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Abstract
Background: Microglial hyperactivation driven by SphK1/S1P signaling and consequent in�ammatory
mediator production is a key driver of cerebral ischemia-reperfusion injury (CIRI). While SphK1 reportedly
controls autophagy and microglial activation, it remains uncertain as to whether it is similarly able to
regulate damage mediated by CIRI-activated microglia.

Methods: In the present study, we utilized both an in vitro oxygen-glucose deprivation reperfusion (OGDR)
model and an in vivo rat model of focal CIRI to test whether Sphk1 and autophagy is expressed in
microglia. Western blot analysis was used to estimate the autophagy protein level (LC3 and SQSTM ) at
different time points after OGDR. To detect cytokine secretion in microglial supernatants in response to
OGDR, we measured the concentration of IL-1β, IL-6 and TNF-α in the culture supernatants using an
enzyme-linked immunosorbent assay (ELISA). To evaluate whether microglia subjected to OGDR
exhibited neuronal injury, we used a commercially available terminal transferase-mediated deoxyuridine
triphosphate-biotin nick end labeling (TUNEL) kit and �ow cytometry to detect apoptotic neurons.

Results: We determined that in the context of CIRI, microglia upregulated SphK1 and induced autophagy,
while inhibiting these changes by lentivirus targeting SphK1 signi�cantly decreased expression of
autophagy . Moreover, we determined that autophagic body formation was enhanced in cerebral tissues
following I/R. We also explored the impact of SphK1-induced autophagy on microglial in�ammatory
cytokine production and associated neuronal apoptosis using an in vitro OGDR model system. At a
mechanistic level, we found that SphK1 promotes autophagy via the tumor necrosis factor receptor-
associated factor 2 (TRAF2) pathway.

Conclusion: These results reveal a novel mechanism whereby SphK1-induced autophagy in microglia can
contribute to the pathogenesis of CIRI, potentially highlighting novel avenues for future therapeutic
intervention in IS patients. 

Background
Ischemic stroke (IS) is one of the leading causes of death and disability globally, imposing a signi�cant
personal and �nancial burden on the families of those affected by this condition (1). Cerebral ischemia-
reperfusion injury (CIRI) is a common mechanism of pathophysiological damage in IS. CIRI results from
multiple interacting mechanisms including excessive oxidative stress (OS), calcium overload, excitatory
amino acid toxicity, and in�ammation, leading to central nervous system damage (2). It is therefore
important that the mechanistic basis for CIRI be better studied in order to understand the best therapeutic
approaches to preventing and treating this deleterious damage.

Recent work has highlighted the importance of in�ammatory immune responses as drivers of CIRI, with
microglia, which are the primary immune cells responsible for in�ammation within the central nervous
system (CNS), being rapidly activated following cerebral ischemia (3). Microglial hyperactivation can lead
these cells to produce high levels of neurotoxic and in�ammatory compounds such as nitric oxide (NO),
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tumor necrosis factor (TNF-α), interleukin (IL-6), interleukin (IL-1β), and reactive oxygen species (ROS) (4).
These cytokines and compounds can directly drive the apoptotic or necrotic death of proximal neurons,
and can recruit additional cells including macrophages and γδ T cells to the site of ischemia wherein they
can secrete additional neurotoxic and in�ammatory factors.

Sphingosine 1-phosphate (S1P) is a sphingolipid that controls cellular proliferation, migration,
differentiation, and adhesion. S1P generation is mediated by the rate-limiting enzymes sphingosine
kinase 1 (SphK1) and sphingosine kinase 2 (SphK2), which thus control sphingolipid signaling in cells
(5–9). Microglia are one of the primary cellular sources of SphK1 activity in the context of cerebral
ischemia, and inhibiting this enzyme can reduce microglial pro-in�ammatory mediator production in the
presence of ischemic neurons (10). We have previously shown that Sphk1/S1P regulate the CIRI-
associated production of interleukin-17 (IL17) by activated microglia, which can drive the apoptotic death
of neurons (11). SphK1/S1P regulate important processes including autophagy and cell survival (12–14).
TRAF2 is a key signaling intermediary that is also necessary for the production of in�ammatory cytokines
(15–17), leading researchers to explore its relationship with intracellular S1P. In hepatoma cells, SphK1 is
also known to signal through tumor necrosis factor receptor-associated factor 2 (TRAF2) and to thereby
promote autophagy-mediated CDH1/E-cadherin degradation, ultimately facilitating the epithelial-
mesenchymal transition of these cancer cells (18).

