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Background-—Inflammation is recognized as an important contributor of ischemia/reperfusion (I/R) damage after ischemic stroke.
Sphingomyelin synthase 2 (SMS2), the key enzyme for the biosynthesis of sphingomyelin, can function as a critical mediator of
inflammation. In the present study, we investigated the role of SMS2 in a mouse model of cerebral I/R.

Methods and Results-—Cerebral I/R was induced by 60-minute transient middle cerebral artery occlusion in SMS2 knockout
(SMS2-/-) mice and wild-type mice. Brain injury was determined by neurological deficits and infarct volume at 24 and 72 hours
after transient middle cerebral artery occlusion. Microglia activation and inflammatory factors were detected by immunofluo-
rescence staining, flow cytometry, western blot, and RT-PCR. SMS2 deficiency significantly improved neurological function and
minimized infarct volume at 72 hours after transient middle cerebral artery occlusion. The neuroprotective effects of SMS2
deficiency were associated with (1) suppression of microglia activation through Toll-like receptor 4/nuclear factor kappa-light-
chain-enhancer of activated B cells pathway and (2) downregulation of the level of galactin-3 and other proinflammatory cytokines.
The mechanisms underlying the beneficial effects of SMS2 deficiency may include altering sphingomyelin components in lipid raft
fractions, thus impairing the recruitment of Toll-like receptor 4 to lipid rafts and subsequently reducing Toll-like receptor 4/myeloid
differentiation factor 2 complex formation on the surface of microglia.

Conclusions-—SMS2 deficiency ameliorated inflammatory injury after cerebral I/R in mice, and SMS2 may be a key modulator of
Toll-like receptor 4/nuclear factor kappa-light-chain-enhancer of activated B cells activation by disturbing the membrane
component homeostasis during cerebral I/R. ( J Am Heart Assoc. 2019;8:e012885. DOI: 10.1161/JAHA.119.012885.)

Key Words: cerebral ischemic reperfusion • inflammation • lipid rafts • sphingomyelin synthase 2 • Toll-like receptor 4

S troke is one of the leading causes of worldwide death and
severe long-term disability in adults.1 Currently, few

clinically efficient medical treatments are available because of
the inadequate mechanistic understanding of both ischemic
insult and excessive inflammatory response caused by
reperfusion.2 Therefore, it is urgent to develop novel thera-
peutic agents and explore the underlying mechanisms of
ischemic stroke.

A large number of studies have proved that suppression of
inflammation is critical to recovery of individuals with
ischemic stroke. Toll-like receptors (TLRs), especially TLR4,
play a crucial role in postischemic inflammation.3,4 Activation
of the TLR4 signaling pathway is initiated by the binding of its
ligands to TLR4, causing TLR4 to relocate to lipid rafts, and
then forming TLR4/myeloid differentiation factor 2 (MD2)
complex in lipid rafts, leading to activation of nuclear factor
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kappa-light-chain-enhancer of activated B cells (NF-jB) and
overproduction of proinflammatory cytokines.5 Lipid rafts,
enriched in sphingolipid and cholesterol, are defined as a
dynamically formed membrane microdomain.6 It has been
recently reported that formation of lipid rafts is essential for
initiation of TLR4 signal transduction, by providing a favorable
environment for ligand-receptor association.7 Moreover, alter-
ations in lipid rafts homeostasis are characteristic of several
neurological diseases.8 Therefore, identification of potential
substance that could modulate the homeostasis of lipid rafts
to directly inhibit the TLR4 signaling pathway may provide a
feasible therapeutic strategy for ameliorating cerebral ische-
mia/reperfusion (I/R) injury-induced inflammation.

Sphingomyelin synthase (SMS) is a rate-limiting enzyme of
sphingomyelin, which is one of the major constituents of lipid
rafts.9 Two isoforms of SMS have been found in mammalian
species: SMS1 and SMS2. SMS1 is primarily located in the
trans-Golgi apparatus, whereas SMS2 is located in plasma
membranes. SMS2 is particularly important for sphingomyelin
production in the central nervous system, given that SMS2,
rather than SMS1, is highly expressed in brain cells.10 SMS2
deficiency–induced reduction of sphingomyelin in plasma
membrane could disrupt the formation of functional lipid rafts
that serve as a platform for initiation of certain signaling
cascades.11 Importantly, SMS2 deficiency exerts anti-inflam-
matory effects by reducing the abundance of the TLR4/MD2
complex on the surface of macrophages after LPS stimula-
tion.11 However, the role of SMS2 deficiency in postischemic
inflammation remains unclear.

Based on the documented observations above, we hypoth-
esized that SMS2 deficiency might suppress the inflammation
induced by cerebral I/R through dampening the TLR4-
mediated pathway. In the present study, using a mouse model
of cerebral I/R, we evaluated the impacts of SMS2 deficiency
on cerebral I/R and investigated the underlying mechanisms.

Materials and Methods

Data Availability
The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Experimental Animals
SMS2 knockout (SMS2-/-) mice were established as previously
reported.11 The resulting heterozygous mice were crossed,
and SMS2-/- mice were obtained. A total of 268 mice were
used, and the mice (SMS2-/- and wild type [WT]) used in this
experiment were littermates. Animals were housed in a
humidity controlled room on a 12-hour light/dark cycle at
22°C with free access to food and water. Adult male mice (8–
10 weeks) were used for experiments. All experimental
procedures were approved by the committee of experimental
animals of Hebei Medical University (Shijiazhuang, China) and
conducted in accord with the National Institutes of Health
guidelines. Animals were assigned randomly using a random
number table. All assessments were conducted by investiga-
tors who were blinded to experimental group assignment.

