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Abstract. Recanalization of blood flow after ischemia can
lead to ischemia/reperfusion injury, and inflammation plays
an important role in the mechanisms behind cerebral isch‑
emia/reperfusion injury. Sphingomyelin synthase 2 (SMS2)
deficiency reduces inflammation; however, the effect and
mechanism of action of SMS2 on the inflammatory response
after cerebral ischemia/reperfusion injury are still unclear.
Wild‑type (WT) and SMS2 knockout C57BL/6 mice were
used to establish a model of cerebral ischemia/reperfusion.
The neurological deficit score was evaluated with Longa's
method, and infarct volume was evaluated by magnetic
resonance imaging and 2,3,5‑triphenyltetrazolium chloride
staining. Neurological deficit and infarct volume were used to
evaluate the degree of cerebral ischemia/reperfusion injury in
mice. Western blotting, reverse transcription‑quantitative PCR
and immunofluorescence were used to detect the expression
profiles. The neurological deficit score of SMS2‑/‑ mice was
significantly lower than that of WT mice at 72 h after cerebral
ischemia/reperfusion injury (P= 0.027), but not significantly
different at 24 h (P=0.064). Compared with WT mice at 24 and
72 h after cerebral ischemia/reperfusion, the infarct volume of
SMS2‑/‑ mice was decreased, the expression of pro‑inflamma‑
tory cytokines galectin 3 and interleukin‑1β were decreased,
the activation of microglia was decreased, and the nuclear
translocation of NF‑κ B p65 was decreased, but the expression
of the anti‑inflammatory factor arginase 1 was increased. Lack
of SMS2 in mice can help to reduce the inflammatory reac‑
tion by inhibiting the activation of NF‑κ B signaling pathway,
further attenuating cerebral ischemia/reperfusion injury in
mice.
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Introduction
The brain is the most sensitive organ to ischemia and hypoxia,
and cerebral ischemia can lead to necrosis or apoptosis of brain
cells. Timely thrombolysis, rapid and effective reconstruction
of collateral circulation of microvessels and recovery of blood
reperfusion in ischemic regions and the penumbra are the best
treatment for cerebral ischemia (1). However, recanalization
of blood flow after ischemia can lead to ischemia/reperfusion
injury. During ischemic/reperfusion, there are a large number
of inflammatory factors synthesized and secreted in the isch‑
emic area. The activation and infiltration of inflammatory cells,
and the synthesis and secretion of adhesion molecules are part
of a positive feedback cascade that enhance and promote each
other (2). These responses signal through a specific inflamma‑
tory signaling pathway, converting ischemic brain tissues into
inflammatory lesions (3,4). Therefore, inflammation plays an
important role in the mechanism of cerebral ischemia/reperfu‑
sion injury.
Sphingomyelin (SM) is an important component of cell
membranes, mainly located in cell membranes, lipoproteins
and other lipid‑rich tissue structures. SM is widely found in
biological tissues and is abundant in brain tissue (5). Previous
studies have shown that products and key enzymes in the
metabolism of SM are involved in many aspects of cerebral
ischemia (6,7) and play an important role in the development
of cerebral ischemia (8,9). Therefore, the regulation of the SM
metabolic pathway is expected to be a new target for the treat‑
ment of ischemic cerebrovascular disease.
SM synthase (SMS) is the last enzyme in the SM synthesis
pathway. SMS has two isoenzymes, SMS1 and SMS2 (10).
SMS1 mainly exists in the Golgi apparatus, and SMS2 mainly
exists in the plasma membrane, with SMS2 being widely
expressed in brain tissue (10).
Previous studies have found that SMS2 is an important
regulatory factor in inflammatory responses (11,12). SMS2
deficiency inhibits the activation of NF‑ κ B pathways in
macrophages induced by lipopolysaccharide (LPS) (13), which
intimates that SMS2 may be involved in the regulation of
inflammatory responses. However, the effect and mechanism
of action of SMS2 on the inflammatory response after cerebral
ischemia/reperfusion injury are still unclear, and remains to be
further studied. Therefore, this present study used wild‑type
and SMS2 knockout C57BL/6 mice as research subjects to
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explore the role of SMS2 in cerebral ischemia/reperfusion
injury in mice, and to study its specific molecular mechanisms.