Autophagy is an essential process whereby cells are able to remove or recycle damaged or unnecessary
organelles and proteins via the formation of lysosome-like autophagosomes. Autophagy is closely linked
with microglial in�ammation in the context of IS, as impaired autophagic responses are associated with
increased stroke-related in�ammation and brain injury (19). Yang et al (20) determined that chronic
cerebral hypoperfusion was able to drive autophagy and activation within microglia and to lead to
increased white matter lesion formation and cognitive de�cits in a murine model system, whereas the
autophagy inhibitor 3-methyadenine (3-MA) was su�cient to inhibit autophagy within these microglia. A
separate study also found that ischemia was associated with microglial autophagy and with resultant
in�ammation and neuronal damage, with 3-MA signi�cantly reducing this microglia-mediated
in�ammation (21). As such, these results offer evidence suggesting that inhibiting autophagy can
improve outcomes associated with reduced cerebral perfusion.

Previous work has con�rmed that the dissemination of gastric cancer can be enhanced by Sphk1-induced
autophagy (22). While SphK1 is thus directly associated with autophagy, its speci�c roles and regulatory
functions in microglia in the context of CIRI remain uncertain. In this study, we found that during CIRI the
microglial expression of LC3 and the activity of SphK1 were increased, whereas the expression of
SQSTM1 was reduced in these same cells. Moreover, we determined that autophagic body formation was
enhanced in cerebral tissues following I/R. We also explored the impact of SphK1-induced autophagy on
microglial in�ammatory cytokine production and associated neuronal apoptosis using an in vitro oxygen-
glucose deprivation reperfusion (OGDR) model system. At a mechanistic level, we found that TRAF2
regulated SphK1-induced autophagy in these cells, thereby controlling in�ammation and associated
neuronal apoptosis under OGDR conditions.



Page 4/23

Methods
Animals

Male Wistar rats (240–260 g) were obtained from the Experimental Animal Center of the Second
A�liated Hospital of Harbin Medical University, and were housed with free access to food and water in a
temperature- and humidity-controlled facility with a 12 h light/dark cycle. Prior to experimental utilization,
all animals were given a 1 week acclimatization period. All animal studies were approved by the School
of Medical Science of Harbin Medical University, with all efforts having been made to reduce animal use
and suffering when possible. 

Reagents and antibodies

Rabbit anti-rat MAP1LC3 were purchased from Cell Signaling Technology (USA). Rabbit anti-rat Sphk1
was obtained from NOVUS. Rabbit anti-rat SQSTM1, rabbit anti-rat TRAF2, mouse anti-rat Ibal, and
mouse anti-rat Neun were purchased from Abcam (USA). Fluorescently labeled anti-rabbit and anti-mouse
IgG were from Invitrogen (USA). A TUNEL staining kit was obtained from Roche (Switzerland). S1P,
Rapamycin (RAP), and 3-MA were obtained from Sigma. An siRNA speci�c for rat TRAF2 was purchased
from GenePharma Corporation (Shanghai, China).

Focal cerebral ischemia-reperfusion model

In order to study CIRI in vivo, we employed a slightly modi�ed version of the previously described middle
cerebral artery occlusion (MCAO) model (Lv et al., 2011). Brie�y, 10% chloral hydrate (350 mg/kg) was
intraperitoneally injected into rats in order to achieve deep anesthesia, after which the neck was opened
such that the common carotid artery (CCA) was visible. The proximal ends of the CCA and the internal CA
(ICA) were then clamped, and a small V-shaped incision was made in the external carotid artery (ECA). A
bolt of thread was then inserted through this incision for MCAO embolization, with a knot being created at
the site of thread entry. The clamp on the CCA was then loosened, with the CCA being adjusted until
positioned 45 degrees to the right lateral side. The thread was then inserted further until resistance was
detected. Blood �ow was disrupted for 2 h, after which the embolic thread was removed to the ECA stump
as a means of simulating IRI. Control animals underwent the same surgical manipulation but without
thrombus insertion. After completion of all surgical procedures, rats were warmed using heating pads and
were individually housed with free access to food and water. Animals were subjected to downstream
analyses at 12, 24, and 48-h post-surgery.