Transient Cerebral Ischemia by Middle Cerebral
Artery Occlusion
Mice were anesthetized with 1% pentobarbital (100 mg/kg, IP).
Transient cerebral ischemia was induced by the intraluminal
filament technique as previously performed.12 The monofila-
ment was withdrawn after 60 minutes to restore blood flow. To
ensure successful occlusion of the artery, a laser Doppler
flowmeter (Moor Instruments Ltd, Axminster, UK) was utilized
to monitor regional cerebral blood flow (CBF). The baseline of
regional CBF was obtained before, during middle cerebral
artery occlusion, and after reperfusion, and the middle cerebral
artery was occluded with a criterion of <25% of baseline blood
flow remaining after middle cerebral artery occlusion.

Investigation of Intracranial Vasculature
To exclude the effects of cerebral vessel anomalies on the
outcome of cerebral ischemia, we investigated the vascular
anatomy of the circle of Willis in both WT and SMS2-/- mice.
After transcardial perfusion with 5 mL of normal saline and 4%
PFA, carbon black suspended in 20% gelatin was perfused.13

Whole brains were carefully removed and then placed in 4%
PFA overnight. The circle of Willis and posterior communicating
arteries in both hemispheres were examined.

2-Dimensional Laser Speckle Imaging Techniques
To monitor cortical blood flow of WT and SMS2-/- mice, laser
speckle perfusion images were obtained before middle

Clinical Perspective

What Is New?

• The study demonstrated that sphingomyelin synthase 2
deficiency exerted an anti-inflammatory effect after cerebral
ischemic reperfusion by impairing Toll-like receptor 4
recruitment to lipid rafts and inhibiting its downstream
signal transduction.

What Are the Clinical Implications?

• These findings may shed light on a therapeutic design
focusing on the disturbance of membrane component
homeostasis to subsequently restrict the inflammatory
signaling pathways.
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cerebral artery occlusion, during ischemia, and after reperfu-
sion. CBF is expressed as a percentage of pre-tMCAO
(transient middle cerebral artery occlusion) baselines.

Behavioral Testing

1. Neurological score: A 5-point neurological score was
performed at 24 and 72 hours after reperfusion before
anesthesia by a blinded investigator.14 Briefly, “0” stands
for no deficits; “1” stands for difficulty in fully extending
the contralateral forelimb; “2” stands for unable to
extend the contralateral forelimb; “3” stands for mild
circling to the contralateral side; “4” stands for severe
circling movements; and “5” stands for falling to the
contralateral side.

2. 28-point neuroscore: The 28-point neuroscore was used to
assess sensorimotor function as previously described.15

Scores for the following 11 tests are summed to give a
maximum total score of 28 points: (1) circling (maximum
score 4); (2) motility (maximum score 3); (3) general
condition (maximum score 3); (4) righting reflex when
placed on back (maximum score 1); (5) paw placement of
each paw onto a table top (maximum score 4); (6) behavior
on a horizontal bar (maximum score 3); (7) behavior on an
inclined platform (maximum score 3); (8) grip strength
(maximum score 2); (9) contralateral reflex (maximum
score 1); (10) contralateral rotation (maximum 2); and (11)
visual forepaw reaching (maximum score 2). Baseline
evaluation of these tests was performed 24 hours before
tMCAO.

3. Corner test: The corner test was used to evaluate senso-
rimotor asymmetry, according to the previous descrip-
tion.16 Mice were placed facing the corner, which is
composed by 2 boards placed closely together with an
angle of 30 degrees. When mice approached the corner,
both sides of the vibrissae were simultaneously stimulated,
leading the mice to rear forward and upward, then turn 180
degrees to face the open end. Intact mice will turn to the
right or left randomly, whereas mice after tMCAO will
preferentially turn around in the ipsilateral direction.
Baseline data are conducted to reduce the variability as
well as identifying any preferential side. The test was
repeated 10 times, with at least 30 seconds between trials,
and the numbers of right turns were calculated. Only turning
movements involving a rearing movement were included.

4. Gait analysis: The gait of WT and SMS2-/-mice was analyzed
using the TreadScan instruments (Columbus Instruments,
Columbus, OH), according to the manufacturer’s instruc-
tions and a reported description.17 Briefly, the video
treadmill system is made up of a treadmill belt with a
mirror mounted below. A high-speed digital video camera
was mounted underneath the treadmill to record the

movements of all 4 paws at a rate of 100 frames/sec for
20 seconds. A background image was taken before each
test day. Each mouse was acclimatized in the setup and
trained 3 days before tMCAO and at 24 hours, 72 hours
after tMCAO at a speed of 8 cm/s or the maximum speed at
which mice were able to maintain optimally coordinated
locomotion. Segments of at least 6 consecutive step cycles
were selected for automated gait analysis. Automated
footprint analysis of gait was conducted, and average values
for each limb were used for statistical analysis of all
available parameters of gait by CleverSys TreadScan
software (CleverSys, Inc., Reston, VA).

Measurement of Infarction Volume
Infarction volume was evaluated at 24 and 72 hours after
reperfusion. Mice were euthanatized by decapitation, and
brains were removed and cut into 5 coronal sections (2-mm
thickness) with a brain matrix, which were stained with 2%
TTC. Infarct volume was determined as: %HLV={[total infarct
volume�(volume of intact ipsilateral hemisphere�volume of
intact contralateral hemisphere)]/contralateral hemisphere
volume}.18

Western Blot
Cortical tissues were collected from the peri-infarct area at 24
and 72 hours after cerebral I/R and the corresponding area in
sham mice. Protein from cortical tissues was extracted as
previously described.19 Various primary antibodies were used,
including galectin-3 (Gal-3; 1:1000; AbcamCat#ab53082RRID:
AB_880159; Abcam, Cambridge, MA), NF-jB p65 (1:1000;
Abcam Cat#ab31481 RRID:AB_2300947), TLR4 (1:500;
Abcam Cat#ab13556 RRID:AB_300457), flotillin-1 (1:1000;
Abcam Cat#ab41927 RRID:AB_941621), GAPDH (1:500;
Abcam Cat#ab9485 RRID:AB_307275), b-actin (1:3000;
Sigma-Aldrich Cat#A2228 RRID:AB_476697; Sigma-Aldrich,
St. Louis, MO), and H3 (1:500; Abcam Cat#ab8898 RRID:AB_
306848).

