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Abstract
Background

Increasing evidence suggests microglial polarization plays an important role in the pathological
processes of neuro-in�ammation following subarachnoid hemorrhage (SAH). Previous studies indicated
that milk fat globule-EGF factor-8 (MFG-E8) has the potential in anti-apoptosis and anti-in�ammation in
cerebral ischemia. However, the effects of MFG-E8 on microglial polarization have not been evaluated
after SAH. Therefore, the aim of this study was to explore the role of MFG-E8 on anti-in�ammation, and
its potential mechanism on microglial polarization following SAH.

Methods

We established the SAH model via prechiasmatic cistern Blood injection in mice. Double-
immuno�uorescence staining, Western blotting and quantitative real-time polymerase chain reaction (q-
PCR) were performed to investigate the expression and cellular distribution of MFG-E8. Two different
dosages (1 μg and 5 μg) of recombinant human MFG-E8 (rhMFG-E8) were injected intracerebroventricular
(i.c.v.) at 1 h after SAH. Brain water content, neurological scores, beam-walking score, Fluoro-Jade C (FJC)
and terminal deoxynucleotidyl transferase dUTP nick endlabeling staining (TUNEL) were measured at 24
h. Intervention of MFG-E8, integrin β3 and phosphorylation of STAT3 were achieved by speci�c siRNAs
(500 pmol/5 µl) and STAT3 inhibitor Stattic (5 µM). The potential signal pathway and microglial
polarization were measured by immuno�uorescence labeling and Western blotting.

Results

SAH induction increased the levels of in�ammation mediators, the proportion of M1 and caused neuronal
apoptosis in mice at 24 h. Treatment with rhMFG-E8 (5 µg) remarkably decreased brain edema, improved
neurological functions, reduced the levels of pro-in�ammation factors, and promoted microglia shifted to
M2 phenotype. However, knockdown MFG-E8 and integrin β3 via siRNA abolished the effects of MFG-E8
on anti-in�ammation and M2 phenotype polarization. STAT3 inhibitor Stattic further clari�ed the role of
rhMFG-E8 on microglial polarization through regulating the protein levels of integrin β3/SOCS3/STAT3
pathway.

Conclusions

rhMFG-E8 inhibits neuron-in�ammation through transformation microglial phenotype towards M2 after
SAH, which may be mediated by modulation of the integrin β3/SOCS3/STAT3 signaling pathway, and
highlighting rhMFG-E8 as a potentially therapeutic target for the treatment of SAH patients.

Introduction
Subarachnoid hemorrhage (SAH), constituting 5 to 10% of all strokes worldwide, is one of the most
catastrophic disease with high morbidity and mortality [1]. Recently, numerous studies indicated that
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early brain injury (EBI) has been considered as the primary cause of poor neurological outcomes [2, 3]. As
one of the major contributors, in�ammation injury plays a pivotal role in the pathogenesis of EBI, which is
mainly caused by immunological imbalance, including excess release of pro-in�ammatory mediators and
less production of anti-in�ammatory cytokines [4]. Therefore, searching for an effective treatment to
regulate immunologic balance and improve the outcome of SAH patient become urgently needed.

Several studies showed that microglia, as the resident innate immune cells of the central nervous system
(CNS), is invariably associated with in�ammatory responses following SAH [5, 6]. Microglia could sense
the slight imbalances of immune homeostasis, and cytotoxic mediators and endogenous proteins
released from damaged nerve cell provoke resting microglia activation [7]. Activated microglia assumed
to polarize two phenotypes, including classical M1 (pro-in�ammation) and alternative M2 (anti-
in�ammatory) under the different stimulants after SAH [8]. Therefore, the phenotype of M1 are
characterized by releasing pro-in�ammatory cytokines, including interleukin-1β (IL-1β), interleukin-6 (IL-6),
tumor necrosis factor-α (TNF-α) and inducible nitric oxide synthase (iNOS), which induces an
in�ammatory injury. Likewise, M2 produces anti-in�ammatory cytokines, such as interleukin-10 (IL-10)
and transforming growth factor β (TGF-β), to maintain immune balance [9]. Meanwhile, microglia
dynamically switch between two phenotypes following activation [10, 11]. Thus, the anti-in�ammatory
strategy of targetting microglia phenotypic transformation might provide potential neuro-protection
against in�ammatory in the treatment of SAH.

Milk fat globule-epidermal growth factor-factor 8 (MFG-E8) is a secreted multifunctional glycoprotein,
composed of epidermal growth factor (EGF)-like sequences and discoidin domain-containing protein 1
(SED-1) [12]. This protein is widely distributed in various tissues of mammalian species including
humans. Given its role of a bridging molecule between apoptotic cell and macrophages, MFG-E8 facilitate
clearance of pro-in�ammatory mediators to prevent secondary injury [13]. Recently, its role attracts more
and more attentions by researchers in CNS. Normally, MFGE8 is mainly upregulated in microglia during
several pathological process, also small amount of it expressed in astrocytes and neurons [14, 15]. MFG-
E8 participates in regulating immune responses through inhibiting the release of pro-in�ammatory
mediators to protect against ischemic cerebral injury [13]. Further, MFG-E8 promote microglia
reprograming to shift the microglia phenotype toward alternative (M2) activation [16]. Administration of
MFG-E8 could alleviate pathological lesion of Alzheimer’s disease (AD) via modulating the alteration of
M1/M2 polarization [14]. Recently our laboratory have con�rmed that recombinant human MFG-E8
(rhMFG-E8) improve neurological function in an animal model of traumatic brain injury (TBI) by inhibiting
neuronal apoptosis [17]. These studies indicated that MFG-E8 could provide neuroprotection in CNS.
However, whether MFG-E8 modulate the phenotypes and functions of activated microglia after SAH
remains to be reported.

