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Abstract. Lipopolysaccharide (LPS) is the predominant 
component of the outer membrane of Gram‑negative bacteria, 
which can cause severe inflammation in the body. The acute 
lung injury (ALI) induced by LPS can cause extensive damage 
to the lung tissue, the severe stage of which is termed acute 
respiratory distress syndrome, when multiple organ dysfunc-
tion syndrome may appear. There are no effective clinical 
treatment measures at present. The involvement of cluster of 
differentiation (CD)14 assists LPS in causing inflammatory 
reactions, and CD14 and sphingomyelin (SM), located in 
lipid rafts areas, are closely associated. SM synthase (SMS) 
is a key enzyme in the synthesis of SM, however, the effect of 
SMS on the inflammatory pathway involving nuclear factor 
(NF)‑κB induced by LPS remains to be elucidated. Under the 
premise of the establishment of an ALI mouse model induced 
by LPS, the present study established a control group, LPS 
group and pyrrolidine dithiocarbamate (PDTC; an NF‑κB 
pathway inhibitor) group. Hematoxylin‑eosin staining, reverse 
transcription‑quantitative polymerase chain reaction analysis, 
western blot analysis and thin layer chromatography were used 
to investigate the mechanism of SMS in ALI. Compared with 
the control group, the mRNA and protein levels of CD14 were 
significantly increased (P<0.001; n=5 and P<0.05, n=5), and 
the activity of SMS and expression of SMS2 were significantly 
upregulated (P<0.001; n=5 and P<0.05, n=5) in the model 

group. The increases of SMS2 and CD14 in the PDTC group 
were less marked, compared with those in the model group 
(P<0.05; n=5). These findings suggested that the degree of 
lung injury was reduced during the acute inflammatory reac-
tion when NF‑κB was inhibited, and that the expression of 
SMS2 may affect the induction of the NF‑κB pathway by LPS 
through CD14.

Introduction

Lipopolysaccharide (LPS) is the predominant component 
of the outer membrane of Gram‑negative bacteria, a major 
pathogen causing sepsis. LPS consists of three elements: 
Lipid  A, O  side chain antigen and core polysaccharide, 
of which lipid A is the active center (1). LPS binds to cell 
surface receptors through lipid A, mediating the occurrence 
of sepsis. The overexpression of inflammatory mediators by 
a variety of factors, with the exception of cardiogenic factors, 
leads to acute lung injury (ALI), causing extensive damage to 
the lung tissue, the severe stage of which is termed cute respi-
ratory distress syndrome and is followed by multiple organ 
dysfunction syndrome (2,3). According to the statistics of 
the US Centers for Disease Control, there are 750,000 cases 
of serious systemic infections and subsequent disease in 
the United States each year (4). In China, the morbidity and 
mortality rates are consistent with those reported abroad (5). 
Although there has been a focus on basic and clinical 
investigations of systemic infection in China and abroad, its 
incidence and mortality rate remain high (6).

The induction of ALI by LPS, which is now considered 
to be caused by a considerable number of pro‑inflammatory 
and anti‑inflammatory agents generated by medullary 
and/or non‑myeloid cells stimulated by nuclear factor (NF)‑κB 
depends on LPS via its associated receptors, cluster of 
differentiation (CD14) and toll‑like receptor 4 (TLR4), and 
transmembrane signal transduction pathways  (7). CD14 is 
a glycosyl‑phosphatidylinositol (GPI)‑anchored membrane 
protein. A previous study determined that GPI‑CD14 is 
predominantly distributed in the sites of membrane lipid 
rafts  (8). As an LPS receptor, CD14 can recognize LPS 
directly; however, CD14 is not a transmembrane protein, and 
cannot transfer the stimulation signal between the LPS and 
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the cytoplasm. It has to transfer signal to the transmembrane 
protein, TLR4, stimulating the downstream signal substance, 
activating the nuclear transcription factor, NF‑κB, and the 
expression of a series of inflammatory cytokines, including 
tumor necrosis factor (TNF)‑α, interleukin (IL)‑1 and 
IL‑6 (9,10). Studies have suggested that LPS uses its character-
istics of inflammation to promote atherosclerosis. For example, 
following stimulation of mice with LPS, the expression levels 
of CD14 and TLR4, which are associated with inflammatory 
signals of monocytes and macrophages, increase. In addition 
to the high expression levels of CD14 and TLR4, LPS can also 
significantly increase the expression levels of CD14 and TLR4 
in mice with ALI (11,12). Reducing the cholesterol content 
of lipid raft sites can induce the rearrangement of TNF‑α 
receptor 1 (TNFR1) between lipid and non‑lipid raft sites, and 
can then inhibit inflammation by inhibiting the activation of 
NF‑κB, whereas the inflammatory signaling pathways medi-
ated by TLR4 are suppressed (13‑15). The changing content 
of SM in the lipid raft site can also affect the activation of 
NF‑κB. Meng et al (16) used D609 to inhibit the synthesis of 
SM, which inhibited the activation of NF‑κB caused by TNF‑α 
and phorbol myristate acetate (16). Triantafilou et al (17) used 
LPS to stimulate mice, in which the gene for SM had been 
knocked out, and to also interfere with the synthesis of SM in 
HEK293 cells. The results demonstrated that, compared with 
the control group, the activation of NF‑κB was significantly 
reduced, and the recruitment of TNFR1 in the HEK293 cell 
membrane, caused by the stimulation of TNF‑α, was also 
significantly reduced (17).