Quantitative Real-Time PCR
Brain tissues were collected from the peri-infarct area at 24 and
72 hours after cerebral I/R and the corresponding area in sham
mice. Total RNA was extracted and quantitative real-time RT-
PCR was performed as previously described.19 The primer
sequences were as follows: interleukin-1 beta (forward, 50-
ACTGTTTCTAATGCCTTCCC-30; reverse, 50-ATGGTTTCTTGTGA
CCCTGA-30), inducible nitric oxide synthase (iNOS; forward, 50-
TGGTGGTGACAAGCACATTT-30; reverse, 50-AAGGCCAAACA-
CAGCATACC-30), arginase 1 (Arg-1; forward, 50-TCATGGAAGT-
GAACCCAACTCTTG-30; reverse, 50-TCAGTCCCTGGCTTATGG
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TTACC-30), Gal-3 (forward, 50-TTTCAGGAGAGGGAATGATGTTG-
30; reverse, 50-CACAATGACTCTCCTGTTGTTCTCA-30), and GA
PDH (forward, 50-TGACGTGCCGCCTGGAGAAA-30; reverse, 50-
AGTGTAGCCCAAGATGCCCTTCAG-30).

Immunohistochemical Staining
Deeply anesthetized mice were perfused intracardially with
cold PBS and followed by 4% PFA at 24 and 72 hours after
cerebral I/R. Immunohistochemical staining of frozen coronal
brain slices were performed as we previously described.20

Frozen coronal brain slices (30 lm) were permeabilized with
0.3% Triton X-100 for 30 minutes. Slices were blocked with
10% normal donkey serum for 30 minutes and then incubated
in the primary antibodies overnight at 4°C: mouse anti–
ionized calcium binding adaptor molecule 1 (Iba-1; 1:500;
Abcam Cat#ab5076 RRID:AB_2224402) to identify microglia
and anti-Gal-3 (1:200; Abcam Cat#ab53082 RRID:AB_
880159). After slices were washed with PBS on the second
day, they were incubated in antirabbit FITC-conjugated
secondary antibody (1:600; Zhongshan Bio-Tech Co., Ltd.,
Zhongshan, China) or antigoat TRITC-conjugated secondary
antibody (1:200; Zhongshan Bio-Tech Co., Ltd.) for 2 hours.
To identify the nucleus, brain slices were counterstained with
Hoechst (10 lg/mL) for 15 minutes. Images were acquired
on a 940 Laser Scanning Confocal Microscope (Carl Zeiss,
Jena, Germany). The number of positively stained cells was
counted on the cortex in the peri-infarct area and the
corresponding area in the contralateral cortex at the caudop-
utamen level. The numbers of positive cells within 5 fields of
each section are expressed as an average value.

Preparation of Single-Cell Suspension and Flow
Cytometry
At 72 hours after cerebral I/R, mice were anesthetized and
received transcranial perfusion with HBSS. Brain tissues from
the peri-infarct area were collected. A single-cell suspension
was prepared as described before.21,22 For flow cytometry
analysis, cells were stained on ice for 20 minutes with
antimouse TLR4 Alexa Fluor 488 (1:50; eBioscience Cat#53-
9041 RRID:AB_469944; eBioscience, Inc., San Diego, CA),
antimouse CD11b PE (1:150; eBioscience Cat#12-0112 RRID:
AB_465546), antimouse CD45 APC (1:150; eBioscience
Cat#17-0451 RRID:AB_469393), antimouse TLR4/MD2 com-
plex PE (1:40; eBioscience Cat#12-9924 RRID:AB_466264),
antimouse CD11b Alexa Fluor 488 (1:100; eBioscience
Cat#53-0112 RRID:AB_469900), or antimouse CD45 APC
(1:150; eBioscience Cat#17-0451 RRID:AB_469393) and then
washed with HBSS. Data were collected and analyzed on a flow
cytometer (BD FACSCalibur; BD Biosciences, San Jose, CA).

Lipid Raft Isolation
Brain tissues from the peri-infarct area were collected at 24
and 72 hours after cerebral I/R. Lipid raft isolation was
performed as previously described.23 Lipid fractions were
identified by the presence of flotillin-1, a lipid raft marker.24

Sphingomyelin Quantification by Liquid
Chromatography/Tandem Mass Spectrometry
Brain tissuewas homogenized and sphingomyelinwas extracted
using an alkaline MTBE method as previously described.25,26

Liquid chromatography/electrospray ionization/tandem mass
spectrometry was performed using a Shimadzu LC-20 AD binary
pump system coupled to a SIL-20AC autoinjector andDGU20A3
degasser interfacedwith an ABI 4000QTrapmass spectrometer
(Applied Biosystems Division, Life Technologies, Carlsbad, CA)
equipped with an electrospray ionization source. Chromato-
graphic separationswere carried out on aWaters Symmetry C18
column (3.5 lm, 2.1 mm i.d.9100 mm) with a Waters C18
guard column (3.5 lm, 2.1 mm i.d.910 mm; Waters Corpora-
tion, Milford, MA). The mobile phase consisted of 2 mmol/L of
ammonium and 0.2% formic acid in 50% methanol aqueous
solution (A) and 100% methanol (B). The gradient elution
program was as follows: 0 to 3 minutes, 50% of B; 3 to
10 minutes, 50% to 98% of B; and 10 to 25 minutes, 98% of B.
The injection volume was 10 lL, and the flow rate was 0.4 mL/
min; the oven temperature was maintained at 40°C. The mass
spectrometer was operated in the positive ion mode with an
ionspray voltage of 5500 V at 550°C and supplied by auxiliary
gas at 20 psi. Nebulizer gas was set at 20 psi, curtain gas at
10 psi, and collision gas at medium. Measurements correspond
to the intensity of each species divided by the intensity of the
internal standard sphingomyelin d18:1/12:0 (Avanti Polar
Lipids, Alabaster, AL).