In the present work, we aimed to address the effect of MFG-E8 on microglia polarization, as well as its
potential mechanism in a SAH model.

Methods
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Animals preparation

Adult male C57BL/6J mice weighing 25–28 g were purchased from the Experimental Animal Center of
Drum Tower Hospital. All experimental protocols and procedures for this study were approved by the
Institutional Animal Care and Use Committee at Drum tower hospital and conformed to the National
Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. All mice were acclimated in a
12-h light/dark cycle room, and allowed free access to food and water under conditions of controlled
humidity and temperature (24 ± 0.5 °C).
Models Of SAH And Experimental Design

Experimental SAH models used in this study were performed as previous study [18]. Brie�y, mice were
placed in a stereotaxic frame after inhalation anesthesia with iso�urane (2% in oxygen gas, 300 ml/min).
After disinfection, nearly 1.0 cm midline scalp incision was made and the skull was exposed. A hole with
a diameter of 1.0 mm was drilled through the skull in the midline 4.5 mm anterior to the bregma.
Simultaneously, one mouse was euthanized as a donor for arterial blood by exposed left ventricular
cardiac puncture. Next, 50 µl arterial blood was injected into the prechiasmatic cistern through the
prepared hole, and the needle must kept in this position for at least 2 min to prevent blood back�ow or
cerebrospinal �uid (CSF) leakage. Sham animals were subjected to the same procedures, but was
injected into equal volume of normal saline solution. All animals were allowed to recover for 45 min after
SAH, then returned to the cages and maintained at a temperature of 24.0 ± 0.5 °C.

All mice were randomly assigned to the following experiments as described (Supplemental Fig. S1).

Experiment design 1 — To determine the expression of MFG-E8 in the cortex of mice after SAH. Mice were
randomly assigned to seven groups: Sham group (n = 6) and SAH group (1 h, 6 h, 12 h, 24 h, 48 h, 72 h)
(n = 5 per group, except SAH 24 h group, n = 8). 5 mice of each group were selected randomly for Western
blot analyses and Quantitative Real-Time Polymerase Chain Reaction and the rest mice for double-
immuno�uorescence staining.

Experiment design 2 — To evaluate the effect of rhMFG-E8 on neuroprotection after SAH. Mice were
randomly assigned to �ve group: Sham group, SAH group, SAH + Vehicle group, SAH + rhMFG-E8 (1 µg
and 5 µg) (n = 16 each). Assessment method including brain water content and neurological Score (n = 5),
Western blot analyses (n = 5), FJC staining (n = 3) and TUNEL-immuno�uorescence staining (n = 3).

Experiment design 3 — To explore the potential mechanism of rhMFG-E8 on microglial polarization after
SAH. Mice were randomly assigned into the following group: Sham group, SAH group, SAH + Vehicle
group, SAH + rhMFG-E8, SAH + rhMFG-E8 + Stattic (5 µM), SAH + MFG-E8 siRNA, SAH + Scramble siRNA,
SAH + rhMFG-E8 + integrin β3 siRNA, SAH + rhMFG-E8 + Scramble siRNA. Assessment method including
western blot analyses (n = 5 per group) and double immuno�uorescence staining (n = 3 per group).

Intracerebroventricular Administration
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Intracerebroventricular (i.c.v) drug administration was performed as previously described [18]. Brie�y,
mice were placed in a stereotaxic frame after inhalation anesthesia with iso�urane (2% in oxygen gas,
300 ml/min). The needle of a 10-µl Hamilton syringe (Shanghai Gaoge Industry & Trade Co., Ltd.,
Shanghai, China) was inserted into the left lateral ventricle through a burr hole using the following
coordinates: 1.0 mm posterior and 1.5 mm lateral to the bregma, and 3.2 mm below the dural layer.
rhMFG-E8 was purchased from R&D Systems, Inc. (McKinley, NE, USA) and injected at 1 h after SAH
induction, doses of rhMFG-E8 were determined according to previous study [17, 19]. Stattic (Abcam, USA,
5 µM) was dissolved in sterile saline solution containing 2% dimethyl sulfoxide (DMSO) and injected at
1 h before SAH induction. According to the detection of siRNA effect and previous study [17, 19], MFG-E8
siRNA, integrin β3 siRNA and scramble siRNA (500 pmol/5 µl, Santa Cruz Biotechnology) were injected
into the left lateral ventricles at a rate of 0.5 µl/min with a 10-µl Hamilton syringe at 2 d before SAH
induction.

Quantitative Real-time Polymerase Chain Reaction

Quantitative real-time polymerase chain reaction (qPCR) was performed and analyzed as previously
described [20]. Total RNA from brain tissues was extracted using TRIzol Reagents (Invitrogen Life
Technologies, USA). RNA quality was insured by gel visualization and spectrophotometric analysis
(OD260/280). After reverse transcription, quantitative analysis of the MFG-E8, Integrin β3, IL-1β, IL-6, TNF-α
and IL-10 mRNA expression were performed with the real-time PCR method and the primers were
synthesized by ShineGene Biotechnology (Shanghai, China) (Additional �le Table 1). Test cDNA results
were normalized to β-actin. All samples were analyzed in triplicate.

Table 1
Polymerase chain reaction (PCR) primer sequences.