Materials and methods
Animals and experimental groups. Male wild‑type (WT)
C57BL/6 mice (8‑12 weeks; 25‑30 g; Cyagen Biosciences, Inc.)
and SMS2 knockout (SMS2‑/‑) mice (Cyagen Biosciences, Inc.)
in the background of wild‑type C57BL/6 mice (8‑12 weeks;
25‑30 g) were acclimatized for 1 week at room tempera‑
ture (20‑24˚C) with free access to water/food and 45‑60%
humidity in a 12 h light/dark cycle. A total of 26 WT mice and
26 SMS2‑/‑ were used in the present study. Mice were divided
into two subgroups: Sham group and middle cerebral artery
occlusion (MCAO) group. The present study was performed
with the approval of the Ethics Committee of The Third
People's Hospital of Qingdao.
Cerebral ischemia/reperfusion model. Longa's method (14)
was used to establish the cerebral ischemia/reperfusion mouse
model. Mice were injected intraperitoneally with 4% chloral
hydrate (Sinopharm Chemical Reagent Co., Ltd.) at a ratio of
350 mg/kg, for anesthesia. Mice were fixed in a supine position
and monitored to ensure breathing was unobstructed. Mouse
necks were sterilized with an ethanol‑soaked cotton ball and a
1‑cm incision was made in the neck. Under a stereo microscope,
the submandibular glands were dissected, the right common
carotid artery, external and internal carotid arteries were freed
up, and the common carotid artery was tied with a thread. At
the bifurcation of the external carotid artery and the common
carotid artery, a loose knot was made with silk; the distal end
of the external carotid artery was ligated with silk, and the
external carotid artery was fused with an electric coagula‑
tion pen. The internal carotid artery was fastened with a silk
thread, the external carotid artery was cut with microscopic
surgical scissors to insert a thread plug through the small hole
to the external carotid artery, and the line knot on the internal
carotid artery was loosened. The plug was slowly inserted in
the direction of the internal carotid artery until the resistance
was reached. To prevent bleeding, the external carotid artery
was tied up. After 2 h of ischemia, the plug was pulled out and
the arterial blood was allowed to circulate again for 24 h. The
surgical procedure in the sham group was the same as before,
however the line plug was not inserted. Post‑surgery, animals
were maintained at 25‑28˚C, with access to food and water
ad libitum.
Evaluation of neurological deficits. The neurological
deficit in the mice was evaluated with reference to Longa's
method (14): 0 points, no symptoms of neurological deficits
and normal activity; 1 point, contralateral forelimbs cannot
fully extend; 2 points, circling to the contralateral side when
crawling; 3 points, body dumping to the hemiparalysis side
when walking; 4 points, not autonomous walking and loss of
consciousness was 4 points; 5 points, death. If the score was
1‑4, the model was considered successful.
Determination of infarct volume. Magnetic resonance imaging
(MRI) and 2,3,5‑triphenyltetrazolium chloride (TTC) staining
were used to detect the infarct volume.

MRI. Mice were injected intraperitoneally with 4% chloral
hydrate at 350 mg/kg to be anesthetized. The Phillips
GyroscanIntera 1.5T MRI (Phillips Medical Systems B. V.)
and the rat coil (Shanghai Chenguang Medical Technology
Co., Ltd.) were used for fast spin echo T2‑weighted
(FSE T2W) imaging. The parameters used were as follows:
Time of Repetition was 1,600 msec; Time of Echo was
80 msec; slice thickness was 1 mm; slice gap was 0; Field
of View was 35x35 mm; and matrices were 256x256. ImageJ
software (version 1.41; National Institutes of Health) was
used to measure the area of cerebral infarction per layer.