Immunohistochemistry

Immuno�uorescent staining was used to visualize the microglial expression of Sphk1 (NOVUS
Biologicals, JA31-14), MAPLC3 II (Cell Signaling Technology, D11) , SQSTM1/p62 (Abcam, ab155686),
and TRAF2 (Abcam, ab126758) in our experimental system. Brie�y, we initially used xylene to
depara�nize ischemic penumbra tissue sections from model animals. Sections were then treated with
citric acid to facilitate antigen retrieval, followed by three washes in PBS. Samples were next blocked for
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1 h using serum, followed by probing overnight at 4°C with appropriate primary antibodies, further
washing, and probing for 1 h at room temperature using �uorescently conjugated secondary antibodies.
Samples were then imaged via Olympus FV300 confocal microscope (200×). To ensure accuracy, 4-5
�elds of view in different cortical regions were selected at random, with positive areas being averaged
across these regions.

Western blotting

The expression of Sphk1 (NOVUS Biologicals, JA31-14), MAPLC3 II (Cell Signaling Technology, D11),
SQSTM1/p62 (Abcam, ab155686) and TRAF2 (Abcam, ab126758) in OGDR and MCAO model systems
was measured via Western blotting. Brie�y, protein levels in ischemic penumbra tissue samples were
quanti�ed via BCA assay. Next, 10-12% SDS-PAGE was used to separate the proteins, and they were
transferred onto cellulose acetate membranes. Blots were next blocked for 2 h using 5% non-fat milk
followed by overnight probing with primary antibodies at 4°C. Blots were then washed prior to probing for
1 h with appropriate �uorescent secondary antibodies. Blots were then imaged with an infrared Odyssey
3.0 instrument, with β-actin being used as a means of normalizing protein expression across samples.

Lentiviral knockdown of SphK1

SphK1-knockdown rats were generated via administering 3.5% chloral hydrate (350 mg/kg) to
anesthetize rats and placing them within a stereotactic device. A lentivirus targeting SphK1 (GenePharma
Corporation Shanghai, China) was then directly administered (2 μg/μl) to the right lateral ventricle at a
position 1.0 mm behind the anterior iliac crest, 2.0 mm to the side of the stereotactic instrument using the
midline for guidance, and 3.5 mm ventral of the surface of the skull. At 2 weeks post-injection, rats were
subjected to MCAO procedures. 

Injection of inhibitors

Selected inhibitory compounds (RAP and 3-MA, Sigma) were administered at doses selected based upon
prior studies (23-25). RAP and 3-MA were both delivered via intracerebroventricular injection (i.c.v.).
Dosing with RAP (35 pmol; dissolved in ethanol and diluted to < 2% ethanol using normal saline) was
conducted at both 2 h prior to MCAO and 24 h post-perfusion, while 3-MA was administered at the onset
of reperfusion. 

Culture of primary cells

Neonatal rats (1-2 days old) were used as a source for primary microglia. Brie�y, animals were euthanized
and the meninges and cortical tissue were separated from one another. The cortices were then
dissociated and passed through a 200 μm �lter. The �ltered cells were resuspended in high glucose (4.5
g/L) DMEM containing 5% fetal calf serum and penicillin/streptomycin (all from Hyclone, USA). Cells
were then cultured at 37 °C. On day 10 of this culture process, �asks were shaken overnight (300 rpm) at
37 °C, and puri�ed microglia were collected and cultured for 2-3 days in media prepared as above
(complete media) with the addition of 1% microglia growth supplement (ScienCell, USA).
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Immunocytochemical staining for the microglial marker Iba1 was used to con�rm that these cultures
were at least 98% pure. 

To culture primary neurons, SD rats (embryonic day 17) were utilized as in previous reports (26). First,
meninges were removed and cortical tissue was dissected, with the resulting tissue fragments being used
to prepare a single cell suspension via passage through a 200 μm �lter. The resultant cells were then
cultured for 7-9 days using Neurobasal ™ medium supplemented with 2% B27 supplement (both from
Invitrogen) and penicillin/streptomycin, after which cells were used for downstream experiments. Cultures
were con�rmed to be at least 96% pure based on staining for NeuN. 

Lentiviral infection

Lentiviruses carrying an SphK1-speci�c shRNA (Lv-SphK1-shRNA) were prepared using the AdEasy
lentivirus Vector System (GenePharma, Shanghai, China) via cloning the appropriate sequence into the
pShuttle-CMV vector, followed by subsequent recombination into the pAdeasy-1 lentiviral vector. The
resultant lentivirus was used to infect microglia for 24 h at a high titer (MOI = 100). Media was then
exchanged for fresh complete media with appropriate supplements and the cells were cultured for 24 h,
after which they were again infected as above. 

OGDR treatment

Cells were used for in vitro OGDR modeling experiments. OGDR conditions were achieved by removing
normal cellular media and instead culturing cells for 2 h in Earle’s balanced salt solution (with no added
glucose) at 37°C in a low-oxygen (95% N2/3% CO2/2%O2) incubator. In parallel, control cells were cultured
in Earle’s balanced salt solution containing 10 mM glucose in a normoxic incubator. After the 2 h low-
oxygen incubation, cells were then returned to a normoxic incubator as a means of initiating reperfusion.