Target gene Forward (5’ to 3’) Reverse (5’ to 3’)

mfg-e8 CGGGCCAAGACAATGACATC TCTCTCAGTCTCATTGCACACAAG

gapdh AAGAAGGTGGTGAAGCAGGC TCCACCACCCTGTTGCTGTA

il-1β AAGCCTCGTGCTGTCGGACC TGAGGCCCAAGGCCACAGG

il-6 GAGACTTCCATCCAGTTGCCT TGGGAGTGGTATCCTCTGTGA

tnf-α GTAGCCCACGTCGTAGCAAA CCCTTCTCCAGCTGGAAGAC

il-10 GGTTGCCAAGCCTTATCG A ACCTGCTCCACTGCCTTGCT

β-actin CGTGAAAAGATGACCCAGATCA CACAGCCTGGATGGCTACGTA
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Table 2
Neurological evaluation (Modi�ed Garcia scoring)

Test Score

0 1 2 3

Spontaneous
Activity
(in cage for
5 min)

No
movement

Barely
moves
position

Move but does not
approach at least three
sides of cage

Move and
approaches at least
three sides of cage

Spontaneous
movements of all
limbs

No
movement

Slight
movement
of limbs

Moves all limbs but
slowly

Move all limbs same
as pre-SAH

Movements of
forelimbs
(outstretching
while held by tail)

No
outreaching

Slight
outreaching

Outreach is limited and
less than pre-SAH

Outreach same as
pre-SAH

Climbing wall of
wire cage

  Fails to
climb

Climbs weakly Normal climbing

Reaction to touch
on both side of
trunk

  No
response

Weak response Normal response

Response to
vibrissae touch

  No
response

Weak response Normal response

Immuno�uorescence Staining And TUNEL Staining

Immuno�uorescence Staining was performed as previously described [18, 21]. Brie�y, mice were deeply
euthanized and perfused with 4% paraformaldehyde in 0.1 mM phosphate-buffered saline (PBS, PH7.4).
Brain samples were immersed in 30% sucrose until sinking to the bottom. 8 um-thick slices were cut with
a cryostat. The slides of each coronal sections were incubated in blocking buffer for 2 h, then washed
with PBS three times for 10 min. Next, the slides were incubated with anti-MFG-E8 (1:200), anti-CD86
antibody (1:100), anti-CD206 antibody (1:100), and anti-p-STAT3 (1:200) respectively, in a dark place
overnight at 4 °C. Afterwards, the slides were washed three times with PBS and incubated with another
antibody, namely anti-NeuN (1:100), anti-GFAP (1:100), anti-Iba-1 (1:50), under similar conditions. The
following day, the slides were thoroughly washed with PBST and incubated with the corresponding
secondary antibodies for 1 h at the room temperature. For TUNEL staining, the sections were incubated
with the TUNEL reagent for 1 h at 37 ℃. Then wash with PBS, the slides were stained with DAPI for
15 min to show the location of nucleus. Coverslips were applied with mounting media. The �uorescently-
stained cells were imaged on an Olympus IX71 inverted microscope system and analyzed using the
Image-Pro Plus 6.0 software (Media Cybernetics, Silver Spring, MD, USA).

Western Blot Analysis
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For Western blot analysis, the total protein concentration of the lysate was determined by the Bradford
method using Bradford Protein Assay Kit (Beyotime Biotechnology, Shanghai, China). Equal amounts of
proteins were resolved on a 10%-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gel and transferred onto polyvinylidene �uoride (PVDF) membrane (Immobilon-P, Millipore Billerica
MA, USA). Then, blocked with 5% non-fat dry milk in TBST (Tris-buffered saline with 0.05% Tween 20) for
2 h at room temperature, and then incubated overnight at 4 °C, separately with the appropriate primary
antibodies against the speci�c proteins, MFG-E8, IL-1β, IL-6, TNF-α, IL-10, Integrin β3 (Santa Cruz
Biotechnology, USA, 1:200), CD86, CD206 (Abcam, Cambridge, UK, 1:200), STAT3, p-STAT3 at Try 705,
and SOCS3 (Cell Signaling Technology, United states, 1:1000), β-actin (Bioworld Technology, United
states, 1:5000), and GAPDH (Cell Signaling Technology, United states, 1:5000) in a blocking buffer.
Afterwards, the membrane was washed three times with TBST for 15 min, and then incubated with the
secondary antibodies, namely HRP conjugated secondary antibodies (goat; Bioworld Technology, United
states, 1:5000) or HRP conjugated secondary antibodies (horse; Cell Signaling Technology, United states,
1:1000) for 2 h at room temperature. Finally, following a 20-min wash with TBST, the protein bands were
visualized via enhanced chemiluminescence (ECL) (Millipore, Billerica, MA, USA) and exposure to X-ray
�lm. The Western blot results were analyzed using Un-Scan-It 6.1 software (Silk Scienti�c Inc., Orem, UT,
USA).

Fluoro-jade C (FJC) Staining

FJC staining (Merckmillipore, Germany) was performed according to the operation instructions and to
detect degenerating neurons. Brie�y, frozen sections were prepared, �xed, and immersed in a basic
alcohol solution consisting of 1% sodium hydroxide in 80% ethanol for 5 min, then rinsed for 2 min each
in 70% ethanol and distilled water and then incubated in 0.06% potassium permanganate solution for
10 min. Following a 1–2 min water rinse, the slides were transferred for 10 min to a 0.0001% solution of
FJC dissolved in 0.1% acetic acid vehicle and then rinsed through three changes of distilled water for
1 min per change. The slides were air-dried, cover slips were applied, and the sections were visualized on
an Image J software (Image J 1.4, NIH, USA). Two observer blinded to the experimental group counted
the FJC-positive cells in six sections per brain (at 20 × magni�cation) through the injury’s epicenter. The
data were presented by the average number of FJC-positive neurons in the �elds.