The percentage cerebral infarction volume was calculated
via the following formula: Percentage cerebral infarction
volume=(S1 + S2 + S3 + SN) H/(S1 total + S2 total + S3
total + SN total), where S1‑SN were the infarct sizes of each
layer, S1 total‑SN total were the areas of brain tissue in each
layer, and H was slice thickness (15).
TTC staining. Mice were sacrificed immediately after MRI
scans, and the brains were dissected immediately. The brain
tissue of mice was frozen for 20 min in a ‑20˚C refrigerator,
and then cut into 2‑mm‑thick continuous slices. Slices were
incubated at 37˚C for 15‑30 min with 2% TTC (Sigma‑Aldrich;
Merck KGaA) in a darkroom. They were then fixed with 4%
paraformaldehyde (Sinopharm Chemical Reagent Co., Ltd.)
at room temperature for 15 min. ImageJ software was used
to assess the area of cerebral infarction per layer (16). The
cerebral infarction volume was calculated by multiplying the
infarct size of each brain slice by the thickness (2 mm) using a
Leica TCS SP5 fluorescent microscope (Leica Microsystems,
GmbH).
Reverse transcription‑quantitative PCR (RT‑qPCR). Each
group of mice was anesthetized with 4% chloral hydrate at 24
and 72 h after the surgery. The mice were decapitated and
the infarcted penumbra was harvested under aseptic condi‑
tions. Brain tissue was rapidly homogenized in RNAiso Plus
(Takara Biotechnology Co., Ltd.) within a glass homogenizer
(Shanghai Broadcom Chemical Technology Co., Ltd.). Total
RNA from brain tissue was extracted according to the TRIzol
RNA total extraction method. RNA was dissolved in diethyl‑
pyrocarbonate‑treated water (Takara Biotechnology Co., Ltd.),
and RNA concentration was measured with a NanoDrop 2,000
Ultramicro Spectrophotometer (Thermo Fisher Scientific,
Inc.). The extracted RNA was reverse transcribed into cDNA
by using a PrimeScript™ RT master mix reverse transcription
kit (cat. no. RR036B; Takara Biotechnology Co., Ltd.). Reverse
transcriptase parameters were as follows: 37˚C for 60 min,
85˚C for 5 sec. RNA samples (20 µl) were prepared with SYBR
Green according to the SYBR‑Green qPCR Master Mix kit
instructions (cat. no. 638320; Takara Biotechnology Co., Ltd.)
and amplified using the Applied Biosciences 7500 fluorescence
PCR system (Thermo Fisher Scientific, Inc.). PCR parameters
were as follows: 95˚C for 30 sec, 90˚C for 5 sec, 65˚C for
30 sec, for 40 cycles. β‑actin was used as the internal control
and the relative expression level of the target gene was calcu‑
lated by 2‑ΔΔCq method (17). The primers used were as follows:
Galectin forward, 5'‑TTTCAGGAGAGGGAATGATGTTG‑3'
and reverse, 5'‑CACA ATGACTCTCCTGTTGTTCTCA‑3';
arginase 1 (Arg1) forward, 5'‑CTCCAAGCCA AAGTCCTT
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AGAG‑3' and reverse, 5'‑GGAGCTGTCATTAGGGACATC
A‑3'; inducible nitric oxide synthase (iNOS) forward, 5'‑CTC
TTCGACGACCCAGAAA AC‑3' and reverse, 5'‑CAAG GC
CATGAAGTGAGGCTT‑3'; IL‑1β forward, 5'‑GAAATGCCA
CCTT TTGACAGTG ‑3' and reverse, 5'‑TGGATGCTCTCA
TCAG GACAG‑3'; β ‑actin forward, 5'‑TCACCCACAC TG
TGCCCATCTACG‑3' and reverse, 5'‑CAGCGGA ACCGC
TCATTGCCAATG‑3'.
Western blotting. Brain tissue was submerged in RIPA lysate,
containing 1 mM PMSF (Beyotime Institute of Biotechnology)
and rapidly homogenized within a glass homogenizer, then
placed on ice for 10 min, and centrifuged at 13,800 x g for
10 min and the supernatant was isolated, which contained the
total tissue protein.