Electron microscopy

Phosphate-buffered glutaraldehyde (2.5%) and osmium tetroxide (1%) were used to �x samples, after
which they were dehydrated using a series of graded acetone solutions. Epoxy resin was then used to
embed tissues, after which semi-thin (1 mm) tissue sections were prepared and toluidine blue-stained.
Sections that were 600-Å thick were then prepared from these stained sections, with the resultant sections
being lead citrate and uranyl acetate stained. A transmission electron microscope (JEM-1200X,
SHIMADZU, Japan) was then used to visualize 5-8 random �elds of view per brain section (13,500 ×; n=6
rats/group).

Cellular transfection 

In order to knock down TRAF2 expression, microglia cultured as above were transfected with either a
negative control siRNA or a rat TRAF2-speci�c siRNA at 70 nM with the XtremeGENE siRNA transfection
reagent (Roche) based on provided directions. Brie�y, cells were plated in 12-well plates at 1.4×105/well,
and were allowed to rest for 48 h post-transfection prior to downstream use. A pEGFP expression vector



Page 7/23

(BD Biosciences Clontech, CA, USA) was used in parallel wells as a means of monitoring the e�ciency of
transfection, which was usually > 70%.

Measurement of apoptotic cell death

The survival of OGDR-treated cells was analyzed using a TUNEL staining kit (Roche, Switzerland). Brie�y,
neurons that had been cultured on coverslips were �xed using 4% paraformaldehyde, after which they
were treated using 0.3% hydrogen peroxide to quench any endogenous peroxidase activity. Samples were
then incubated for 1 h with the TUNEL reaction solution, followed by a 30 minute counterstain with DAPI
at 37 °C. After staining, cell samples were assessed via �uorescent microscopy (Olympus), with the
TUNEL staining frequency being determined by normalizing TUNEL-positive areas in individuals to total
DAPI-positive area. 

ELISAs

OGDR-induced production of IL-1β, IL-6, and TNF-α by microglia was quanti�ed in cell culture
supernatants at the indicated time points via ELISA based on provided directions. Brie�y, 96-well plates
were initially coated overnight with capture antibodies speci�c for these cytokines of interest (2–4
μg/ml). Next, 1% BSA was used to block these plates, after which 50 μl of appropriate standards or
samples were added to each well. Plates were then washed and probed with a biotinylated secondary
antibody, followed by further washing and streptavidin-mediated color development. Absorbance at 450
nm was then measured to quantify protein levels. 

Detection of apoptosis by �ow cytometry

Primary neurons were seeded in 6-well plates at a density of 5 × 105 cells/well. After 7 days, they were
transduced with an appropriate lentivirus, and were then subjected to hypoxic conditions. Cells were then
collected, washed with PBS, and 1x105 cells were resuspended in 500 μL of binding buffer. Cells were
then stained using an Annexin-V-Fluos kit based on provided directions, with 100 μL of reaction solution
being added per sample containing HEPES, Annexin-V, and PI. After staining for 15 minutes, 1 mL of PBS
was added per sample, and cells were then analyzed via �ow cytometry.

Statistical analysis

Data are presented as means ± standard deviation from triplicate experiments. Data were compared via
Student’s t-tests and ANOVAs as appropriate using SPSS v22.0. P < 0.05 was the signi�cance threshold
for these analyses.

Results
Analysis of autophagy-related protein levels in microglia in response to cerebral I/R
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In previous analyses of murine focal cerebral ischemia model systems, ischemia has been shown to
induce microglial autophagy, in�ammation, and neuronal damage (21). We began our study be
monitoring autophagic activity in rat brain peri-infarct cortical microglia at 12, 24, and 48 h post-cerebral
I/R. To monitor autophagic activity, we assessed the levels of both MAP1LC3 and SQSTM1/p62, with the
former being an autophagy marker that is converted from a soluble form (MAP1LC3-I) to a lipidated form
(MAP1LC3-II) during autophagy, and the latter being an autophagic cargo protein used to monitor
autophagic �ux (27). We observed increasing microglial MAP1LC3 levels in ischemic cortical tissue
following cerebral I/R, with peak expression after 24 hours (10.5 ± 0.25), and with a gradual decrease at
48 h (Fig. 1A, B), whereas SQSTM expression was lowest at 24 hours (5.5 ± 0.3) (Fig. 1C, D). These
�ndings were consistent with cerebral I/R having induced autophagy within microglia, with peak
induction occurring after 24 h.

