
Roflu in an animal model of MCAO/R, and we found that
RSL3, a GPX4 inhibitor, could attenuate the protective effect
of Roflu. Taken together, inhibition of PDE4 alleviated
ischemic brain injury-induced neuronal ferroptosis through
activation of Nrf-2/GPX4. To the best of our knowledge,
this study shows for the first time that inhibition of PDE4
suppresses ferroptosis under cerebral ischemia/reperfusion
conditions. Our study also provides a new mechanism by
which PDE4 inhibitors can ameliorate ischemic brain injury.

Excessive oxidative stress is a characteristic feature
during the process of ischemic brain injury. A sudden

blotting. C Relative density analysis of GPX4/GAPDH in HT-22 cells
(n=3). D After 1 h of reoxygenation, intracellular lipid ROS levels
were examined using BODIPY staining. Scale bar: 100 pm. E Quan-
titative analysis of oxidized BODIPY Cl11 staining (n=3). Data are
presented as mean+SD values. "P<0.05 and P <0.01 versus the
indicated group

interruption of cerebral blood flow results in cerebral dam-
age. Reperfusion brings oxygen and glucose to neurons on
the one hand but also leads to excessive ROS production
[34]. ROS generation is viewed as a critical etiological factor
for cerebral ischemia/reperfusion-induced neuronal injury
[35]. The accumulation of ROS exacerbates mitochondrial
dysfunction, endoplasmic reticulum stress, and lipid per-
oxidation, and may ultimately cause cell death [36]. ROS
trigger cell death through multiple mechanisms, including
ferroptosis, apoptosis, and autophagy [37]. Hence, inhibi-
tion of ROS production is helpful in the recovery of neu-
rological function after cerebral ischemia/reperfusion. To
protect neurons against cell death caused by stroke, it may
be a promising strategy to intervene in the production or
enhance the elimination of ROS. Our previous study found
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«Fig. 11 Inhibition of PDE4 alleviated MCAO-induced ferroptosis.
SD rats were intraperitoneally injected with vehicle or RSL3 (7.5 mg/
kg) at 2 h after MCAO surgery. Thirty minutes later, the vehicle or
Roflu (1 mg/kg) was injected intraperitoneally. A-BAfter 24 h of rep-
erfusion, the infarct volume was detected using TTC staining (n=38).
C After 24 h of reperfusion, the neurological deficit scores were
recorded (n=38). D-E Roflu (1.0 mg/kg), RSL3 (7.5 mg/kg), and
vehicle were administered once per day for three days after surgery.
A total of 72 h after MCAO reperfusion injury, a Rotarod test and
adhesive-removal test were performed. The time spent on the rotarod
and the time it took to remove the tape were recorded. Sham + VEH,
n=8; MCAO+ VEH, n=9; MCAO +Roflu, n=8. MCAO+RSL3,
n=9. F After 24 h of reperfusion, intracellular GSH levels in the
penumbra were detected using a GSH detection kit (n=5). G MDA
in the penumbra was detected using an MDA detection kit (n=3).
H After 24 h of reoxygenation, the variance of ACSL4, COX2, and
FPN in the penumbra were detected by immunoblotting. I-K Relative
density analysis of ACSL4/GAPDH, COX2/GAPDH, FPN/GAPDH
in HT-22 cells (n=4). Data are presented as mean=+SD values.
*P<0.05, P <0.01, and “*P<0.001 versus the indicated group

that inhibition of PDE4 reduced the accumulation of ROS
in dopaminergic neurons in Parkinson’s disease [38]. We
also found that inhibition of PDE4 reduced OGD/R-induced
intraneuronal ROS accumulation in an ischemic brain injury
model [10]. These results suggest that inhibition of PDE4 is
effective in alleviating oxidative stress in neurological dis-
orders. However, the mechanism of action by which PDE4
inhibition reduces ROS levels is not clear.