Harvest buffer [10 mmol/l HEPES, pH 7.9; 50 mmol/l
NaCl; 1 mmol/l EDTA; 0.5% Triton X‑100; 1 mmol/l dithio‑
threitol (DTT), 0.5 mol/l sucrose, 1 mmol/l PMSF] and brain
tissue were homogenized within a glass homogenizer, and then
placed on ice for 10 min, centrifuged at 13,800 x g for 10 min
at room temperature and the supernatant was isolated, which
contained the cytoplasmic proteins. Centrifugal sediment was
washed with buffer A (10 mmol/l HEPES, pH 7.9; 10 mmol/l
KCl; 0.1 mmol/l EDTA; 0.1 mmol/l EGTA; 1 mmol/l DTT;
1 mmol/l PMSF). This solution was centrifuged (13,800 x g
for 10 min at room temperature) again and the supernatant
was removed. The supernatant was resuspended in buffer C
(10 mmol/l HEPES, pH 7.9; 500 mmol/l NaCl; 0.1 mmol/l
EDTA; 0.1 mmol/l EGTA; 0.1% Igepal; 1 mmol/l DTT;
1 mmol/l PMSF), and then placed on ice for 15 min. The
solution was centrifuged at 13,800 x g for 10 min at room
temperature and the supernatant was isolated, which contained
the nuclear protein.
Buffer solution containing 20% SDS was added to the
supernatant until the final concentration of SDS was 1%, and
the mixture was boiled at 100˚C for 5 min. The concentra‑
tion of protein was determined by bicinchoninic acid protein
concentration assay kit (Beyotime Institute of Biotechnology).
A mass of 75 µg of total protein was loaded into each lane and
separated by 15% SDS‑PAGE (90 V for 0.5 h; 120 V for 1 h) and
transferred (400 mA for 1.5 h) to polyvinylidene fluoride film
(GE Healthcare Life Sciences), fixed with methanol for 1 min at
room temperature, washed three times (5 min each) with TBST
(10 mM Tris‑HCl; 150 mM NaCl; 0.1% Tween‑20, pH 7.6) and
blocked with blocking buffer (5% skim milk in TBST) for 1 h
at room temperature. Anti‑galectin 3 (cat. no. ab76245; Abcam;
1:1,000), anti‑NF‑κ B‑p65 (cat. no. ab16502; Abcam; 1:1,000),
anti‑lamin A (cat. no. ab8980; Abcam; 1:1,000), or anti‑β‑actin
antibody (cat. no. ab8227; Abcam; 1:2,000) diluted in 5% skim
milk was added and incubated at 4˚C overnight, followed by
washing with TBST three times (10 min each). Sheep anti‑rabbit
secondary antibody (cat. no. ab205718; Abcam; 1:2,000) or
sheep anti‑mouse secondary antibody (cat. no. ab6808; Abcam;
1:2,000) was added and incubated for 1 h at room temperature,
and then ECL solution (Sigma‑Aldrich; Merck KGaA) was
added for detection. The expression of the target protein was
analyzed by ImageJ software (National Institutes of Health),
and the relative expression level of target protein was char‑
acterized by the gray value of the target protein/gray value of
β‑actin or lamin A protein.
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Immunofluorescence. Each group of mice was anesthetized
with 4% chloral hydrate at 24 and 72 h after surgery. The chest
was cut to expose the heart. The injection needle was then
inserted into the left ventricle and the right atrial appendage
was cut. Rapid perfusion with 100 ml normal saline 100 was
performed, followed by perfusion and fixation with 200 ml of
4% paraformaldehyde. The brain was dissected immediately
after perfusion. The brain tissue was fixed in a 4% parafor‑
maldehyde solution for 24 h at 4˚C, dehydrated by sucrose
gradient treatment, embedded in optimal cutting temperature
compound at 4˚C (Beijing Transgen Biotech Co., Ltd.), and
serially sectioned with a cryostat, to a thickness of 30 µm.