Brain Water Content

Brain water content was measured as previously study [22, 23]. Brains were quickly removed at 24 h after
SAH. The brainstem was discarded, while the tissue of left hemisphere cortex and right cortex were
harvested, and weighted the wet weight of each cortical tissue, then dried for 72 h at 80 °C and the dry
weight determined. The percentage of brain water content was calculated as the following formula =
[(wet weight − dry weight)/wet weight] × 100%.

Neurologic Evaluation
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The neurological de�cits were evaluated as previously described modi�ed Garcia scoring (Additional �le
Table. 2) and beam-walking tests at 24 h after SAH [24–26]. Brie�y, modi�ed Garcia scoring (maximum
score = 18) included six subtests scored from 0 to 3 or 1 to 3: spontaneous activity, spontaneous
movement of four limbs, forelimbs outstretching, climbing ability, body proprioception, and the response
to vibrissae stimulation. Beam-waling texts were performed and including seven-point rating scale. All the
tests were evaluated by two independent observer who was blind to the treatment conditions. Higher
scores represented better neurological function.

Statistical Analysis

The SPSS 17.0 software package was used for the statistical analysis. All data are expressed as the
mean ± Standard Deviation (SD). Comparisons between two groups were performed using Student’s t test
and multiple comparisons were performed using a one-way ANOVA followed by Tukey’s test. A p value < 
0.05 was regarded as statistically signi�cant.

Results
General observations and mortality rate

Out of the 217 surgeries in mice that were performed. The mortality rate of SAH group on rhMFG-E8,
siRNA and Stattic treatment did not differ signi�cantly from the SAH group and SAH + Vehicle group. No
rats died in Sham group 0% (0/38), and the overall mortality rate of SAH in mice was 17.97% (Additional
�le Table 3). There was no statistical difference in body weight and body temperature in any of the
experimental groups (data not shown).
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Table 3
Mortality rate following SAH in mice

Groups Death number (n) Mortality Rate (%)

Experiment design 1    

Sham 0 0 (0/6)

SAH (1 h, 6 h, 12 h, 24 h, 48 h, 72 h) 5 15.15% (5/33)

Experiment design 2    

Sham 0 0 (0/16)

SAH 2 11.11% (2/18)

SAH + Vehicle 3 15.79% (3/19)

SAH + rhMFG-E8 (1 µg) 3 15.79% (3/19)

SAH + rhMFG-E8 (5 µg) 2 11.11% (2/18)

Experiment design 3    

Groups 1*    

Sham 0 0 (0/8)

SAH 1 11.11% (1/9)

SAH + Vehicle 2 20% (2/10)

SAH + rhMFG-E8 (5 µg) 2 20% (2/10)

Groups 2*    

SAH + Vehicle 1 11.11% (1/9)

SAH + rhMFG-E8 (5 µg) 2 20% (2/10)

SAH + MFG-E8 siRNA 2 20% (2/10)

SAH + Scramble siRNA 3 27.27% (3/11)

Groups 3*    

Sham 0 0 (0/8)

SAH + Vehicle 2 20% (2/10)

SAH + rhMFG-E8 (5 µg) 3 27.27% (3/11)

SAH + rhMFG-E8 (5 µg) + Stattic (5 µM) 1 11.11% (1/9)

SAH + rhMFG-E8 (5 µg) + integrin β3 siRNA 2 20% (2/10)
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Groups Death number (n) Mortality Rate (%)

SAH + rhMFG-E8 (5 µg) + Scramble siRNA 3 27.27% (3/11)

Total

Sham 0 0 (0/38)

SAH 39 17.97% (39/217)

The endogenous MFG-E8 increased and mainly expressed in microglia and neuron at 24 h after SAH

Firstly, we examined the endogenous expression of MFG-E8 on left temporal cortex via quantitative real-
time PCR and Western blot in the model of SAH. There were signi�cant elevations of MFG-E8 on protein
and mRNA levels at the 6 h time point compared with the sham group, which reached its peaks at 24 h
and 12 h, respectively (Fig. 1A, B). Then, we con�rmed the cellular distribution of MFG-E8 by double-
immuno�uorescence staining at 24 h following SAH, the time relying on the result of western blot. As
shown in Fig. 1C, MFG-E8 mainly expressed in the microglia and neurons, especially in microglia after
SAH compared with sham group, and without observed in astrocytes.

Treatment with rhMFG-E8 alleviated neuronal damage, brain edema and improved neurobehavioral
outcome after SAH

To investigate whether MFG-E8 had effect of neuroprotection after SAH, brain edema and neurological
score were examined, which revealed that SAH induction aggravated brain water content and
neurological impairments compared with sham group at 24 h. While administration two different
dosages of rhMFG-E8 (1 µg and 5 µg) via intracerebroventricular (i.c.v.), brain water content was
remarkably alleviated and neurological de�cits was dramatically recovered compared with SAH + Vehicle
group. Moreover, high dosage of rhMFG-E8 performed more effective on neuroprotection (Fig. 2A-D).

