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Abstract
Oxygen–glucose deprivation and reoxygenation (OGD/R)-induced impairment of astrocytes may lead to neuronal dysfunction
in the central nervous system (CNS). Apremilast is a phosphodiesterase 4 (PDE4) inhibitor primarily used for the treatment
of psoriasis and psoriatic arthritis that has demonstrated certain neuroprotective properties. PDE4 is an isoenzyme that
degrades 3′-5′-cyclic adenosine monophosphate (cAMP), which serves as a neuroprotective agent by promoting neuronal
recovery through protein kinase (PKA)-mediated phosphorylation of cAMP response element-binding protein (CREB) and
subsequent expression of the neurotrophic factor brain-derived neurotrophic factor (BDNF) and anti-apoptotic B cell lymphoma (Bcl-2). However, the effects of apremilast in astrocytes have not been elucidated. In the present study, we employed
an in vitro model of ischemic stroke using oxygen–glucose deprivation and reoxygenation (OGD/R)-challenged astrocytes
to investigate the effects of apremilast against apoptosis (the flow cytometry assay), cell death (the lactate dehydrogenase
release assay), oxidative stress (2′, 7′ dichlorofluorescin diacetate staining), and the expression of the key neuroprotective
factors CREB and BDNF (Western blot analysis). Our findings show that treatment with apremilast could significantly
reduce astrocyte apoptosis and cell death induced by OGD/R as evidenced by reduced release of glial fibrillary acidic protein
(GFAP) and improvement of the Bax/Bcl-2 ratio. The results of MTT assay, measurement of lactate dehydrogenase (LDH)
release, and flow cytometry confirmed the improvement in cell viability mediated by apremilast. Importantly, we found that
CREB phosphorylation was required for the increases in BDNF and Bcl-2 induced by apremilast as well as the decrease
in astrocyte apoptosis. These preliminary findings indicate that apremilast may have the potential to prevent astrocyte cell
death and promote neuronal healing in cerebral ischemic injury. Further in vivo research will expand our understanding of
these promising results.
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Introduction
Stroke is one of the leading causes of death and permanent
disability worldwide. Ischemic stroke is characterized by
the cessation of focal cerebral blood flow, which is usually
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due to thrombotic or embolic arterial occlusion, followed
by reperfusion (Brott et al. 2000). Ischemic stroke is a
disease of complicated etiology. The outcome of stroke
is dependent on a multitude of factors, including age,
sex, genetics, comorbidities, the duration and extent of
ischemic injury, infarct volume and location, blood pressure, and the contribution of collateral systems. Oxygen–glucose deprivation and reoxygenation (OGD/R)
is the most commonly used in vitro model of cerebral
ischemia as it provides a means to investigate specific
molecular mechanisms in single-cell types by mimicking the deprivation of oxygen and nutrients induced by
ischemia and subsequent reperfusion (Sommer 2017; Shi
et al. 2017). Astroglia are the most plenteous cell type
comprising the central nervous system (CNS). Astrocytes
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play a key supportive role by scavenging synaptic transmitters, maintaining ion and water homeostasis, releasing
neurotrophic factors, eliminating metabolic waste, and
forming the blood-brain barrier (BBB) (Takano 2009). In
response to ischemic injury, astrocytes play dual roles. As