Statistical Analysis
Quantitative data were processed by SPSS software (version
13.0; SPSS, Inc., Chicago, IL) and are represented as mean
�SEM if normally distributed, otherwise as median and
interquartile range. The in vivo experiments were repeated 3
times, and the results of in vitro experiments are representative
of at least 3 independent experiments. Differences between 2
groups were assessed by the 2-tailed Student t test. For
multiple comparisons, differences were assessed by 1-way
ANOVA followed by Student–Newman–Keuls tests. For data
that were not normally distributed in the analyses of neurolog-
ical scores, RT-PCR, and western blot, nonparametric tests
were conducted. The Mann–Whitney U test was used for
comparisons between 2 groups, and the Kruskal–Wallis test
was used for multiple comparisons among ≥3 groups. Differ-
ence were considered significant when P<0.05.
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Results

SMS2 Deficiency Ameliorated Neurological
Deficits and Infarct Volume After Cerebral I/R
The genomic DNA from mice tail tip was isolated to identify the
genotype of SMS2-/- by PCR. The single band of 252 base pairs
and a single band of 354 base pairs PCR products indicated the
WT and SMS2-/- homozygous, respectively (Figure 1A).

We evaluated vascular anatomy of the circle of Willis, given
that the genetic modification may cause the anatomical
variation of posterior communicating artery and influence the
outcome of cerebral ischemia. The results showed there was
no significant difference between WT and SMS2-/- mice in the
patency of the posterior communicating artery that would
account for the observed differences in cerebral I/R injury
(Figure 1B). Regional CBF was monitored before, during, and

Figure 1. SMS2 deficiency protected mice against cerebral ischemic reperfusion injury after tMCAO. A, Genotype determination of SMS2-
deficient mice. Genotypes of SMS2 were determined by PCR. WT mice had a 252-bp (base pair) PCR product, and SMS2-/- mice had a 354-
bp PCR product. B, Brain vasculature of WT and SMS2-/- mice perfused transcardially with carbon lampblack in 20% gelatin ddH2O (n=6). C,
Representative and quantification images of CBF before tMCAO, during tMCAO and at 10 minutes after reperfusion for each group using 2-
dimensional laser speckle imaging (WT=4, SMS2-/-=5, respectively). D, Twenty-eight-point neuroscore of WT (n=7) and SMS2-/- mice (n=4)
before and at 24 and 72 hours after cerebral ischemic reperfusion (*P<0.05 vs WT group, Mann–Whitney U test). E, Neurological deficits of
WT (n=11) and SMS2-/- mice (n=9) at 24 and 72 hours after cerebral ischemic reperfusion (*P<0.05 vs WT group, Mann–Whitney U test). F,
Corner test of WT (n=7) and SMS2-/- mice (n=4) before and at 24 and 72 hours after cerebral ischemic reperfusion (*P<0.05 vs WT group,
Mann–Whitney U test). G, Instantaneous running speed of WT (n=7) and SMS2-/- mice (n=4) at 24 and 72 hours after cerebral ischemic
reperfusion (*P<0.05 vs WT group, Student t test). H, Normalization of stride length for all paws of WT (n=7) and SMS2-/- mice (n=4) at 24
and 72 hours after cerebral ischemic reperfusion. Data are presented as mean�SEM percentage changes (D%) between pre-tMCAO and
post-tMCAO. LF indicates left front paw; LH, left hind paw; RF, right front paw; RH, right hind paw (*P<0.05 vs WT group, Mann–Whitney U
test). I, Representative images and quantification of TTC-staining brain slices of WT (n=9) and SMS2-/- mice (n=6) at 24 hours after cerebral
ischemic reperfusion. J, Representative images and quantification of TTC-staining brain slices of WT (n=9) and SMS2-/- mice (n=6) at
72 hours after cerebral ischemic reperfusion (*P<0.05 vs WT group, 2-tailed Student t test). Data are mean�SEM. CBF indicates cerebral
blood flow; SMS2, sphingomyelin synthase 2; tMCAO, transient middle cerebral artery occlusion; WT, wild type.
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after tMCAO by laser speckle 2-dimensional imaging (Fig-
ure 1C). There was no statistical difference in CBF before,
during, and after tMCAO between the WT and SMS2-/- mice,
verifying that all animals were subjected to the same extent
of cerebral ischemia and achieved the same degree of
reperfusion.

To investigate the potential role of SMS2 deficiency in animal
models of cerebral I/R, we determined the degree of ischemic
injury by measuring neurological deficit score, 28-point
neuroscore, corner tests, and gait analysis, all of which are
reliable tests for the middle cerebral artery occlusion
model.15,27

The 28-point neuroscore showed general neurological
deficit at 24 and 72 hours after tMCAO compared with
baseline. Importantly, WT mice showed significant impairment
compared with SMS2-/- mice at 72 hours after tMCAO
(Figure 1D; tMCAO: WT group versus SMS2-/- group: 14 [12,
15] versus 18 [16.5, 20.25]; P=0.010).

The results of neurological deficits scores showed that
there was significant improvement in neurological deficits in
SMS2-/- mice compared with WT mice at 72 hours after
tMCAO, which indicated restoration of neurological functions
(Figure 1E; 72 hours after tMCAO: WT group versus SMS2-/-

group: 3 [2.5, 4] versus 2 [2, 3]; P=0.02). However, there was
no statistical significance between WT and SMS2-/- mice at
24 hours after tMCAO (Figure 1E, 24 hours after tMCAO: WT
group versus SMS2-/- group: 3 [3, 3] versus 3 [2, 4]; P=1.00).

In the corner test, mice subjected to tMCAO showed
increased numbers of right turns compared with baseline.
Moreover, SMS2-/- mice exhibited less numbers of right turns
compared with WT mice at both 24 and 72 hours after tMCAO
(Figure 1F; tMCAO: WT group versus SMS2-/- group: 9 [8, 10]
versus 6 [4.25, 7.75] [24 hours], 8 [8, 10] versus 6.5 [6, 7]
[72 hours]; P=0.026 and 0.032, respectively).