Brain tissue sections were removed and left at room
temperature for 20 min. After drying, the areas of immunohis‑
tochemistry were marked. Rinsing was performed three times
(5 min each) with PBS solution (135 mM NaCl, 2.7 mM KCl,
1.5 mM KH2PO4, 8 mM K2HPO4, pH=7.2) at room tempera‑
ture. After being blocked with 100% goat serum (HyClone;
GE Healthcare Life Sciences) at 37˚C for 1 h, the goat serum
was removed and sections were incubated with anti‑galectin 3
(cat. no. ab76245; Abcam; 1:1,000) and anti‑allograft inflam‑
matory factor 1 (Iba 1) antibody (cat. no. ab178847; Abcam;
1:100) at 4˚C overnight. Rinsing was performed three times
(5 min each) with PBS solution at room temperature in the
dark. Sections were then incubated with the goat anti‑mouse
secondary antibody‑Alexa Fluor Plus 488 (cat. no. A32723;
1:500; Thermo Fisher Scientific, Inc.) or goat anti‑mouse
secondary antibody‑Alexa Fluor Plus 594 (cat. no. A32742;
1:500; Thermo Fisher Scientific, Inc.) at 37˚C for 1 h, rinsed
three times (5 min each) with PBS at room temperature in
dark, mounted and observed with a fluorescence microscope
(Carl Zeiss AG).
Statistical analysis. The data were analyzed with the
SPSS 20.0 software package (IBM Corp.) and the data are
expressed as the mean ± standard deviation. Student's t‑tests
were used to compare the differences between two groups.
One‑way ANOVA with Duncan's post‑hoc test was used for
comparing multiple groups. P<0.05 was considered to indicate
a statistically significant difference.
Results
Lack of SMS2 attenuates cerebral ischemia/reperfusion
injury in mice. The neurological deficit score in different mice
at 24 or 72 h after MCAO was evaluated by the Longa grading
criteria (14). As shown in Fig. 1I, there was no significant
difference in neurological deficit score between the two groups
of mice at 24 h after cerebral ischemia/reperfusion injury
(P=0.064), but the neurological deficit score was significantly
lower in SMS2‑/‑ mice compared with WT mice at 72 h after
cerebral ischemia/reperfusion injury (P=0.027).
TTC staining and MRI was used to detect the infarct volume
of MCAO mice after cerebral ischemia/reperfusion. After TTC
staining, the normal brain tissue was uniformly red and infarcted
brain tissue was white (Fig. 1A‑D). With MRI, infarcts showed
high signal through FSE T2W imaging (Fig. 1E‑H). At 24 and
72 h after cerebral ischemia/reperfusion, TTC staining showed
a wide range of white infarct areas in the infarct cortex and
basal ganglia, which was same as MRI in WT and SMS2‑/2
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Figure 1. Lack of SMS2 reduces the neurological score and infarct volume in MCAO mice after cerebral ischemia/reperfusion (n=10). Infarct volume of
(A) WT MCAO mice and (B) SMS2‑/‑ at 24 h; and (C) WT MCAO mice and (D) SMS2‑/‑ at 72 h after MCAO was detected by triphenyltetrazolium chloride
staining. Infarct volume of (E) WT MCAO mice and (F) SMS2‑/‑ at 24; (G) WT MCAO mice and (H) SMS2‑/‑at 72 h after MCAO was detected by MRI.
(I) The neurological score of different mice at different time after MCAO. (J) The infarct volume of the WT and SMS2‑/‑ mice at 24 and 72 h after MCAO.
MCAO, middle cerebral artery occlusion; SMS, sphingomyelin synthase; WT, wild‑type.

mice. Infarct volumes of SMS2‑/‑ MCAO mice were significantly
smaller than those of WT MCAO mice (P<0.05; Fig. 1J).