protectors, they promote angiogenesis, neurogenesis, and
synapse formation while suppressing the expansion of the
ischemic area and releasing neurotrophic factors (NTFs),
such as brain-derived neurotrophic factor (BDNF). As
aggressors, astrocytes undergo morphological changes
and become activated to overexpress intermediate filament
proteins, such as glial fibrillary acidic protein (GFAP), and
enter a hypertrophic and hyperproliferative state (Liu and
Chopp 2016). Cyclic adenosine monophosphate (cAMP)
response element-binding protein (CREB) plays a key
role in regulating neuronal plasticity, survival, and neurogenesis. In astrocytes, CREB regulates gene expression,
mitochondrial function, and intracellular signaling (Pardo
et al. 2017). The Bax/Bcl-2 ratio and release of caspase 3
are important regulators of cellular apoptosis. Bcl-2 functions as an anti-apoptotic protein but loses this protective function once bound to its pro-apoptotic counterpart
Bax. Upon ischemic injury, the ratio of Bax/Bcl-2 makes
a dramatic shift toward a pro-apoptotic state. Meanwhile,
caspase 3 becomes activated by caspase 9 to induce DNA
deterioration and apoptosis of neuronal cells (Aboutaleb
et al. 2016). Therefore, modulating these mechanisms provides a potential treatment approach for ischemic stroke.
Apremilast is a small molecule phosphodiesterase
4 (PDE4) inhibitor primarily used for the treatment of
psoriasis and psoriatic arthritis (Keating 2017). PDE4
is an enzyme that binds to G protein-coupled receptors
(GPCRs) to degrade cAMP, which activates regenerative
signaling through protein kinase A (PKA) activity. PKA
antagonizes the activity of RhoA, which inhibits axon
regeneration in ischemia (Niu 2010). As of yet, the activity of apremilast in astrocytes remains unknown. Recent
research has explored the effects of apremilast in various
other cell types. For example, in peripheral blood monocytes, inhibition of PDE4 could suppress tumor necrosis
factor-α (TNF-α) production through reduced activation of
nuclear factor-κB (NF-κB) signaling pathway. Inhibition
of PDE4 also prevents cytokine production in T cells and
neutrophils (Schett et al. 2010). In the present study, we
employed an in vitro OGD/R model of ischemic stroke
using rat primary cortical astroglia to investigate whether
inhibition of PDE4 by apremilast could exert protective
effects against oxidative stress and apoptotic cell death.
This type of cell model has been widely used to investigate
the molecular mechanisms of ischemia/reperfusion (IR)
injury in vitro (Xiang et al. 2018). Our findings provide a
basis for further research on the potential of apremilast in
the treatment of ischemic stroke.
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Materials and Methods
Cell Culture and Treatment
Rat primary cortical astroglia were from Bioscience Inc.,
(Shanghai, China) and cultured in a humidified 5% CO2
incubator at 37 °C in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco) augmented with 10% fetal bovine serum
(FBS) and antibiotics (1% penicillin/streptomycin solution;
GIBCO; Invitrogen, USA). The culture media was replaced
every 3 days, and confluent cell cultures were passaged by
trypsinization. The OGD/R procedure consisted of culturing
the cells with deoxygenated media in a sealed incubator with
a hypoxic atmosphere (1% O
 2, 5% C
 O2, 94% NO) for 6 h at
37 °C followed by normoxia (21% O
 2, 5% C
 O2) for 24 h. Prior
to OGD/R, cells were treated with 0.5 or 1 µM apremilast (cat.
no. CC-10004, Chemcatch) for 2 h. These doses of apremilast
were chosen based on previous research (Schafer et al. 2016).