We next sought to improve the accuracy of the functional
analysis by means of gait analysis using the TreadScan
system (CleverSys, Inc.). Temporal and spatial parameters
were affected by ischemia. Instantaneous running speed was
decreased and the stride length for all 4 paws was increased
at 24 and 72 hours after tMCAO, in comparison with their
control values before tMCAO in both the WT and SMS2-/-

groups. The results showed that stride length of both
contralateral and ipsilateral sides was increased, which could
be explained by a strong intercoordination of limbs in
quadrupedal gait. Importantly, some improvement of selected
gait parameters was observed in SMS2-/- mice at 72 hours
after tMCAO. Instantaneous running speed of SMS2-/- mice
was improved in comparison with WT mice (Figure 1G;
P=0.045). The improvement of stride length for all 4 paws
in SMS2-/- group did not attain statistical significance in
comparison with the WT group, with the exception of the left
front paw at 72 hours after tMCAO (Figure 1H; tMCAO: WT

group versus SMS2-/- group: -37 [-50, -28] versus -23.5 [-
29.5, -18.25]; P=0.046).

To analyze neuronal injury, infarct volume was quantified
using TTC-staining brain sections collected at 24 and 72 hours
after tMCAO. As shown in Figure 1J, there was significant
reduction in infarct volume in SMS2-/- mice at 72 hours after
tMCAO (Figure 1J; P=0.0021). However, there was no statis-
tical significance between WT and SMS2-/- mice at 24 hours
after tMCAO (Figure 1I; P=0.0502). Taken together, these
results suggested that SMS2 deficiency played a protective
role at 72 hours after cerebral I/R.

SMS2 Deficiency Suppressed the Overproduction
of Inflammatory Mediators After Cerebral I/R
Inflammatory response mediated by the TLRs signaling
pathway plays a critical role in ischemic stroke. Recent
studies have demonstrated that Gal-3 is required for activa-
tion of the TLRs signaling pathway after cerebral ischemic
injury.28 As an endogenous ligand of TLR4, Gal-3 is consid-
ered as a novel inflammatory mediator during I/R. Therefore,
we determined the expression of Gal-3 in brain tissues after
cerebral I/R. In line with a previous study, the protein level of
Gal-3 was significantly increased after tMCAO in a time-
dependent manner with a maximum induction at 72 hours
after tMCAO (Figure 2A; n=4; P<0.0001).29 Importantly,
mRNA and protein expression of Gal-3 triggered by tMCAO
was dramatically decreased in SMS2-/- mice at 72 hours after
tMCAO (Figure 2B; tMCAO: WT group versus SMS2-/- group:
1.26 [1.04, 1.65] versus 0.59 [0.51, 0.73] [protein level],
84.24 [82.51, 91.13] versus 48.90 [46.07, 62.08] [mRNA
level], n=4; P=0.021).

We then analyzed the mRNA level of the key inflammatory
mediators involved in cerebral I/R. Transcription of inter-
leukin-1 beta, a proinflammatory cytokine, was suppressed in
SMS2-/- mice at 72 hours after tMCAO (Figure 2D; tMCAO:
WT group versus SMS2-/- group: 5.15 [4.43, 10.92] versus
1.38 [0.89, 2.52], n=4; P=0.027). In contrast, expression of
Arg-1, taken as an M2 marker of microglia polarization and a
well-known modulator of central nervous system injury, was
significantly increased at both 24 and 72 hours after tMCAO
(Figure 2C; n=4; P=0.043; Figure 2D; tMCAO: WT group
versus SMS2-/- group: 109.71 [23, 272.27] versus 375.87
[226.33, 608.12] [72 hours], n=4; P=0.043). We also deter-
mined the mRNA levels of iNOS, which competes with Arg-1 in
the consumption of arginine. There was no statistical
significance in the expression of iNOS between WT and
SMS2-/- mice, although a trend of reduced iNOS expression
was observed in SMS2-/- mice after tMCAO (Figure 2C; n=4;
P=0.386; Figure 2D; n=4; P=0.602). These data demon-
strated that SMS2 deficiency exerted potent anti-inflamma-
tory effects during cerebral I/R.
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SMS2 Deficiency Suppressed Microglia
Activation After Cerebral I/R
Cerebral I/R is always accompanied with rapid microglial
activation, leading to the inflammatory cascade reaction and
secretion of proinflammatory cytokines. Recent studies have
demonstrated that Gal-3 expression is predominantly produced

and localized in activated microglia, indicating that Gal-3-
positive microglia may represent proinflammatory M1 micro-
glia.30,31 We then performed immunofluorescence staining to
examine the impact of SMS2 deficiency on Gal-3 expression in
microglia (Figure 3A). The number of microglia (Iba-1+ cells)
was comparable between SMS2-/- and WT mice at both 24 and

Figure 2. SMS2 knockout mice showed a decreased expression of inflammation-related mediators after cerebral ischemic reperfusion. A,
Quantification of galectin-3 protein levels at indicated time points after cerebral ischemic reperfusion in the peri-infarct region of WT mice
(*P<0.05 vs sham group, nonparametric Mann–Whitney U test). B, Quantification of galectin-3 protein and mRNA levels in WT and SMS2�/�

mice at 72 hours after cerebral ischemic reperfusion in the peri-infarct region (*P<0.05 vs WT group, nonparametric Mann–Whitney U test). C,
Quantification of mRNA levels of Arg-1, iNOS, and IL-1b in WT and SMS2�/� mice at 24 hours after cerebral ischemic reperfusion in the peri-
infarct region. D, Quantification of mRNA levels of Arg-1, iNOS, and IL-1b in WT and SMS2�/� mice at 72 hours after cerebral ischemic
reperfusion in the peri-infarct region (*P<0.05 vs WT group, nonparametric Mann–Whitney U test). Data are mean�SEM; n=4 for each group.
Arg-1 indicates arginase 1; iNOS, inducible nitric oxide synthase; IL-1b, interleukin-1 beta; SMS2, sphingomyelin synthase 2; tMCAO, transient
middle cerebral artery occlusion; WT, wild type.
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72 hours after cerebral I/R (Figure 3B; n=4; P=0.0717;
Figure 3C; n=4; P=0.425), indicating that lack of SMS2 did
not affect microglia homeostasis. Notably, the number of Gal-3-
producing microglia (Gal-3+Iba-1+ cells) remarkably decreased
in SMS2-/-mice at 72 hours after cerebral I/R (Figure 3D; n=4;
P=0.000). These results suggested that SMS2 deficiency might
inhibitmicroglia activation, and thus suppress Gal-3 production,
subsequently attenuating the initiation of inflammatory
response during cerebral I/R.