Inhibition of SphK1 is su�cient to suppress cerebral I/R-induced microglial autophagy

We have previously demonstrated that maximal SphK1 expression in microglia occurs at 24 h post-
cerebral I/R or -OGDR (11). To explore the physiological importance of SphK1 in our model system, we
introduced a lentivirus targeting SphK1 into the lateral ventricle of rats in order to inhibit this enzyme prior
to utilizing MCAO as a means of modeling cerebral I/R. We observed signi�cantly lower SphK1
expression (7.5 ± 0.3) in Lv-Sphk1 infected rats in peri-infarct cortical tissue in vivo at 24 h post-cerebral
I/R (Fig. 2A, B). This inhibition also coincided with both reduced MAP1LC3 expression (6.0 ± 0.3) and
increased SQSTM1 expression (7.0 ± 0.3) in these rats at the same time point (Fig. 2C-F). SphK1
inhibition was also associated with a reduction in autophagosome numbers (1.75 ± 0.15), as con�rmed
via electron microscopic visualization of dual-membrane-enclosed vacuolar structures within these cells
at 24 h post-cerebral I/R (Fig. 2G, H). Together, these �ndings therefore suggest that SphK1 is directly
responsible for mediating autophagic induction within microglia in response to cerebral I/R.

Inhibition of SphK1 reduces cerebral I/R-induced apoptotic neuronal death via suppressing autophagy

A dominant-negative form of Sphk1 inhibits autophagosome synthesis in neurons, suggesting that
Sphk1 plays a role in the biogenesis of autophagosomes (28). In the present study, we evaluated whether
SphK1 could also induce autophagy in neurons in response to cerebral I/R. As shown in Fig. 3A-B, the
number of SphK1 positive neurons decreased signi�cantly after SphK1 knockdown. Moreover, SphK1
knockdown decreased MAP1LC3 expression on neurons (Fig. 3C, D). Inhibition of microglial SphK1 has
been shown to inhibit the production of proin�ammatory cytokines and the apoptotic death of neurons in
the context of cerebral I/R (11, 26, 29). We also observed signi�cantly more TUNEL-positive apoptotic
neurons in rats at 24 h post-cerebral I/R relative to numbers in Sh-SphK1-treated animals at this same
time point (19.5%±0.4). When the autophagy activator RAP was injected into the lateral ventricle of these
rats, we observed a further reduction in TUNEL-positive cell frequencies (11%±0.3), whereas the
autophagic inhibitor 3-MA signi�cantly increased this frequency (29%±2) (Fig. 3E, F). Together, these
�ndings suggest that SphK1 is at least partially responsible for neuronal apoptosis in the context of
cerebral I/R, functioning via an autophagy-dependent mechanism.
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OGDR drives microglial SphK1 upregulation and autophagy in vitro

Previous work has clearly emphasized the fact that cerebral hypoperfusion and ischemia can result in
microglial activation, autophagy, and in�ammation (20, 21). In order to gain further mechanistic insights
into the relationship between cerebral I/R and SphK1 expression in our model system, we utilized puri�ed
microglia in an in vitro OGDR model as a means of mimicking the effect of cerebral I/R on autophagy in
these cells. We found that OGDR resulted in an increase in SphK1 (11 ± 0.15) and LC3II (9 ± 0.28)
expression after 24 h, whereas SQSTM1 levels were reduced at this same time point (0.5 ± 0.1) (Fig. 4A-
D). Much as was observed in vivo, we detected SphK1 and MAP1LC3II in the cytosol of these microglia at
24 h post-OGDR, with reduced SQSTM1 levels also being observed at this time point (Fig. 4E). This,
therefore, suggested that OGDR can directly induce SphK1 upregulation and autophagy within microglia
after 24 h.