Real‑Time PCR
A NanoDrop spectrophotometer was used to determine the
concentration of total intracellular RNA, which was extracted
from astrocytes using Qiazol reagent (Qiagen, USA). cDNA
was synthesized using an iScript cDNA Synthesis Kit from
Bio-Rad (USA) via reverse-transcription PCR (RT-PCR)
analysis. The expression of GFAP was measured using an
ABI7500 Real-time PCR System with SYBR Green qPCR
Master Mix (Thermo Fisher Scientific, USA) and normalized
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
using the 2−ΔΔCt method.

Immunocytochemistry
After the indicated treatment, the cells were fixed with 4%
paraformaldehyde for 15 min at room temperature followed by
permeabilization in 0.1% Triton-100/PBS solution for 10 min
on ice. The cells were then thoroughly washed in PBS and
blocked with 10% goat serum in a humidified chamber for
30 min at room temperature. Primary antibodies were diluted
in blocking buffer and incubated with the cells for 2 h at room
temperature. The cells were washed again and then incubated
with Alexa 488-conjugated anti-mouse secondary antibody
(1:200 dilution) for 1 h at room temperature. The slides were
mounted using fluoromount medium, and the resulting immunofluorescent signals were visualized using a fluorescence
microscope (Olympus, DP50).

Western Blot Analysis
Cells were prepared for western blot analysis by washing in
cold PBS. Briefly, protein extracts were prepared by lysing
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cells with cell lysis buffer augmented with 1 μg protease
and phosphatase inhibitor cocktail (Sigma Chemical Co.,
USA). A BCA assay kit was used to measure the protein
concentration. After undergoing SDS–PAGE, the protein
samples were electrophoretically transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, USA).
The non-specific sites on the membranes were blocked with
5% non-fat milk for 10 min at room temperature followed
by sequential treatment with primary antibodies at 4 °C
overnight and horseradish peroxidase (HRP)-conjugated
secondary antibodies for 2 h sat room temperature. The following specific antibodies were used: Bcl-2 (1:1000, Abcam,
no. ab59348), Bax (1:2000, Abcam, no. ab32503), cleaved
caspase 3 (1:1000, Abcam, no. ab49822), BDNF (1:1000,
Abcam, ab no. 108,319), p–CREB (1;1,000, Cell Signaling
Technologies, no. 9191), total-CREB (1:1,000, Cell Signaling Technologies, no. 9197), and β-actin (1:5,000, Cell
Signaling Technologies). The rabbit or mouse IgG HRPconjugated antibody (1:3,000, Santa Cruz Biotechnology no.
sc-2030 or no. sc-2005) was used as the secondary antibody.
The blots were visualized using ECL chemiluminescence
(Amersham PharmaciaBiotech, Piscataway, USA). The software ImageJ was used to quantify western blot results. We
scanned the bands and subtracted the background. We then
selected the bands and quantified the signal intensities to
index protein levels.

Fig. 1  Apremilast prevented
OGD/R-induced expression of glial fibrillary acidic
protein (GFAP) in astroglia.
Cells were pretreated with
apremilast (0.5, 1 μM) for 2 h,
followed by stimulation with
OGD/R. (a) mRNA of GFAP
as measured by real-time PCR.
(b) Expression of GFAP was
measured by immunocytochemistry. Scale bar, 50 μM (n = 5,
****P < 0.0001 vs. vehicle
group; ##, ####P < 0.01, 0.0001
vs. OGD/R group)
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Measurement of ROS by DCFH‑DA Staining
The fluorescent probe 2′, 7′ dichlorofluorescin diacetate
(DCFH-DA, Sigma-Aldrich) was used to determine the
concentration of ROS. Briefly, the cells were seeded into
6-well plates, washed with HBSS, and then loaded with
10 μM DCFH-DA (Sigma-Aldrich, USA) for 30 min in
darkness in a CO 2 incubator at 37 °C. A fluorescence
microscope (magnification ×20) was used to visualize the
green fluorescent signals (excitation: 485 nm, emission:
538 nm). Image-Pro Plus software was used to calculate
the level of intracellular ROS based on the average fluorescence intensity.

MTT Assay
Cell viability was determined using 3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide (MTT reduction).
Briefly, after the indicated treatment, the cells were washed
three times and incubated with MTT in serum-free medium
at a final concentration of 1 mg/mL for 4 h in a C
 O2 incubator at 37℃. Then, the insoluble formazan crystals were
dissolved using dimethyl sulfoxide (DMSO) solution, and
cell proliferation was indexed based on the relative value of
absorbance recorded at 570 nm.
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LDH Release
A commercial lactate dehydrogenase (LDH) kit (Roche
Applied Science) was used to assess astrocyte cell death.
The concentration of LDH released into the medium was
used to reflect the rate of cell death. After the indicated treatment, a commercial LDH assay kit was used according to the
manufacturer’s instructions to assess LDH activity as previously described (Sheng et al. 2009). Absorbance recorded
at 490 nm was used to reflect LDH activity. The percentage
Fig. 2  Apremilast prevented
OGD/R-induced oxidative
stress in astroglia. Cells were
pretreated with apremilast
(0.5, 1 μM) for 2 h, followed
by stimulation with OGD/R.
(a) Production of ROS was
measured by DCFH-DA.
Scale bar, 50 μM. (b) Production of reduced GSH (n = 5,
****P < 0.0001 vs. vehicle
group; ##, ####P < 0.01, 0.0001
vs. OGD/R group)
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of cell death was based on the ratio of LDH activity in the
supernatant to total LDH activity.

Measurement of Reduced GSH
Briefly, after the indicated treatment, the cells were subjected to 5,5′-dithiobis-2-nitrobenzoic acid–glutathione
disulfide reductase recycling assay to evaluate the levels of
intracellular reduced GSH as previously described (Rahman
et al. 2006). The BCA assay method was used to determine
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the concentration of GSH, which was normalized to the total
protein concentration.