Excessive ROS production is one of the crucial events in
the occurrence of ferroptosis, which is a novel form of pro-
grammed cell death characterized by iron-dependent lipid
peroxidation [11]. An increasing body of evidence suggests
that ferroptosis is involved in neuronal death during ischemic
brain injury [18, 39, 40], and inhibition of ferroptosis is a
potential strategy for the treatment of ischemic brain injury.
Our previous study found that the PDE4 inhibitor FCPRO03
was effective in alleviating OGD-induced accumulation
of MDA and intracellular ROS in HT-22 cells [19]. In the
present study, we found that the PDE4 inhibitor Roflu also
reduced MDA accumulation. Based on these observations,
we proposed the hypothesis that inhibition of PDE4 could
alleviate ischemic brain injury-induced neuronal ferroptosis.
This hypothesis was confirmed by our results. We found that
knockdown or inhibition of PDE4 increased cell survival,
as evidenced by an increase in cell viability and a decrease
in LDH release, as well as a decrease in the level of lipid
peroxidation and, more importantly, a decrease in intracel-
lular Fe** accumulation. We confirmed these findings in
an MCAOJ/R animal model. These data suggest that PDE4
inhibition exerts anti-ferroptotic effects in cerebral ischemia
models. The mechanism whereby cerebral ischemia/reperfu-
sion induces neuronal death is complex. Multiple cell death
types may be involved. Previous studies have shown that
PDE4 can participate in neuronal death after ischemic brain
injury by promoting apoptosis and neuroinflammation [9,

41]. The present study confirmed that PDE4 inhibition could
suppress ferroptosis. The relationships between these differ-
ent types of cell death, as well as how apoptosis, neuroin-
flammation, and ferroptosis are related, require further study.
In addition, whether other newly discovered types of pro-
grammed cell death, such as cuproptosis, are involved in the
regulation of neuronal death needs to be further investigated.

Next, we are interested in how PDE4 regulates Fe* accu-
mulation in cells subjected to ischemia. Ferritin is respon-
sible for intracellular iron storage and can negatively regu-
late free Fe** levels in cells [42]. FPN is a transport protein
responsible for exporting iron from cells to maintain iron
homeostasis [31]. We examined the expression of FTH1 and
FPN in cells. The results showed that PDE4 inhibition atten-
uated OGD/R-induced loss of both FPN and FTH1. Interest-
ingly, we further found that NCOAA4, a key protein mediating
ferritinophagy [43], was significantly upregulated. Previous
studies showed that hyperactivation of autophagy occurs
during cerebral ischemia/reperfusion [17, 44]. Therefore,
it is likely that FTHI1 is cleared by NCOA4-mediated fer-
ritinophagy in cells via the autophagy-lysosomal pathway.
However, we have not yet examined whether PDE4 regulates
ferritin autophagy through NCOA4 and how PDE4 regulates
NCOA4 to elucidate how PDE4 regulates autophagy dur-
ing cerebral ischemia. This will be the focus of our future
research. In addition, iron homeostasis in cells is critically
controlled by multiple pathways, such as iron uptake, stor-
age, metabolism, and secretion [45]. We focused on the pro-
teins FTH1, FPN, and NCOA4. Whether PDE4 affects other
pathways remains to be verified.

GPX4, which is a member of the GPX family, is one the
most important negative regulators of ferroptosis [46]. Com-
pared with other GPXs, GPX4 is highly expressed in the
brain and especially highly expressed in neurons [32]. GPX4
is able to scavenge intracellular ROS by interrupting lipid
peroxidation using GSH as a substrate [32]. In an animal
model of transient bilateral common carotid artery ligation,
upregulation of GPX4 reduced lipid peroxidation levels in
hippocampal tissue and improved cognitive dysfunction
[16]. In the present study, we found that the knockdown of
GPX4 blocked the enhancing effect of Roflu on cell viability
and increased the level of lipid peroxidation in HT-22 cells.
These data are consistent with previous studies showing that
selenium could counteract hemorrhagic brain injury-induced
neuronal ferroptosis by upregulating GPX4 expression [47].
However, the upstream factors regulating the functions of
GPX4 within neurons in ischemic brain injury remain to
be identified.