SphK1 knockdown inhibits OGDR-induced autophagy and thereby protects against neuronal apoptosis

We next explored the mechanistic importance of SphK1 in the OGDR-mediated induction of microglial
autophagy and neuronal damage. To that end, we knocked down SphK1 in microglial cells using a
speci�c lentiviral construct. After a 48 h rest, we subjected these cells to OGDR modeling. We found that
SphK1 knockdown was associated with both signi�cantly reduced MAP1LC3II expression (0.65 ± 0.2) and
markedly elevated SQSTM1 expression (1.4 ± 0.2) (Fig. 5A, B). Cells in which SphK1 had been knocked
down also exhibited fewer autophagosomes when assessed via electron microscopy (Fig. 5C).
Intracellular S1P has also been reported to drive pro-in�ammatory signaling, although anti-in�ammatory
S1P-mediated chemokine suppression has also been documented (30). We evaluated the effect of SphK1
inhibition on S1P, and found that S1P levels in microglial supernatants decreased after SphK1 inhibition
(Fig. 5D). When we exposed neurons cultured under OGD conditions to supernatants from OGDR-
activated microglia, we observed signi�cantly lower rates of neuronal apoptosis when supernatants were
derived from SphK1-knockdown cells (4.1 ± 0.3%) than when they were derived from control cells (10.2 ± 
0.18%). Treatment of cells with RAP to activate autophagy further enhanced the apoptotic death of OGD
neurons (7.2 ± 0.2%) (Fig. 5E, F). These decreases in neuronal apoptosis also coincided with �ow
cytometry results (6.25%±0.15%) (Fig. 5G, H). Together, these �ndings con�rmed the importance of
microglial SphK1 as a mediator of both microglia-intrinsic autophagy and microglia-induced neuronal
apoptosis in this OGDR model system.

Inhibiting microglial autophagy is su�cient to reduce OGDR-associated neuronal damage

We further investigated the mechanistic role of microglial autophagy in the induction of neuronal cell
death in our OGDR system. To that end, we subjected microglia to OGDR conditions for 24 h, after which
3-MA (10 mmol/L) or RAP (200 nmol/L) were added to the culture media at the time of reoxygenation. We
found that 3-MA-mediated inhibition of autophagy was su�cient to reduce the production of the pro-
in�ammatory cytokines IL-1β, IL-6, and TNF-α by these cells, whereas the opposite phenotype was
observed when cells were instead treated with RAP to activate autophagy (Fig. 6A). We then exposed
OGD-treated neurons to the supernatants from 3-MA- or RAP-treated microglia, revealing that
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supernatants from 3-MA-treated cells were associated with signi�cantly lower levels of apoptosis (5.4 ± 
0.2% loss) as compared to control supernatants (12.1 ± 0.3% loss), whereas RAP-treated microglial
supernatants were associated with a slightly lower rate of observed neuronal apoptosis (8.5 ± 0.28% loss)
(Fig. 6B, C). Flow cytometry �ndings were consistent with TUNEL staining results (Fig. 6D, E). These
�ndings thus strongly suggested that the induction of microglial autophagy under OGDR conditions is
su�cient to aggravate OGDR-associated neuronal damage.

SphK1 promotes OGDR-induced autophagy and neuronal injury via TRAF2 in microglia

Previous work has shown that SphK1 can be activated in response to TNF, whereupon it phosphorylates
sphingosine to generate S1P, which subsequently interacts with the downstream signaling factor TRAF2
(31). Sphk1 can stimulate autophagy through TRAF2 (18). As such, we hypothesized that SphK1 may
regulate autophagy in our model system in a TRAF2-dependent fashion. Consistent with this, we found
that siRNA-mediated knockdown of TRAF2 was su�cient to reduce MAP1LC3-II expression and to
increase SQSTM1 levels following SphK1 knockdown in OGDR-treated microglia after 24 h. (Fig. 7. A-C).
When supernatants from these cells were then used to treat OGD-exposed neurons, we similarly found
that SphK1 knockdown-induced neuronal apoptosis was inhibited following TRAF2 silencing (3.5 ± 0.2%
loss) (Fig. 7D). Flow cytometry results were consistent with TUNEL staining �ndings (Fig. 7E, F), thus
suggesting that SphK1 is able to drive the OGDR-mediated induction of autophagy in microglial via a
pathway dependent upon TRAF2.

Discussion
SphK family enzymes, which are essential for the generation of S1P from sphingosine, play key roles in
intracellular signaling and in the coordination of in�ammatory responses (32). In macrophages, the
inhibition of SphK activity has been shown to not only enhance intracellular sphingolipid levels, but also
to alter intracellular autophagic activity (33). In the present study, we �rst con�rmed that cerebral I/R was
su�cient to induce the upregulation of SphK1 and LC3 II as well as the downregulation of SQSTM1, all of
which are markers of autophagy (Fig. 1). When SphK1 was knocked down using a lentiviral vector, this
impaired autophagic induction in microglia and also protected proximal neurons from apoptotic death
(Fig. 2). SphK1 can also be expressed in neurons, astrocytes, and cerebellar granule cells. In our
experiment, the presence of Iba1-negative SphK1 in brain tissue was observed in the context of cerebral
ischemia-reperfusion (Fig. 2 white arrows), and prior work has shown that Sphk1 regulates autophagy in
neurons (28, 34). In this case, lentivirally pretreated rat brain tissue samples yielded evidence of SphK1-
mediated neuronal apoptosis, autophagy, and ultimately death (Fig. 3). Together, our �ndings strongly
indicate that SphK1- induced autophagy within microglia can drive neuronal injury in response to cerebral
I/R.