Flow Cytometry
Flow cytometry was used to determine the rate of apoptosis
in OGD/R-challenged astrocytes. After the indicated treatment, the cells were washed in PBS buffer and fixed with
70% ethanol. After permeabilization with 0.1% Triton X-100
in Tween-20, the cells were probed with propidium iodide
(PI). Apoptosis was analyzed via flow cytometry.
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Statistics
All data are analyzed using SPSS (version 22.0) and presented as means ± SD. Two-way analysis of variance
(ANOVA) followed by Tukey’s test was used to perform
statistical comparisons between the groups. Differences
between means were considered statistically significant
when the value of P was less than 0.05.

Results
Release of GFAP from Astrocytes
Apremilast ((S)-N-{2-[1-(3-ethoxy-4-methoxyphenyl)2-methanesulfonylethyl]-1,3-dioxo-2,3-dihydro-1H-isoindol-4-yl}acetamide) was first discovered in 2009 through the
optimization of previous PDE4 inhibitors/sulfone analogues
(Man et al. 2009). We began our investigation by measuring the release of GFAP from astrocytes exposed to OGD/R
insult in the presence or absence of apremilast. GFAP is
an astrocyte-specific differentiation marker that is released
by apoptotic astrocytes and elevated after the occurrence
of stroke, traumatic brain injury, and cardiac arrest (Ennen
et al. 2011). As a cytoskeletal intermediate filament protein,
GFAP plays an important role in maintaining the structure
and function of astrocytes (Sullivan et al. 2012). Here, we
found that pretreatment with apremilast significantly reduced
the level of GFAP as measured by real-time PCR. OGD/R

Fig. 3  Apremilast prevented OGD/R-induced cell death in astroglia.
Cells were pretreated with apremilast (0.5, 1 μM) for 2 h, followed by
stimulation with OGD/R. (a) Cell viability was determined by MTT
assay. (d) Release of LDH (n = 4, ****P < 0.0001 vs. vehicle group;
##, ####, P < 0.01, 0.0001 vs. OGD/R group)

Fig. 4  Apremilast prevented OGD/R-induced apoptosis in astroglia.
Cells were pretreated with apremilast (0.5, 1 μM) for 2 h, followed by
stimulation with OGD/R. Apoptosis was measured by flow cytometry
(n = 5, ****P < 0.0001 vs. vehicle group; ##, ####P < 0.01, 0.0001
vs. OGD/R group)
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increased GFAP expression to 3.3-fold, which was reduced
to 2.5- and 1.9-fold by 0.5 and 1 µM apremilast, respectively
(Fig. 1a). These findings were confirmed via immunocytochemistry (Fig. 1b).
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Oxidative stress due to increased production of reactive
oxygen species (ROS) and decreased antioxidant levels is a
significant factor driving neuronal cell apoptosis following
ischemic injury (Kalogeris et al. 2012). To assess the effect
of apremilast on oxidative stress, we measured the levels of
ROS and reduced glutathione (GSH), an exogenous tripeptide antioxidant, in astrocytes exposed to OGD/R with or
without the two doses of apremilast. As shown in Fig. 2a,
OGD/R increased the level of ROS 3.5-fold, which was
reduced to 2.6- and 1.8-fold by 0.5 and 1 µM apremilast.
The results in Fig. 2b show that GSH was reduced by nearly
half by OGD/R but rescued to 81% and 93% of baseline by
apremilast.

Lactate dehydrogenase (LDH) is released into the culture
medium upon cell death. The results in Fig. 3b show that
under normal conditions, the rate of LDH release was 7.2%.
This was increased to 39.3% by OGD/R alone and reduced
to 27.5 and 18.3% in cells treated with 0.5 and 1 µM apremilast. The results of flow cytometry in Fig. 4 show a similar
effect of OGD/R and apremilast in regard to apoptosis.
To determine whether the reduction in apoptosis induced
by apremilast was dependent on alteration of the Bax/Bcl-2
ratio, we measured the expression levels of Bax, Bcl-2,
and cleaved caspase 3. As shown in Fig. 5a, OGD/R significantly reduced Bcl-2 expression while increasing that
of Bax. Meanwhile, pretreatment with apremilast partially
restored the Bax/Bcl-2 ratio. The increase in cleaved caspase 3 induced by OGD/R was also reduced by apremilast, indicating inhibition of the activation of pro-apoptotic
signaling pathways. Importantly, we found that exposure to
OGD/R significantly promoted translocation of cytochrome
C (Fig. 5b) from mitochondria to cytosol, which was prevented by apremilast.