FJC and TUNEL staining were detected to re�ect the neurodegeneration and neuronal apoptosis at 24 h
following SAH. As shown in Fig. 2E, large number of FJC-positive cells were observed in SAH group and
SAH + Vehicle group compared with sham group. Treatment with rhMFG-E8 signi�cantly reduced the
proportion of FJC-positive cells, while the rhMFG-E8 group with low dosage had no statistical difference
relative to the SAH + Vehicle group. TUNEL staining showed a similar pattern. SAH induction remarkably
increased the amount of TUNEL-positive neurons in SAH group and SAH + Vehicle group compared with
sham group, and administration of rhMFG-E8 signi�cantly decreased the number of TUNEL-positive
neurons (Fig. 3). No statistical differences of FJC and TUNEL staining between SAH group and SAH + 
Vehicle group, respectively.

rhMFG-E8 attenuated in�ammation and promoted microglia phenotype shifted to M2 at 24 h after SAH

To investigate the potential role of rhMFG-E8 on neuro-in�ammation, we �rst examined the protein and
mRNA levels of interleukin 1  (IL-1 ), interleukin 6 (IL-6), tumor necrosis factor α (TNF-α) and interleukin
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10 (IL-10) on the temporal cortex. The results showed that the expression of IL-1 , IL-6, TNF-α and IL-10
on the protein levels were elevated after SAH induction at 24 h. However, treated with rhMFG-E8
signi�cantly decreased the expression of pro-in�ammatory cytokines (IL-1 , IL-6 and TNF-α) and
promoted release of anti-in�ammatory cytokines IL-10 (Fig. 4A-E). Meanwhile, IL-6 and TNF-α protein
level had no signi�cantly changes in the group with low dosage rhMFG-E8 (1 µg) compared with the SAH 
+ Vehicle group. Consistent with the results above. mRNA levels of IL-1 , IL-6, TNF-α and IL-10 were
remarkably elevated at 24 after SAH. Only high dosage of rhMFG-E8 (5 µg) treatment markedly reversed
the expressions of these cytokines relative to the SAH + Vehicle group (Fig. 4F-I). Thus, we selected the
high dosage for the following studies.

To evaluate whether MFG-E8 is relevant to modulate microglial polarization, the protein levels of M1-
associated marker (CD86) and M2-associated marker (CD206) were measured by Western blots and
immuno�uorescent staining. The results showed that the proportions of M1 and M2 phenotypes, revealed
by Iba-1+/CD86+ and Iba-1+/CD206+ staining respectively, were upregulated after SAH at 24 h compared
with sham group (Fig. 5A, D). While administration of rhMFG-E8 signi�cantly decreased the number of
Iba-1+/CD86+ cell, and upregulated the ratio of Iba-1+/CD206+ cell compared with the SAH + Vehicle
group (Fig. 5B, E). Similarly, Western blot results showed that SAH induction increased the protein levels
of CD86 and CD206 in SAH group and SAH + Vehicle group compared to sham group, while treated with
rhMFG-E8 remarkably reduced the expression of CD86, meanwhile further increased the protein level of
CD206 (Fig. 5C, F). Considering with these results above, we speculated that the property of MFG-E8 on
anti-in�ammation might involves microglial polarization, namely, declined the proportion of pro-
in�ammation M1 phenotype and ampli�ed anti-in�ammation M2 polarization.

Knockdown MFG-E8 aggravated neuro-in�ammation injury and induced M1 microglia activation

To con�rm the effects of MFG-E8 on microglia phenotypic conversion process, MFG-E8 siRNA at the
concentration of 500 pmol/5 µl were used injecting via i.c.v. 48 h before SAH. As shown in Fig. 6A, the
number of Iba-1+/CD86+ was signi�cant increased after treatment with MFG-E8 siRNA at SAH group
compared with SAH + rhMFG-E8 group. Meanwhile, Western blot results showed that MFG-E8 siRNA
upregulated the expression of M1 markers (CD86, IL-6) relative to the SAH + rhMFG-E8 group (Fig. 6C-E).
While the proportion of Iba-1+/CD206+ was remarkably reduced (Fig. 6F, G) and the protein levels of M2
markers (CD206, IL-10) greatly attenuated (Fig. 6H-J), when compared with the SAH + rhMFG-E8 group.
As expected, there was no statistical difference between the SAH + Vehicle group and SAH + Scramble
siRNA group. Taken together, we concluded that rhMFG-E8 was involved in the regulation of microglial
polarization process after SAH.

Knockdown integrin β3 and STAT3 inhibition exaggerated M1 microglia polarization and abolished the
property of MFG-E8 on anti-in�ammation after SAH

STAT3, as an important transcription factor, SOCS3/STAT3 signaling pathway was involved in neuro-
in�ammation and microglial polarization. Since phosphorylation STAT3 was mainly expressed in
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microglia, so we detected its phosphorylation level via double-immuno�uorescence staining in microglia.
The result showed that SAH induction signi�cantly increased �uorescence intensity of p-STAT3 at SAH + 
Vehicle group, compared with sham group. Additionally, some of p-STAT3 translocated from cytoplasm
to nucleus in Iba-1+ microglia at SAH + Vehicle group, while, it were signi�cantly decreased underwent
rhMFG-E8 and STAT3 inhibitor Stattic (5 µM) treatment. Subsequently, intervention with integrin 3 siRNA
enhanced the �uorescence intensity of p-STAT3 and promoted the protein transfer into nucleus of
microglia (Fig. 7). This result suggested that MFG-E8 and integrin 3 receptor might be involved in the
phosphorylation of STAT3 in microglia after SAH.

Therefore, for further exploring the regulatory mechanism of MFG-E8 on microglial polarization,
SOCS3/STAT3 axis were examined via Western blots. Treated with rhMFG-E8 signi�cantly increased the
expression of integrin 3, SOCS3, IL10 and CD206 after SAH, meanwhile, decreased the levels of p-STAT3,
IL-6 and CD86 when compared with the SAH + Vehicle group (Fig. 8A, E). Subsequently, we used integrin
3 siRNA to examine the association between MFG-E8 and p-STAT3. Western blot results showed that

integrin 3 siRNA treatment remarkably reduced the expression of integrin 3 compared with SAH + 
Vehicle group and SAH + rhMFG-E8 group (Fig. 8B). However, integrin 3 siRNA reversed the role of
rhMFG-E8 on SOCS3/STAT3 axis, M1 markers (IL-6, CD86) (Fig. 8F, H) and M2 markers (IL-10, CD206)
(Fig. 8G, I). In other words, integrin 3 siRNA abolished the effect of rhMFG-E8 on M2 polarization and
activation of SOCS3/STAT3 pathway.