TRAF2, an established downstream component of the SphK1 intracellular signaling pathway, regulates a
variety of cellular activities and thereby facilitates the lysine 63-linked ubiquitination of signaling proteins
such as RIPK1 and TICAM1 (31, 35). Sphk1 promotes EMT via stimulating the TRAF2-mediated lysine 63-
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linked direct ubiquitination of BECN1 through the intracellular S1P-stimulated pathway, inducing the
lysosomal degradation of CDH1 in HepG2 cells (18, 35, 36 ). However, other researchers (33, 37) have
found that TRAF2, but neither SphK1 nor SphK2, are required for the TNF-mediated activation of NF-κB
and MAP kinase signaling. In our study, we determined that SphK1-induced autophagy in microglia was
at least partially dependent upon TRAF2 in an I/R model system (Fig. 7). Therefore, we speculate that the
relationship between TRAF2 and SphK1 in this context is distinct from the mechanisms described above,
although further research is needed to con�rm this hypothesis.

Many studies have clearly highlighted a role for autophagy in the pathogenesis of CIRI, with neuron
survival being closely linked to autophagic activity (38, 39). Speci�cally, hypoxia- and ischemia-induced
autophagy has been shown to protect neurons from death in the context of CIRI. Treatment with
rapamycin can further induce autophagy, thereby providing additional protection against neuronal death
and associated brain injury (40). In contrast, however, other studies have suggested that autophagy can
drive neuronal death in a rat MCAO model system wherein excessive autophagy can aggravate brain
damage (41). In this model, the use of 3-MA to inhibit autophagy reduces neuronal apoptosis in treated
animals (42). In the present study, we determined that autophagic induction was associated with adverse
outcomes (Fig. 1, Fig. 4), whereas inhibiting autophagy reduced microglia-induced nerve damage (Fig. 5).

S1P is a critical mediator of immune functionality and is implicated in a range of autoimmune diseases,
in�ammatory and metabolic disorders, and infections (6, 43) have shown that the S1P-S1PR2 axis drives
in�ammation and autophagic defects. As such, the function of S1P signaling in the context of
in�ammation is complex and varies in a disease- and site-speci�c manner. In this study, we con�rmed
that the level of S1P decreased after SphK1 knockout, and that the impact of SphK1 inhibition on OGDR-
induced autophagy may be related to S1P.

The extensive autophagic activity observed in activated microglia may be a compensatory mechanism
induced to prevent the excessive activation of these cells as a means of maintaining homeostasis.
Defective autophagy within these cells would potentially lead to the accumulation of defective organelles
and proteins, thereby increasing ROS generation and consequent in�ammation and apoptosis. This,
therefore, suggests that the degree and timing of autophagic activation in microglia during cerebral I/R
determine whether it is ultimately protective or deleterious. Further studies of the molecular mechanisms
governing such determinations have the potential to highlight novel treatment avenues for IS patients.

Conclusion
In conclusion , our �ndings provide clear evidence that SphK1 facilitates CIRI-induced autophagy in
microglia, in turn promoting in�ammation and associated neuronal death. Therapeutic approaches
targeting this signaling axis may therefore be of value for the treatment of cerebral ischemia.

Abbreviations



Page 12/23

CIRI cerebral ischemia-reperfusion injury
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Figure 1

The expression of autophagy-associated proteins in a rat model of CIRI. (A, C) Sections of ischemic brain
tissue were collected at 24 and 48 h post-CIRI modeling and were stained for LC3II, SQSTM1 (green), the
microglial marker Iba1 (red), and nuclei counterstained with DAPI (blue). Samples were then imaged via
confocal microscope. (B, D) LC3II/SQSTM1-positive cells were counted following CIRI. Data are means ±
SD (n=5). *P<0.05 vs. control.
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Figure 2