SMS2 Deficiency Attenuated the Activation of
TLR4/NF-jB Signaling Pathway After Cerebral I/R
In several neurodegenerative diseases, activation of microglia
occurs through the triggering of pathogen recognition

receptors, such as TLR4.32 Previously, SMS2 deficiency has
been reported to inhibit NF-jB activation through the TLR4
signaling pathway in macrophage.11 To clarify whether SMS2
deficiency suppressed microglia activation through the TLR4/
NF-jB pathway, we first examined the translocation of NF-jB at
24 and 72 hours after cerebral I/R (Figure 4A and 4C). As we
expected, the translocation of the NF-jB–p65 subunit into the
nucleus was significantly halted in SMS2-/-mice comparedwith
WT mice at both 24 and 72 hours after cerebral I/R (Figure 4B;
tMCAO: WT group versus SMS2-/- group: 1.20 [1.13, 1.85]
versus 0.93 [0.78, 1.19] [nuclear], 0.57 [0.45, 0.66] versus
1.33 [1.18, 1.89] [plasma], n=4; P=0.043 and 0.004, respec-
tively; Figure 4D; 1.95 [1.66, 2.43] versus 1.52 [0.39, 1.85]
[nuclear], 0.87 [0.67, 1.83] versus 2.46 [1.81, 3.24] [plasma],
n=4; P=0.033 and 0.016, respectively).

Figure 3. SMS2 deficiency inhibited the activation of microglia after cerebral ischemic reperfusion. A, Representative images of Iba-1+/Gal-3+

cells in brains from the nonischemic hemisphere and ischemic hemisphere at 24 and 72 hours after cerebral ischemic reperfusion. Scale bar,
50 lm. B and C, Quantification of the numbers of Iba-1+ cells in WT and SMS2�/� mice at 24 and 72 hours after cerebral ischemic reperfusion.
D, Quantification of the numbers of Iba-1+Gal-3+ cells in WT and SMS2�/� mice at 72 hours after cerebral ischemic reperfusion (*P<0.05, 1-
way ANOVA). Data are mean�SEM; n=4 for each group. Gal-3 indicates galectin-3; Iba-1, ionized calcium binding adaptor molecule-1; SMS2,
sphingomyelin synthase 2; tMCAO, transient middle cerebral artery occlusion; WT, wild type.
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SMS2 Deficiency Impaired the Recruitment of
TLR4 to Lipid Raft Both In Vivo and In Vitro
We then assessed the recruitment of TLR4 and its coreceptor,
MD2, on the cell surface of microglia at 72 hours after tMCAO
by flow cytometry. In the current experiment, microglia could
be identified as CD11b+/CD45int cells in brain tissues
(Figure 5A).13 Flow cytometry analysis showed that there
was no significant difference in the surface expression of
TLR4 between the WT and SMS2-/- groups (data not shown).
However, reduced levels of the TLR4/MD2 complex on the
microglia surface were observed in SMS2-/- mice compared
with WT mice after cerebral I/R, which is consistent with a
previous report11 (Figure 5B; n=4; P=0.007).

Membrane lipid rafts are involved with TLR4 signaling,
given that recruitment of TLR4 to lipid rafts is essential for the
formation of the TLR4/MD2 complex and downstream
signaling cascades.33 Moreover, a previous study has demon-
strated that SMS2 deficiency could interrupt TLR4 recruit-
ment to lipid rafts after LPS stimulation in macrophages.34

Thus, we hypothesized that SMS2 deficiency could interrupt
TLR4 recruitment to lipid rafts after cerebral I/R. To test this
hypothesis, we isolated lipid rafts from brain tissue after
cerebral I/R and analyzed the top 12 fractions to substantiate
lipid raft localization of TLR4. Our results showed that
recruitment of TLR4 into lipid rafts (fraction, 4–6) was

decreased in SMS2-/- mice compared with WT mice after
cerebral I/R (Figure 5C). The level of flotillin-1, a canonical
marker of lipid rafts, was comparable between WT and
SMS2-/- mice.

To ascertain the involvement of SMS2 on the trafficking of
TLR4 to lipid rafts, we conducted experiments in a microglia
cell line (BV2 cells). BV2 cells were pretreated with a
competitive inhibitor of SMS, D609, for 2 hours, followed by
incubation with LPS, an exogenous ligand of TLR4. Cells
treated with LPS either in the presence or absence of D609
were stained with anti-TLR4/MD2 antibody. As shown in
Figure 5D, cellular stimulation with LPS induced the formation
of TLR4/MD2, whereas the complex formation was signifi-
cantly inhibited by D609 treatment (Figure 5D; P=0.000).