Lack of SMS2 attenuates the expression of inflammatory
mediators. The inflammatory pathways that are mediated
by the Toll‑like receptor (TLR) family play an important
role in the inflammatory response induced by cerebral isch‑
emia (18). Galectin 3, an endogenous ligand for TLR4 (19),
plays an important role in the inflammatory response after
organ ischemia (20,21). Western blotting was used to detect
the expression of galectin 3 protein, and the results showed
that galectin 3 protein expression was increased at 24 and 72 h
after cerebral ischemia/reperfusion in mice compared to sham
mice, with SMS2‑/‑ group MCAO mice expressing significantly
lower levels of galectin 3 than those in the WT group MCAO
mice (P<0.001; Fig. 2A and B).
Moreover, the expression of inflammatory mediators
of cerebral ischemia/reperfusion in mice was detected by
RT‑qPCR (Fig. 2C and D). At 24 and 72 h after cerebral isch‑
emia/reperfusion in mice, the expression of pro‑inflammatory

cytokines galectin 3 and IL‑1β was significantly increased
(P<0.001), and the SMS2 ‑/‑ group MCAO mice expressed
significantly lower levels of both mRNAs than the WT group
MCAO mice at both time points (P<0.001). The expression of
anti‑inflammatory factor Arg 1 was significantly increased
after cerebral ischemia/reperfusion (P<0.001), and the SMS2‑/‑
group MCAO mice expressed significantly higher levels than
the WT group MCAO mice at both time points (P<0.001).
While anti‑inflammatory factor iNOS was also significantly
increased (P<0.001) at 24 h after ischemia/reperfusion, there
was no significant difference in iNOS mRNA levels at 72 h in
either the WT or SMS‑/‑ groups (P>0.05).
Lack of SMS2 inhibits the activation of microglia. Microglia
are activated soon after cerebral ischemia/reperfusion
injury and are the main cells that cause serious inflamma‑
tion (22,23). Iba 1 is a protein that is specifically expressed
on microglia (24,25). Therefore, immunofluorescence staining
was used to count the number of Iba 1‑positive cells, which was
used to characterize the activation of microglia after cerebral
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Figure 2. Lack of SMS2 attenuates expression of inflammatory mediators after cerebral ischemia/reperfusion (n=3). (A) Western blotting was used to detect
the expression of galectin 3 protein in different WT and SMS2‑/‑ mice at 24 and 72 h after MCAO. (B) Quantification of western blot bands by grayscale
comparison. Reverse transcriptase quantitative PCR was used to detect the expression of galectin 3, Arg1, iNOS and IL‑1β mRNA in different mice at
(C) 24 or (D) 72 h after MCAO. #P<0.05, ###P<0.001 vs. WT‑Sham group; *P<0.05 vs. WT‑MCAO group. Arg1, arginase 1; IL, interleukin; iNOS, inducible
nitric oxide synthase; MCAO, middle cerebral artery occlusion; SMS, sphingomyelin synthase; WT, wild‑type.

ischemia/reperfusion. As shown in Fig. 3, the number of Iba 1+
cells in SMS2‑/‑ mice was significantly lower than that in WT
mice following MCAO at both 24 and 72 h (P<0.05). Similarly,
the number of galectin 3+/Iba 1+ cells significantly decreased
at 24 and 72 h after cerebral ischemia/reperfusion (P<0.05 and
P<0.001 respectively).
Lack of SMS2 inhibits the activation of the NF‑κ B pathway.
The expression of NF‑κ B p65 protein in nuclear and cyto‑
plasmic fractions was observed by western blotting. At 24 and
72 h after cerebral ischemia/reperfusion, the expression of
NF‑κ B p65 protein in the nucleus of SMS2‑/‑ mice was signifi‑
cantly lower than that in WT mice (P<0.001), but the opposite
was observed in the cytoplasm (P<0.001; Fig. 4). These data
indicate that the nuclear translocation of NF‑κ B p65 is signifi‑
cantly reduced in SMS2‑/‑ mice after ischemia/reperfusion,
when compared with WT MCAO mice.