Correspondently, intervention of Stattic resulted in remarkably reduction of p-STAT3 (Fig. 8D), meanwhile
the expression of M2 markers (IL10, CD206) elevated dramatically and the levels of M1 markers (IL-6,
CD86) decreased in comparison with the SAH + rhMFG-E8 group. However, Stattic had no effect on the
protein levels of integrin 3 and SOCS3 compared with the SAH + rhMFG-E8 group (Fig. 8B, C). These
results suggested that rhMFG-E8 played an important role in M2 polarization, which might be through
regulating integrin 3/SOCS3/STAT3 signal pathway.

Discussion
Previous study reported that neuro-in�ammatory response was the main mechanism pathological
damage of early brain damage following SAH, and regulating in�ammatory response can effectively
improve the prognosis of SAH patients [27]. In this study, we revealed the neuroprotective effect of
rhMFG-E8, mainly through targeting the immunomodulatory functions in animal SAH models. The results
showed that the expression of MFG-E8 was time-dependent increased at an early stage of SAH, and
which was almost located in microglia and neurons cells. Exogenous rhMFG-E8 effectively attenuated
brain edema and improved neurological de�cits. rhMFG-E8 up-regulated the expression of M2 microglia
function-related proteins and took a signi�cant role in M2 phenotypic shift. Additionally, our results
suggested that integrin β3/SOCS3/STAT3 signaling pathway might be involved in the neuroprotective
effects of MFG-E8.
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MFG-E8 is a secretory glycoprotein and plays pleiotropic, nonredundant roles in diverse physiological
functions [28]. Recently, increasing evidence indicated that MFG-E8 provided neuroprotective effects in
several models of CNS diseases, most of which focused on neuron apoptosis [12], anti-oxidative stress
[19], and particularly the anti-in�ammatory aspect [29]. As reported, in a rat model of postischemic
cerebral injury, MFG-E8 interfered the release of in�ammasome-mediated proin�ammatory mediators IL-
1β and TNF-α, and reduced infarct volume [13]. In our previous study, we reported that the expressions of
pro-apoptosis related proteins and the proportion of apoptotic neurons were attenuated in TBI model after
treatment with rhMFG-E8, accompanied by improved neurological performance. This protection was
mediated through activation of integrin β3/FAK/PI3K/AKT signal pathways [17]. All this studies indicated
that MFG-E8 had potential therapeutic bene�ts in the brain. In this study, we found that the protein of
MFG-E8 was positively co-expressed not only in microglia and but also in neuron following SAH,
especially in Iba1+ microglia. We also found that supplementation of rhMFG-E8 induced a signi�cant
reduction of brain edema and preserved neurological function. Correspondingly, down-regulation the
expression of MFG-E8 via siRNA aggravated outcomes after SAH. Our results clearly indicated that there
has a closely relationship between the level of MFG-E8 and severity of brain damage, and consistent with
the other studies to re�ect the neuroprotection effects of MFG-E8.

Accumulating evidence indicated that the neuroin�ammation increasingly recognized as a key player to
the pathophysiology of various brain injury diseases, including ischemia [30], neurodegeneration [31],
SAH [32] or intracerebral hemorrhage (ICH) [9]. Microglia as the resident immunocyte of CNS activated
and shifted towards proin�ammatory-status phenotypes to exacerbate brain damage [33]. Although
microglia activated into the controversial dichotomy between M1 and M2 phenotypes, the process termed
polarization, this simply assortment will useful for clarifying the character of microglia in several brain
diseases. Meanwhile, as the main source of proin�ammation mediators, apoptotic cells release amounts
of cell debris and damage-associated molecular patterns (DAMPs) to induce in�ammation cascades and
microglia activation [34]. MFG-E8 as a bridging protein play an important role in mediating microglia
phagocytosis, which connect between the integrin receptors expressed by microglia and
phosphatidylserine (PS) exposed on apoptotic cells [35]. Moreover, MFG-E8 regulated in�ammatory
responses through activation of microglia and phenotypic transformation when its bind to integrin
molecule [14]. In our study, we found that microglia activated in SAH group and shifted to M1, produce
more proin�ammation cytokines including IL-1β,TNF-α to aggravate neuron cells injury. However,
treatment with rhMFG-E8 signi�cantly reversed the expressions of CD86 and mannose receptors (CD206),
which are markers of M1 and M2, respectively. Meanwhile, our results showed that intervening the level of
integrin β3 receptor on microglia abrogated the effects of rhMFG-E8 on anti-in�ammation. Based on
these �ndings, we speculate that the role of rhMFG-E8 on balance of microglia polarization might through
interaction with integrin β3 receptor.