Cell Viability and Apoptosis

The Involvement of the CREB/BDNF Pathway

Next, we measured cell viability and apoptosis in OGD/Rchallenged astrocytes pretreated with apremilast. As shown
by the results of MTT assay in Fig. 3a, cell viability was
reduced by nearly half by OGD/R, but rescued to 78 and 93%
of baseline in cells treated with the two doses of apremilast.

We measured the effects of OGD/R and apremilast on the
levels of cAMP, phosphorylated CREB, and BDNF. As
shown in Fig. 6a, the concentration of cAMP was reduced
by OGD/R from 5.6 to 3.8 pmol/mL. However, 0.5 µM
apremilast rescued the level of cAMP to 5.2 pmol/mL,

Fig. 5  Apremilast restored OGD/R-induced reduction of Bcl-2 and
the increase of Bax and cleaved caspase-3. Cells were pretreated with
apremilast (0.5, 1 μM) for 2 h, followed by stimulation with OGD/R.

(a) Expression of Bcl-2, Bax, and cleaved caspase-3. (b) The levels of
cytochrome C in cytosol (n = 4, ****P < 0.0001 vs. vehicle group; ##,
####P < 0.01, 0.0001 vs. OGD/R group)

Oxidative Stress
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Fig. 6  Apremilast restored OGD/R-induced reduction of cAMP and
promoted phosphorylation of CREB and the expression of BDNF.
Cells were pretreated with apremilast (0.5, 1 μM) for 2 h, followed
by stimulation with OGD/R. (a) Total levels of cAMP was meas-

ured. (b) Phosphorylation of CREB. (c) Expression of BDNF (n = 5,
****P < 0.0001 vs. vehicle group; ##, ####P < 0.01, 0.0001 vs. OGD/R
group)

while 1 µM further increased it to 6.8 pmol/mL. As shown
in Fig. 6b, the level of phosphorylated CREB was reduced
by roughly half, but rescued to 68 and 91% of baseline

by the two doses of apremilast, and a similar effect was
seen on the expression of the neurotrophic factor BDNF
(Fig. 6c). Finally, we determined whether the effects of

Fig. 7  Blockage of CREB abolished the effects of apremilast
against OGD/R in astroglia. Cells were pretreated with apremilast (1 μM) in the presence or absence of H89 (10 µM) for 2 h, followed by stimulation with OGD/R. (a) Phosphorylation of CREB.

(b) Expression of BDNF. (c) Expression of Bcl-2. (d) Cell apoptosis (n = 4,****P < 0.0001 vs. vehicle group; ##, vs. OGD/R group;
††P < 0.01 vs. OGD/R + 1 μM apremilast group)
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Fig. 8  A representative schematic of the molecular mechanisms

apremilast against OGD/R were mediated by the increase
in CREB phosphorylation using the CREB inhibitor H89.
As shown in Fig. 7, the capacity of apremilast to increase
the expression of BDNF and Bcl-2 in OGD/R-challenged
astrocytes is dependent on CREB phosphorylation
(Fig. 7a–c), as blockage of CREB abolished the protective effects of apremilast against cell apoptosis (Fig. 7d).