Discussion
SMS2‑/‑ mice were obtained by knocking out intron 1 (1.1 kb),
exon 2 (0.7 kb) and intron 2 (6.2 kb) in the SMS2 gene of
C57BL/6J mice. There was no difference in living habits
between C57BL/6J mice (26). In this present study, WT
and SMS2 knockout C57BL/6J were the research subjects
studied. This study found that SMS2‑/‑ mice not only had lower

neurological deficit scores than WT mice after ischemia/reper‑
fusion, but also had a significantly lower infarct volume than
WT mice. This indicated that a lack of SMS2 attenuated cere‑
bral ischemia/reperfusion injury in mice.
In addition, a previous study indicated (27) that SMS2
deficiency inhibits LPS‑induced inflammatory responses by
impeding activation of the NF‑κ B signaling pathway. Therefore,
this present study examined the expression of inflammatory
mediators such as galectin 3, Arg 1, iNOS and IL‑1β in the
infarcted brain after cerebral ischemia/reperfusion in mice.
The results showed that after cerebral ischemia/reperfusion,
the expression of both pro‑inflammatory and inhibitory factors
increased, and the expression of pro‑inflammatory cytokines
in the SMS2‑/‑ group MCAO mice was lower than that in the
WT MCAO mice, but the expression of anti‑inflammatory
cytokines in the SMS2‑/‑ group MCAO mice was higher than
that in WT MCAO mice. This suggested that SMS2 deficiency
might reduce ischemia/reperfusion injury in mice by reducing
inflammatory responses after cerebral ischemia/reperfusion.
Microglia are macrophages in the central nervous system,
and their activation is a hallmark of neuroinflammation.
Microglia in the normal mature brain are stationary. Resting
microglia become active after central nervous system damage.
The activated microglia mediate neurotoxic effects by
releasing a series of inflammatory cytokines, proteins and other
biologically active substances, and causing secondary brain
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Figure 3. Lack of SMS2 reduces the number of Iba 1 and galectin 3/Iba 1‑positive cells after cerebral ischemia/reperfusion (n=3). (A) Immunofluorescence
was used to detect the Iba 1 or galectin 3/Iba 1 positive cells in different mice at 24 or 72 h after MCAO. The counts of (B) Iba 1 and (C) galectin 3/Iba 1
positive cell in different mice at 24 or 72 h after MCAO. *P<0.05, ***P<0.001 vs. the WT‑MCAO group. Scale bars, 10 µm. Iba 1, allograft inflammatory factor
1; MCAO, middle cerebral artery occlusion; SMS, sphingomyelin synthase; WT, wild‑type.

injury (28,29). Moon et al (30) used immunohistochemistry to
examine the temporal changes in the activation of microglia
after transient cerebral ischemic injury, and they found that
microglia were activated 3 h after cerebral ischemia/reperfu‑
sion. Microglial activation state reached a peak 2 days after
cerebral ischemia/reperfusion.
A previous study has shown that microglia can play a protec‑
tive role by regulating the expression of receptors, proteins or
cytokines after cerebral ischemia injury (31). Microglia can
produce tumor necrosis factor (TNF). Lambertsen et al (31)
confirmed that TNF that was secreted by microglia played
a neuroprotective role in the acute phase of focal cerebral
ischemic injury through TNF‑p55 receptor. This present
study found that the number of Iba 1+ and galectin 3+/Iba 1+
cells in SMS2‑/‑ mice after cerebral ischemia/reperfusion was
significantly lower than that in WT mice (P<0.05). Iba 1 is a
specific surface antigen for microglia, and the decreased Iba 1+
cells in SMS2 ‑/‑ mice after cerebral ischemia/reperfusion
indicate a decrease in microglial activation in SMS2‑/‑ mice
after ischemia/reperfusion. The decreased galectin 3+/Iba 1+

cells indicate a decrease in the inflammatory response which
is associated with activated microglial galectin 3. After
focal cerebral ischemia, many pro‑inflammatory cytokines,
chemokines, and leukocyte adhesion molecules are upregu‑
lated, and signal transduction by the cells was necessary for
the pathogenesis and pathological development (32). TLRs,
NF‑κ B, Mitogen‑activated protein kinases, and the JNK‑STAT
signaling pathway are the most widely studied pathways which
are involved in the transduction of cerebral ischemia/reperfu‑
sion inflammation (32). This present study has shown that the
expression of galectin 3 protein in SMS2‑/‑ mice was signifi‑
cantly lower than that of WT mice after ischemia/reperfusion.