How does rhMG-E8 mediate the microglia shifted to M2 after SAH? It was reported that phosphorylation
of STAT3 was involved in microglia-induced in�ammation responses and microglia polarization in
various diseases [8, 36]. Then we speculated that whether rhMFG-E8 might through bind to integrin β3
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receptor to modulate the expression of STAT3. However, it’s still controversial whether activated STAT3 in
microglia functions as an in�ammation or neuroprotection in pathological condition [37, 38]. Previous
study showed that down-regulation the phosphorylation of STAT3 via siRNA in ischemic cerebral injury
provided neuroprotection [11]. Similarly, our study showed that the expression of phosphorylation of
STAT3 at tyrosine 705 locus increased, accompanied by increasing in�ammation responses following
SAH. Furthermore, rhMFG-E8 was found to down-regulate the phosphorylation of STAT3 and provide anti-
in�ammatory effect. Whereas intervening integrin β3 receptor via siRNA reversed the effect of rhMFG-E8
on phosphorylation of STAT3 and M2 polarization after SAH. Depending on these results, we discovered
that rhMFG-E8 might interact with integrin β3 receptor to effectively decreased the phosphorylation of
STAT3 following SAH. Therefore, this arouses our interest to elucidate how MFG-E8/integrin β3 receptor
signaling to modulate the phosphorylation of STAT3. Integrin receptors, as a complex component could
receive the extra-cellular signaling and cross talk with other intra-cellular pathways [36]. As we all known,
once its ligand MFG-E8 combined with integrin β3 receptor, amounts of intra-cellular molecules such as
focal adhesion kinase (FAK), Src and caveolin would generate and transduce into different signaling [39].
Our previous study also showed that MFG-E8 could activate the AKT signaling through integrin β3
mediated phosphorylation of FAK for promoting neurons survival [17]. Meanwhile, Behera et al found that
the ligand of integrin β3, osteopontin (OPN) enhanced tumor progression through activation of integrin
β3 mediated STAT3 in breast cancer [40]. From these evidences, we anticipated that MFG-E8 might
regulate the phosphorylation of STAT3 via integrin β3 receptor. Our study also discovered that increased
rhMFG-E8 and integrin β3 expression correlate with attenuated in�ammation, accompanied by increased
the expression of SOCS3. Recent study showed that over-activation of STAT3 might due to the absence
of SOCS3 on normal feedback mechanism following pathological stress. Our results were consistent with
previous study to underline the possible mechanisms of rhMFG-E8 on anti-in�ammation and M2
polarization [14]. In short, we speculated rhMFG-E8 might induce SOCS3 activation through interacting
with integrin β3 and interfering with phosphorylation of STAT3 to reduce in�ammation after SAH.

As far as we know, we demonstrated for the �rst time that MFG-E8 confers anti-in�ammation and
microglia polarization partly depending on the integrin β3/SOCS3/STAT3 signaling pathway following
SAH. Additionally, our study mainly focused on the immunomodulation of rhMFG-E8 during the EBI of
SAH. However, the long-term effect of rhMFG-E8 on microglia polarization have not been investigation,
and should be studied in the future. Moreover, all of the intervention agents we used in our study were
siRNAs and Stattic (STAT3 inhibitor). Therefore, the knockout mice need to be used in the further study to
keep the data more persuasive.

Conclusions
In conclusion, we demonstrate that MFG-E8 provides neuroprotection via modulation of in�ammation
after SAH. Treatment with rhMFG-E8 alleviate microglia in�ammation response, which relate to mediating
M2 microglia shift, and might involve the mechanism of integrin β3/SOCS3/STAT3 signaling pathway.
Therefore, MFG-E8 may become a promising candidate to suppress microglia mediated neuro-
in�ammation and improve the clinical outcomes of SAH patients.
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Supplementary Figure Caption
Figure S1. Experimental designs and animal groups. WB: western blot; rt-PCR: quantitative real-time
polymerase chain reaction; IF: immuno�uorescence; h: hour; d: days; rh-MFG-E8: recombinant human milk
fat globule-EGF factor-8; i.c.v: intracerebroventricular; TUNEL: terminal deoxynucleotidyl transferase dUTP
nick endlabeling staining; FJC: Fluoro-Jade C; Stattic: p-STAT3 inhibitor;

Figures

Figure 1

Endogenous expression of MFG-E8 on the mRNA and protein levels, and cellular distribution after SAH.
(a) Western blotting showed that the protein level of MFG-E8 increased after SAH and peaked at 24 as
compared with sham group. (b) The mRNA level of MFG-E8 increased dramatically and peaked at 12 h
after SAH. (c) Representative immuno�uorescence staining images of MFG-E8/Iba-1, MFG-E8/NeuN,
MFG-E8/GFAP in the Sham group and SAH group at 24 h. MFG-E8 mainly expressed in Iba-1+ microglia
after SAH, and also some located in neurons, but not in astrocytes. Arrow point to the magni�ed area in
the top right corner. The quantitative data are the mean ± SD (n = 5, each; *p  0.05; **p  0.01 vs. Sham
group; #p  0.05 vs. SAH (24 h) group, SAH (48 h) group; nsp  0.05). Scale bars = 50 μm.



Page 21/29

Figure 2

Effects of rhMFG-E8 on neuroprotection were evaluated by brain water content, neurological severity
scores, beam-walking score and Fluoro Jade C staining (FJC) at 24 h after SAH. High dosage of rhMFG-
E8 signi�cantly decreased brain edema (a, b), improved neurological function (c, d) at 24 h after SAH.
Representative immuno�uorescence staining images of FJC (green) (e). High dosage of rhMFG-E8
remarkably decreased the amount of FJC-positive cells after SAH. The quantitative data are the mean ±
SD (n = 5, each; *p  0.05; **p  0.01 vs. Sham group; #p  0.05 vs. SAH + Vehicle group; nsp  0.05). Scale
bars = 50 μm.
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Figure 3

Effect of rhMFG-E8 treatment on neuronal apoptosis at 24 h after SAH. (a) Representative
immuno�uorescence staining images of TUNEL (NeuN = green, TUNEL = red, DAPI = blue). (b)
Quantitative analysis of TUNEL positive cells showed that high dosage of rhMFG-E8 signi�cantly
decreased the amount of TUNEL-positive cells at 24 h after SAH. The quantitative data are the mean ± SD
(n = 3, each; **p  0.01 vs. Sham group; #p  0.05 vs. SAH + Vehicle group; nsp  0.05). Scale bars = 50
μm.
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Figure 4