Discussion
Cerebral injury due to stroke is a two-part process, with
ischemia inducing widespread cell death and subsequent
reperfusion triggering oxidative stress and an acute inflammatory response. This process takes part in both global
ischemic injury and in secondary focal ischemic injury
(Kalogeris et al. 2012; Nour et al. 2012). In the present
study, we investigated the effect of the PDE4 inhibitor
apremilast in mitigating cerebral ischemic injury using an
in vitro OGD/R-challenged astrocyte cell model. To our
knowledge, this is the first study to elucidate the effects of
apremilast in this cell type. The roles of cAMP and PDE4
in ischemic injury have been widely studied. For example,
recent research shows that the PDE4 inhibitor rolipram
could reduce neutrophil recruitment to the liver in response
to IR injury. However, the mechanism was not clear but was
noted to be independent of cytokine/chemokine signaling
(Frimodig et al. 2019). Rolipram has also been shown to
promote the differentiation of bone marrow mesenchymal
stem cells into neurons, as evidenced by increased expression of neuroprogenitor proteins including Sox-2, Nestin,
Musashi, and GFAP (Joe and Cho 2016). Upon ischemic
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insult, GFAP is released by apoptotic astrocytes, thereby
serving as a marker of astrocyte cell death. Here, we found
that treatment with apremilast reduced the level of GFAP
induced by OGD/R, indicating a potential protective capacity of apremilast against OGD/R-induced astrocyte cell
death. The results of MTT assay, flow cytometry, and the
measurement of LDH release further confirmed the protective effect of apremilast against OGD/R-induced astrocyte
apoptosis and cell death.
Oxidative stress plays an important role in IR injury. Previous studies have demonstrated a capacity of apremilast
and other PDE4 inhibitors to reduce oxidative stress. For
example, Imam et al. found that treatment with apremilast
could ameliorate pulmonary inflammation and cardiotoxicity induced by the chemotherapy drug carfilzomib in rats,
which involved reduced oxidative stress and inhibition of
the NF-κB/MAPK inflammatory pathway (Imam et al. 2019,
2016). A previous study by Imam et al. revealed that apremilast could also reduce doxorubicin-induced oxidative
stress and subsequent NF-κB signaling in rat hearts (Imam
et al. 2018). The selective PDE4 inhibitor RO 20-1724 has
been shown to rescue the level of reduced GSH in a rat model
of Huntington’s disease, thereby conferring neuroprotective
effects and inhibiting oxidative stress (Thakur et al. 2013).
Inhibition of PDE4 by the novel inhibitor FCPR03 has also
been shown to protect neurons from OGD/R insult by activating the Nrf2/HO-1 antioxidant pathway (Xu et al. 2020).
Our findings demonstrate that apremilast could reduce OGD/
R-induced generation of ROS by astrocytes and ameliorate
the reduction in the antioxidant-reduced GSH. However, the
exact mechanism remains unclear.
Astrocyte apoptosis in response to IR injury is largely
dictated by the Bax/Bcl-2 ratio. Until now, the effect
of apremilast on Bax/Bcl-2 has been unclear. Previous
research has shown that inhibition of PDE7, another PDE
isoenzyme, could reduce apoptosis caused by spinal cord
injury, which was associated with a decrease in the ratio
of Bax/Bcl-2 (Paterniti, et al. 2011). Here, we found that
apremilast could also decrease the ratio of Bax/Bcl-2 in
OGD/R-challenged astrocytes, which was reflected by
improved cell viability. cAMP induces the phosphorylation of CREB, which triggers the transcription of various
genes. Activation of CREB/BDNF signaling by cAMP
plays a protective role against neuronal apoptosis, in part
by triggering increased expression of anti-apoptotic Bcl-2
(Zuo et al. 2016). Previous research has shown that apremilast can elevate intracellular levels of cAMP, which
leads to PKA-mediated increased expression of CREB
and subsequent expression of BDNF (Schafer et al. 2014;
Cauli et al. 2014). Targeted activation of CREB in reactive astrocytes has been shown to confer neuroprotective
properties in an in vivo model of focal cortical injury
(Pardo et al. 2016). BDNF is an important neurotrophic
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factor that plays an integral role in hippocampal long-term
potentiation, thereby mediating the function of memory.
Roflumilast, another PDE4 inhibitor, has been shown to
activate the transcription of BDNF through cAMP/CREB
signaling, thereby improving cognitive impairment, in a
mouse model of Alzheimer’s disease (Feng et al. 2019).
The results of our in vitro experiments show that apremilast can increase the expression of CREB and BDNF in
astrocytes, potentially suggesting a similar neuroprotective action of apremilast. Additionally, the results of our
CREB knockdown experiment revealed that the protective effects of apremilast against OGD/R are dependent
on CREB phosphorylation. Specifically, the increase in
BDNF and Bcl-2 and the reduction in apoptosis observed
in cells treated with apremilast were abolished by blockage
of CREB using its specific inhibitor H89. A representative
schematic of the molecular mechanisms is shown in Fig. 8.
Further research using ideal animal models will provide a
more detailed picture of whether the protective effects of
apremilast in astrocytes might translate to neuroprotection
in whole organisms.
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