In the present study, we found that PDE4 inhibition
reduced the cerebral ischemia-induced accumulation of lipid
ROS, MDA, and Fe?* in neurons. We then found that GPX4
is essentially involved in the protective effects of PDE4 inhi-
bition against ferroptosis. GPX4 expression is regulated by
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several transcription factors, including Nrf-2 and specific
protein 1 [33, 47]. Interestingly, our previous study showed
that PDE4 inhibition promotes the translocation of Nrf-2 to
the nucleus [19]. Therefore, we were interested in whether
PDE4 could regulate GPX4 through acting on Nrf-2. We
found that the knockdown of Nrf-2 canceled the effects of
Roflu on Fe2* levels, GSH levels, and lipid peroxidation.
These results suggest that PDE4 inhibition may modulate
GPX4 expression through activation of Nrf-2. Interestingly,
we also found that Nrf-2 knockdown blocked the Roflu-
induced increase in FPN expression. Previous studies indi-
cated that Nrf-2 is a regulator of the iron pool. Transcription
of the genes encoding GPX4, FPN, and FTH1 is regulated
by the transcription factor Nrf-2 [33]. Upregulation of Nrf-2
enhances resistance to ferroptosis and alleviates brain injury
after cerebral ischemia [48]. Hence, it is highly possible that
PDE4 inhibition activates Nrf-2 and enhances the level of
Nrf-2 in the nucleus, thus promoting the transcription of
genes encoding GPX4, FPN, and FTH1 in neuronal cells
under cerebral ischemia conditions. We conclude that PDE4
inhibition upregulates GPX4 through activation of Nrf-2,
which in turn inhibits neuronal ferroptosis. Nevertheless,
the regulation of GPX4, FTH1, and FPN by PDE4 deserves
further study in the future, especially in different cell types
and at different stages of ischemia. It is important to note
that we focused on the effect of PDE4B on ferroptosis in
this study. However, the role of other isoforms of PDE4 in
ferroptosis has not yet been explored. In particular, PDE4D
is considered a risk factor for cerebral ischemia [49], and
its role in ferroptosis deserves particular attention in the
future. However, we showed that inhibition of PDE4 allevi-
ated cerebral ischemia-induced neuronal ferroptosis through
the activation of Nrf-2/GPX4. Still, the mechanism of how
PDE4 inhibition affects Nrf-2 and what signaling pathways
are involved remain unknown. Our previous studies have
indicated that inhibition of PDE4 increases the level of
cAMP and activates exchange proteins directly activated by
the cAMP (Epac)/protein kinase B (Akt) signaling pathway
[9]. Interestingly, Akt is the upstream molecule of Nrf-2,
and it has been shown that Akt activity is required for Nrf2-
dependent GSH synthesis [50]. Hence, in the present study,
we proposed that the effects of PDE4 inhibition on Nrf-2
were probably mediated through the Epac/Akt signaling
pathway. More studies are required to further determine how
PDE4 acts on Nrf-2 in neuronal cells.

In summary, we revealed that inhibition of PDE4 could
significantly inhibit ferroptosis after cerebral ischemia-
induced neuronal injury both in vivo and in vitro. PDE4
inhibition primarily exerted protective effects by restoring
iron homeostasis and reducing lipid peroxidation by activat-
ing the Nrf-2/GPX4 signaling pathway. These findings pro-
vide evidence that inhibition of PDE4 is an effective strat-
egy to alleviate neuronal ferroptosis after cerebral ischemia

@ Springer

injury, and Roflu is a promising candidate drug for the treat-
ment of cerebral ischemia.
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