The effect of rhMFG-E8 on neuron-in�ammation at 24 h after SAH. (a) Western blotting showed that
administration of high dosage rhMFG-E8 obviously reduced the expressions of pro-in�ammation
mediators IL-1β (b), IL-6 (c), TNF-α (d) and increased the level of anti-in�ammation factor IL-10 (e) at 24 h
after SAH. The mRNA of pro-in�ammation cytokines IL-1β (f), IL-6 (g), TNF-α (h) in SAH group were
expressed as fold change to sham group, and decreased after rhMFG-E8 (5 µg) treatment, meanwhile
increased the mRNA level of IL-10 (I). The quantitative data are the mean ± SD (n = 5, each; *p  0.05, **p
 0.01 vs. Sham group; #p  0.05, ##p  0.01 vs. SAH + Vehicle group; nsp  0.05).
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Figure 5

The effect of rhMFG-E8 on microglia phenotypic transformation at 24 h after SAH. Representative
immuno�uorescence staining images of M1 phenotype (a) and M2 phenotype (d), and its quanti�cation
analysis (b, e), which showed that the proportion of M1 microglia (Iba-1+/CD86+) and M2 (Iba-
1+/CD206+) were increased after SAH as compared with sham group, while treatment with rhMFG-E8 (5
µg) decreased the amount of M1 and further increased the quantity of M2 microglia. Western blotting
showed that SAH induction increased the expressions of M1 marker CD86 (c) and M2 marker CD206 (f)
when compared with sham group. Administration of rhMFG-E8 (5 µg) decreased the protein level of
CD86, while increased the expression of CD206 relative to the SAH + Vehicle group. The quantitative data
are the mean ± SD (n = 5, each; **p  0.01 vs. Sham group; #p  0.05 vs. SAH + Vehicle group; nsp  0.05).
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Figure 6

Silencing MFG-E8 aggravated neuro-in�ammation and microglia transformed into M1 phenotype.
Representative immuno�uorescence staining images of M1 phenotype (a) and M2 phenotype (f), showed
that silencing MFG-E8 by siRNA abolished the effect of MFG-E8 on M2 phenotype switch compared with
the SAH + rhMFG-E8 group (b, g). Meanwhile, Western blotting (c, h) showed that treatment with MFG-E8
siRNA increased the protein levels of CD86 (d) and IL-6 (e), and decreased the expression of CD206 (i)
and IL-10 (j) when compared with the SAH + rhMFG-E8 group. The quantitative data are the mean ± SD (n
= 5, each; **p  0.01 vs. SAH + Vehicle group; ##p  0.01 vs. SAH + rhMFG-E8 group; &p  0.05 vs. SAH +
rhMFG-E8 group).
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Figure 7

Integrin β3 siRNA and Stattic pretreatment abolished the effect of rhMFG-E8 on p-STAT3 at 24 h after
SAH. Representative immuno�uorescence staining images of p-STAT3 (red) in microglia (Iba-1, green),
exhibited that p-STAT3 punctate dots were noticeably observed in cytoplasm, and some translocated into
nucleus after SAH, compared with SAH + rhMFG-E8 group and SAH + rhMFG-E8 + Stattic group. While
treatment of integrin β3 siRNA, amounts of p-STAT3 punctate dots in cytoplasm and nucleus of microglia
were observed, compared to the SAH +rhMFG-E8 group and SAH + rhMFG-E8 + Stattic group.
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Figure 8

The role of integrin β3/SOCS3/STAT3 pathway on rhMFG-E8 of microglial polarization at 24 h after SAH.
Western blotting (a, e) showed that treatment with integrin β3 siRNA decreased the expressions of SOCS3
(c) and M2 markers (IL-10, CD206) (g, i), and increased the protein levels of p-STAT3 (d) and M1 markers
(IL-6, CD86) (f, h) compared with SAH + rhMFG-E8 group. Administration of STAT3 inhibitor, Stattic (5
µM) only decreased the expression of M1 markers (IL-6, CD86) (f, h), and increased the M2 markers (IL-
10, CD206) (g, i) compared to SAH + rhMFG-E8 group, while had no effect on the levels of integrin β3 (b)
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and SOCS3 (c). The quantitative data are the mean ± SD (n = 5, each; **p  0.01 vs. Sham group; #p 
0.05 vs. SAH + Vehicle group; &p  0.05 vs. SAH + rhMFG-E8 group; &p  0.05, &&p  0.01 vs. SAH +
rhMFG-E8 group; nsp  0.05).

Figure 9

Proposed model of MFG-E8 mediated neuro-in�ammation and microglial polarization through integrin
β3/SOCS3/STAT3 pathway after SAH. SAH induction resulted in up-regulated endogenous expression of
MFG-E8 in microglia, while remain at low level, then activated phosphorylation of STAT3, lead to M1
polarization and aggravated neuro-in�ammation injury. Treatment with rhMFG-E8 increased the protein
levels of integrin β3 receptor and SOCS3, the latter as a negative regulator of STAT3, to activate microglia
and promote microglial phenotype transformed into M2, and released anti-in�ammation cytokine (IL-10)
to alleviate in�ammation damage. Moreover, inhibition of MFG-E8 via siRNA and p-STAT3 by Stattic to
further veri�ed that MFG-E8 modulated neuro-in�ammation and microglial polarization might through
regulating integrin β3/SOCS3/STAT3 signaling pathway after SAH.
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