Galectin 3 is an endogenous ligand of TLR4 (33). TLR4
binds to its ligand to form the TLR/myeloid differentiation‑2
(MD2) complex that activates downstream inflammatory
pathways (33). This study also found that the expression of
TLR4/MD2 on the surface of microglia was decreased in
SMS2‑/‑ mice 72 h after cerebral ischemia/reperfusion injury,
but there was no significant difference in the expression
of TLR4. This suggests that SMS2 deficiency may inhibit
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Figure 4. Lack of SMS2 blocks nuclear translocation of NF‑κ B p65 after cerebral ischemia/reperfusion. Western blotting was used to detect the expression
of NF‑κ B‑p65 protein levels in the nucleus and the cytoplasm at (A) 24 and (B) 72 h after cerebral ischemia/reperfusion in the peri‑infarct region of WT and
SMS2‑/‑ mice. Quantification of western blots at (C) 24 and (D) 72 h by grayscale comparison. ###P<0.001 vs WT‑Sham group; *P<0.05 vs. WT‑MCAO group.
NF‑κ B, nuclear factor κ‑light‑chain‑enhancer of activated B cells; SMS, sphingomyelin synthase; WT, wild‑type.

subsequent inflammatory responses by reducing TLR4/MD2
complex formation after cerebral ischemia/reperfusion injury,
rather than reducing TLR4 expression. The TLR family is a
family of pathogen‑associated molecular pattern receptors
that recognize and bind to conserved sequences of pathogenic
microorganisms (33). These are receptors that mediate bacte‑
rial endotoxin LPS‑induced inflammation. As this present
study progressed, TLRs were also found to be involved in cere‑
bral ischemia/reperfusion inflammatory induced injury (34).
The brain is a sterile organ, and inflammatory damage to the
brain is mainly transduced through the TLR pathway (34).
DNA and protein detection of TLRs was performed in normal
mice and mice with cerebral ischemia/reperfusion injury. The
DNA and protein content of TLR2 and TLR4 in mice with
cerebral ischemia/reperfusion injury were significantly higher
than those in a normal group in a previous study (35). TLRs
mediate NF‑κ B activation, and NF‑κ B upregulates the expres‑
sion of inflammatory factors, causing inflammatory damage.
NF‑κ B belongs to the Rel protein family and is an impor‑
tant signal transduction molecule involved in inflammatory
reactions (36). During cerebral ischemia, NF‑κ B is activated
by inflammatory factors, cytokines, increases in calcium
concentration and other factors. After activation, NF‑κ B
can induce the expression of cytokines, adhesion molecules
and inflammatory enzymes, which forms a vicious circle of
inflammatory reactions, and cause brain edema and nerve cell
damage.
Howard et al (37) found that NF‑κ B was rapidly activated
at 15‑30 min after hypoxia and reoxygenation in human
brain microvascular endothelial cells. In this present study,

it was found that the nuclear translocation of NF‑κ B p65 in
SMS2‑/‑ mice was significantly less than that in WT mice
after ischemia/reperfusion. p65 is an important protein in
the NF‑κ B signaling pathway, and the entry of p65 from the
cytoplasm to the nucleus after phosphorylation is an important
marker for activation of NF‑κ B signaling (38). This indicated
that the lack of SMS2 inhibited the activation of the NF‑κ B
pathway following cerebral ischemia/reperfusion in mice.
In conclusion, a shortage of SMS2 in mice may help to
reduce inflammation by inhibiting the activation of the
NF‑κ B signaling pathway, and further alleviate cerebral
ischemia/reperfusion injury in mice.
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