SMS2 Deficiency Impaired the Recruitment of
TLR4 to Lipid Rafts by Altering the Level of
Sphingomyelin in Lipid Raft Fractions
SMS2 is a rate-limiting enzyme for the synthesis of sphin-
gomyelin, which is a major component of lipid rafts and plays
a pivotal role in the function of the intact lipid raft.34 We
hypothesized that SMS2 deficiency may regulate the recruit-
ment of TLR4 to lipid rafts by reducing sphingomyelin levels in
lipid raft fractions and thus reducing the formation of the
TLR4/MD2 complex after cerebral I/R. To determine the

Figure 4. SMS2 deficiency led to a decreased nuclear translocation of NF-jB after cerebral ischemic reperfusion. A and B, Representative
images and quantification of NF-jB p65 protein levels in nuclear and cytoplasmic at 24 hours after cerebral ischemic reperfusion in peri-infarct
region of WT and SMS2-/- mice (*P<0.05 vs WT group, nonparametric Mann–Whitney U test). C and D, Representative images and quantification
of NF-jB p65 protein levels in nuclear and cytoplasmic at 72 hours after cerebral ischemic reperfusion in the peri-infarct region of WT and
SMS2-/- mice (*P<0.05 vs WT group, nonparametric Mann–Whitney U test). Data are mean�SEM; n=4. NF-jB indicates nuclear factor kappa-
light-chain-enhancer of activated B cells; SMS2, sphingomyelin synthase 2; WT, wild type.
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impact of SMS2 deficiency on brain sphingomyelin level,
sphingomyelin levels were measured with liquid chromatog-
raphy/electrospray ionization/tandem mass spectrometry.
Using liquid chromatography/electrospray ionization/tandem
mass spectrometry, we demonstrated that the SMS2-/- group
had a significantly reduced level of C16-sphingomyelin,
C18:1-sphingomyelin, C18-sphingomyelin, C20:1-sphingo-
myelin, C22:1-sphingomyelin, C22-sphingomyelin, C24:1-
sphingomyelin, and C24-sphingomyelin at sham, 12, 24, and
72 hours after cerebral I/R (Figure 6A through 6D), indicating
that SMS2 deficiency dramatically reduced sphingomyelin
levels of brain.

We then compared the level of sphingomyelin in the lipid
raft factions and non-lipid-raft fractions between WT and
SMS2-/- mice. The results showed that a significantly reduced
level of sphingomyelin, such as C16-sphingomyelin, C18:1-
sphingomyelin, and C18-sphingomyelin, were detected in the
fractions of brain lipid raft in SMS2-/- mice (Figure 6E; lipid
rafts: WT group versus SMS2-/- group: 10 292.70 [7424.84,
13 695.65] versus 5857.90 [4400, 7226.28]; P=0.031;
Figure 6F; 149 129.35 [86 339.87, 177 131.80] versus

63 853.08 [41 875, 79 929.58]; P=0.01; Figure 6G;
7959.60 [4519.58, 9697.00] versus 3010.46 [673.98,
4403.33]; P=0.012). These findings uniformly suggested that
SMS2 deficiency that impaired the recruitment of TLR4 into
lipid raft may attributed, at least partly, to altering the
sphingomyelin level in lipid raft fractions.

Discussion
In the present study, we demonstrate, for the first time, that: (1)
SMS2deficiency led to beneficial outcomes after cerebral I/R in
mice; (2) SMS2 deficiency reduced the number of activated
microglia after cerebral I/R; (3) the production of key
proinflammatory mediators were dramatically decreased in
SMS2-/- mice after cerebral I/R; (4) NF-jB activation was
attenuated in SMS2-/-mice; (5) TLR4 activation and TLR4/MD2
complex formation were repressed in SMS2-/- mice; and (6)
SMS2 deficiency–induced low sphingomyelin levels in lipid
rafts, may be compromising TLR4/MD2 complex formation.

Emerging evidence suggests that postischemic inflamma-
tion plays an important role in determining the outcome of

Figure 5. SMS2 deficiency decreased the level of TLR4/MD2 on the cell surface of microglia and reduced the recruitment of TLR4 into lipid
rafts after cerebral ischemic reperfusion. A and B, Microglia isolated from brains of the nonischemic hemisphere and ischemic hemisphere in WT
and SMS2-/- mice were stained with TLR4/MD2 complex antibody and analyzed on a flow cytometer. Results shown are a representative of 3
independent experiments (*P<0.05, 1-way ANOVA). Data are mean�SEM; n=4. C, Effects of SMS2 deficiency on brain TLR4 recruitment to lipid
rafts in mouse brain after cerebral ischemic reperfusion. The panel shows TLR4 and flotillin-1 expression in each fraction in the peri-infarct
region. D, BV2 cells were pretreated with vehicle or D609 (100 lmol/L) for 2 hours and then were treated with LPS (200 ng/mL) for
30 minutes. TLR4/MD2 expression was analyzed by flow cytometry (*P<0.05; 1-way ANOVA). Results shown are a representative of 3
independent experiments. FSC indicates forward scatter; MFI, mean fluorescence intensity; SSC, side scatter; SMS2, sphingomyelin synthase 2;
TLR4/MD2, Toll-like receptor 4/myeloid differentiation factor 2; WT, wild type.
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Figure 6. SMS2 deficiency led to a decreased sphingomyelin level. A through D, Brain sphingomyelin levels of
WT mice and SMS2-/- mice at 0, 12, 24, and 72 hours after cerebral ischemic reperfusion (n=4). E through J,
Levels of sphingomyelin in lipid rafts and nonlipid rafts fractions isolated from WT and SMS2-/- mice brain
(*P<0.05 vs WT group, Mann–Whitney U test). Data are mean�SEM; n=4. SM indicates sphingomyelin; SMS2,
sphingomyelin synthase 2; tMCAO, transient middle cerebral artery occlusion; WT, wild type.
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ischemic stroke.35 In clinical practice, increased production of
proinflammatory cytokines is related to expanded volumes of
infarct region and detrimental consequences in patients
suffering from ischemic stroke.36 We and others have
previously demonstrated that cerebral I/R could result in an
inflammatory process.37,38 Therefore, reducing inflammation
emerges as a therapeutic opportunity for improving functional
outcomes after cerebral I/R.

Given that neurological scores and gait analyses have been
widely applied in clinical practice for assessing the severity of
ischemic stroke, in the current study, we evaluated the
neurological function of mice by neurological scores, gait
analyses, and sensorimotor tests, such as the corner test. We
found that the 28-point neuroscore, neurological scores,
corner test, and gait parameters were affected in mice
subjected to tMCAO, which is partially in line with other
studies.15,16,18 Importantly, our results showed that SMS2-/-

mice subjected to tMCAO had less-severe brain injury than
WT mice, as indicated by improved neurological function and
reduced infarct volume at 72 hours after tMCAO. The
improvement of neurological functions and infarct volume
has been considered to be connected with the reduction of
postischemic inflammation.39 Considering the anti-inflamma-
tory effect of SMS2 deficiency, it could be concluded that the
neuroprotective effect of SMS2 deficiency could be mediated
by its anti-inflammatory activity.