Lentiviral knockdown of SphK1 reduces microglial autophagy at 24 h in peri-infarct cortical tissue
following CIRI. A lentivirus speci�c for SphK1 (2 μg/μl) was administered to the right ventricle of model
rats two weeks prior to MCAO modeling. (A, C, E) Tissues were dual-stained for Sphk1/MAPLC3/SQSTM1
(green) and Iba1 (red) at 24 h post-CIRI, with DAPI (blue) used to counterstain nuclei. (B, D, F) The
expression of SphK1/LC3II/SQSTM1 was quanti�ed following CIRI. Data are means ± SD (n=5). *P<0.05
vs. control. (G, H) Representative autophagosomes were imaged at 24 h post-CIRI via electron microscopy
(6000 - 30000 x).
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Figure 3

Knockdown of SphK1 suppresses autophagy and impairs neuronal apoptosis following CIRI. (A, C) A
lentivirus speci�c for SphK1 (2 μg/μl) was administered to the right ventricle of model rats two weeks
prior to MCAO modeling. Tissues were dual-stained for Sphk1/MAPLC3 (green) and Nenu (red) at 24 h
post-CIRI, with DAPI (blue) used to counterstain nuclei. (B, D) The expression of SphK1/LC3II was
quanti�ed following CIRI. (E) Animals were administered 3-MA (i.c.v.). Alternatively, rapamycin (35 pmol,
5μl, i.c.v.) was administered both 2 h before MCAO and 24 h following reperfusion. TUNEL (green) and
Neun (red) were used to stain neurons in cerebral tissue sections (200x). (F) The number of TUNEL-
positive cells was quanti�ed. Data are means±SD of at least three experiments.
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Figure 4

OGDR induces microglial SphK1 upregulation and autophagy in vitro. (A-D) Levels of SphK1, LC3II, and
SQSTM in cultured microglia were measured at 12, 24, and 48 h post-OGDR, with β-actin used for
normalization. (E) At 24 h post-OGDR, cells were �uorescently stained for Sphk1/LC3II/SQSTM (green)
and Iba1/GFAP (red), with DAPI (blue) used for nuclear counterstaining prior to confocal microscopy.
Data are means±SD of at least three experiments. *P<0.05 vs. control.
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Figure 5

SphK1 knockdown in microglia reduces OGDR-induced autophagy and associated neuronal damage. (A,
B) Levels of autophagy-related proteins in control or SphK1-speci�c lentivirus-treated microglia were
quanti�ed following OGDR via Western blotting. (C). Knockdown of SphK1 was associated with reduced
autophagosome (AP) levels in microglia at 24 h post-OGDR. (D) Levels of S1P in microglial supernatants
from cells treated as in (A) were quanti�ed by ELISA. (E, F) OGD-exposed neurons were treated with
supernatants from control or SphK1-knockdown microglia that were collected at 24 h post-OGDR. Cells
were incubated for 24 h, followed by the analysis of neuronal apoptosis via TUNEL (green) and DAPI
(blue) staining (200x). The percentage TUNEL-positive area (TUNEL/DAPI) was quanti�ed. (G, H) The
percentage of apoptotic neurons in each group was quanti�ed by �ow cytometry. Data are means±SD of
at least three experiments. *P<0.05 vs. control. #P < 0.05.
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Figure 6

Inhibiting microglial autophagy reduced OGDR-induced neuronal damage. (A) Levels of IL-1β, IL-17, and
TNF-α in microglial supernatants from cells treated via OGDR, ODGR+3MA, and OGDR+RAP were
quanti�ed by ELISA. (B) OGD-exposed neurons were treated with supernatants collected from microglia
treated as in (A) at 24 h post-reperfusion. Neurons were cultured for 24 h, followed by the analysis of
neuronal apoptosis via TUNEL (green) and DAPI (blue) staining (200x). (C, D) TUNEL-positive cells were
quanti�ed, and the percentage of TUNEL positive (TUNEL/DAPI) area was calculated. (E) The percentage
of apoptotic neurons in each group was quanti�ed by �ow cytometry. Data are means±SD of at least
three experiments. *P<0.05 vs. control. #P < 0.05.
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Figure 7

TRAF2 mediates SphK1-induced microglial autophagy and neuronal injury in response to OGDR
conditions. (A-C) Knockdown of TRAF2 reduced LC3II levels in Sh-Sphk1 cells. Lysates were collected
from these or control cells at 24 h post-OGDR 24h, after which Western blotting was used to quantify
levels of autophagy-associated proteins. (D) OGD-exposed neurons were treated with microglial
supernatants prepared in (A). Following a 24 h treatment, TUNEL-positive cells were quanti�ed, and the
percentage of TUNEL positive (TUNEL/DAPI) area was calculated. (E, F) The percentage of apoptotic
neurons in each group was quanti�ed by �ow cytometry. Data are means±SD of at least three
experiments.*P<0.05 vs. control.