As the resident macrophages of the central nervous
system, microglia are responsible for the inflammation after
cerebral I/R through secreting proinflammatory cytokine,
such as interleukin-1 beta. Microglia could be driven to adopt
M1 and M2 phenotypes, with iNOS as the classical M1 marker
and Arg-1 as the M2 marker.40 Our current results showed
that SMS2 deficiency exhibited decreased expression of
interleukin-1 beta and increased expression of Arg-1. How-
ever, there was no difference in the number of Iba-1+

microglia between WT and SMS2-/- mice. Collectively, these
results suggested that SMS2 deficiency might modulate
microglia activation other than influencing the microglia
population to ameliorate inflammatory responses caused by
cerebral I/R.

Microglia can be activated through many signaling path-
ways, especially TLR4 signal-transduction cascade.32 Activa-
tion of the TLR4 signaling pathway is triggered by the binding
of exogenous or endogenous ligands to the extracellular
domain of TLR4.28 In the peri-infarct region, activated
microglia express high levels of Gal-3, a b-galactoside–
binding lectin, which has been identified as an endogenous
ligand of TLR4 and plays an important role in initiating
downstream inflammatory responses.28,30 Recent studies
have demonstrated that Gal-3 is attributed to the activation
of microglia and is required for proper induction of TLR
response after ischemic injury. Therefore, Gal-3 may be

involved in the process of postischemic inflammation,
microglia activation, and cytokine secretion at the beginning
stage after stroke. In our results, SMS2 deficiency signifi-
cantly reduced the expression of Gal-3 and Gal-3-producing
microglia (Gal-3+Iba-1+ cells) after cerebral I/R. Moreover,
SMS2-/- mice displayed less severe brain injury than WT mice
at 72 hours after tMCAO. We speculated that SMS2 defi-
ciency could inhibit microglia activation at first, then released
less of a level of Gal-3, which further inhibited the TLR4
pathway to exert anti-inflammatory and neuroprotective
effects. To further understand the mechanisms underlying
the anti-inflammatory effect of SMS2 deficiency, we investi-
gated the role of SMS2 deficiency on the TLR4 signaling
pathway in cerebral I/R.

Accumulated evidence has demonstrated that TLR4/NF-jB
signaling mediates microglia activation and postischemic
inflammation after cerebral I/R.41,42 In the present study, our
data demonstrated that SMS2 deficiency blocked nuclear
translocation of NF-jB and reduced the overproduction of
downstream inflammatory cytokines after cerebral I/R. Our
conclusion is supported by previous findings that SMS2
deficiency suppressed LPS-induced inflammation in macro-
phages through the TLR4/NF-jBpathway.11During theprocess
of TLR4 signaling pathway activation, recruitment of TLR4 into
lipid rafts is the first step, leading to the formation of the TLR4/
MD2 complex to activate downstream signal transduction.43

Lipid rafts aremembranemicrodomains enriched in cholesterol,
sphingolipid, and glycolipid. It has been proposed as platforms
for promoting the interaction of protein complex, such as the
TLR4/MD2 complex, and modulating signal transduction.44

Several studies have suggested an important role for lipid rafts
in the TLR4 signaling pathway. Methyl-b-cyclodextrin, a
raft-disrupting agent, has been shown to be capable of inhibiting
the TLR4 signaling pathway and reducing proinflammatory
cytokine production.45 Previous studies have demonstrated
that I/R induced the recruitment of TLR4 to lipid raft.5 Because
SMS2 plays a crucial role in the correct function of lipid rafts
through mediating sphingomyelin biosynthesis, we reasoned
that SMS2 deficiency might have an impact on TLR4 translo-
cation to lipid rafts after cerebral I/R. Indeed, coupled with the
data obtained by flow cytometry and immunofluorescence
microscopy, we demonstrated that SMS2 deficiency decreased
the expression of the TLR4/MD2 complex in microglia and
inhibited recruitment of TLR4 into lipid raft fractions after
cerebral I/R. This observation is consistent with Hailemariam
et al that SMS2 deficiency diminished the abundance of TLR4/
MD2 complex on the surface of macrophages after LPS
stimulation.11 A similar effect was observed when SMS2 was
inhibited pharmacologically with the inhibitor, D609. These
results indicated that SMS2 deficiency suppressed the TLR4/
NF-jB signaling pathway by impeding TLR4 trafficking to lipid
rafts.
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The connection between neurological disease and dis-
rupted lipid homeostasis has been reflected in the alterations
of lipid raft components.8 As 1 of the major components of
lipid rafts, sphingomyelin level is critical to maintain the
function of lipid rafts. As a rate-limiting synthetic enzyme of
sphingomyelin, SMS2 has biological roles in regulating
membrane fluidity and the structure of lipid rafts. Previous
studies have demonstrated that SMS2 deficiency could
regulate LPS-TLR4–induced inflammatory responses by
remodeling the structure of lipid rafts.11 Consistent with
previous studies, we demonstrated that SMS2-/- mice brain
had significantly reduced level of sphingomyelin. In addition,
our results showed that sphingomyelin levels of lipid raft
fractions were significantly decreased in SMS2-/- mice. These
results suggested that SMS2 deficiency might interfere with
TLR4 recruitment by altering sphingomyelin components
during cerebral I/R.

In summary, SMS2 deficiency exerted an anti-inflammatory
effect in cerebral I/R by alleviating TLR4 recruitment to lipid
rafts and suppressing its downstream signal transduction.
These findings may shed light on a therapeutic design
focusing on the disturbance of membrane component home-
ostasis to subsequently restrict the inflammatory signaling
pathways.
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