SM in cells is synthesized by the catalysis of SM synthase 
(SMS). SMS is a key enzyme in the final step of a series of 
enzymatic reactions in SM biosynthesis. It uses ceramide and 
phosphatidylcholine as substrates to generate SM and diac-
ylglycerol (18). SMS has two isoenzymes: SMS1 and SMS2. 
SMS1 is located in the intracellular Golgi membranes and 
SMS2 is located in the cell membrane. They are all closely 
associated with the structure of the cell membrane, affecting 
the transmembrane signaling and physiological function of 
cells (19).

As SMS can catalyze the biosynthesis of SM, the present 
study investigated the key elements affecting the inflamma-
tion signaling pathway  (20). Following the stimulation of 
LPS, the expression of SMS increased in cultured lung cells, 
however, whether the expression of SMS in experimental mice 
is affected by LPS requires more detailed investigation. To the 
best of our knowledge, the association between SMS and the 
NF‑κB pathway induced by LPS remains to be elucidated. In 
addition, the possible mechanism involving SMS and NF‑κB 
remains to be elucidated. The present study aimed to examine 
the significant effect of SMS2 during ALI, investigate the 
possible mechanism involving SMS2 and NF‑κB, and provide 
an important theoretical basis for using SMS2 as a target to 
treat inflammation‑associated diseases, including ALI.

Materials and methods

Animals. A total of 15 clean‑level male BALB/c mice, weighing 
26±3 g (5‑6 weeks old), were supplied by Nanchang University 
Experimental Animal Center (Nanching, China), and were 
fed with standard fodder and water and were housed at 25˚C. 

All animal procedures were approved by the Committee on 
Animal Experimentation of Nanchang University (Nanchang, 
China), and the procedures complied with the NIH Guide for 
the Care and Use of Laboratory Animals (21).

Reagents. The reagents used in the present study were as 
follows: LPS (Sigma‑Aldrich; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA), formalin, β‑actin primer, CD14, SMS 
(Invitrogen; Thermo Fisher Scientific, Inc.), NBD‑ceramide, 
phosphatidylcholine (PC; Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA), RNA cryoprotectant (ComWin Biotech 
Co., Ltd., Beijing, China), TRIzol Reagent (ComWin Biotech 
Co., Ltd.), reverse transcription kit (Takala Biological, Ltd., 
Dalian, China), 2X Taq Master Mix (Shanghai Welcomes 
Benro Biotechnology Co., Ltd., Shanghai, China) and CD14 
goat anti‑mouse antibody (ProteinTech Group, Unc., Chicago, 
IL, USA).

Preparation of the mouse model of ALI. The 15 BALB/c 
male mice were randomly divided into three groups: Normal 
control group, model group and pyrrolidine dithiocarbamate 
(PDTC; an NF‑κB pathway inhibitor) group, with five mice in 
each group. The model group comprised an LPS copy mouse 
model of ALI (22). In the PDTC group, PDTC (30 mg·kg‑1) was 
injected into the abdominal cavity of the mice prior to model 
establishment, whereas the mice in the normal control group 
and model group were injected with equal volumes of DMSO. 
After 2 h, LPS (10 mg·kg‑1) was injected into the abdominal 
cavity of the mice in the PDTC group and the model group, 
whereas the mice in the normal control group were injected 
with saline (10 mg·kg‑1).

Assessment of lung tissue pathology. After 18 h of modeling, 
all mice were sacrificed by cervical dislocation. The lungs 
were isolated, washed with saline to remove excess blood, and 
a 5 µm section of the lung was fixed with 10% formalin for 
hematoxylin‑eosin (HE) staining. Another section of the lung 
was stored in a ‑80˚C refrigerator to preserve for measurement 
of SMS activity and western blot analysis. The remaining 
section of the lung was placed into RNA cryoprotectant and 
stored at ‑80˚C to detect the mRNA expression levels of CD14 
and SMS2.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR) analysis. Tissues were prepared for RNA 
extraction by electric homogenization. Total RNA was 
extracted using TRIzol reagent (ComWin Biotech Co., Ltd.). 
The primers used were as follows: SMS2, forward 5'‑TGT​
CTG​TCC​TCG​GTT​GAA​GC‑3' and reverse 5'‑GGC​CTG​
ACC​AAT​GCT​CTC​TT‑3'; CD14, forward 5'‑CAC​AGG​ACT​
TGC​ACT​TTC​CA‑3' and reverse 5'‑CTG​TTG​CAG​CTG​AGA​
TCG​AG‑3'; β‑actin, forward 5'‑ACT​CTT​CCA​GCC​TTC​CTT​
CCT‑3' and reverse 5'‑CAG​TGA​TCT​CCT​TCT​GCA​TCC​T‑3'. 
The reaction mixture for reverse transcription into cDNA was 
20 µl, comprising 4 µl dNTP, 4 µl 5X buffer, 2 µl primer mix, 
2 µl DTT, 1 µl M‑MLVRT reverse transcriptase and 7 µl (2 µg) 
sample RNA. The sample was mixed at 42˚C for 35 min and 
85˚C for 15 min, and stored at ‑20˚C. For PCR amplification, 
the sample comprised 0.5 µl upstream primer, 0.5 µl down-
stream primer, 1 µl, reverse transcribed product, 5 µl 2X Taq 
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Master Mix and 3 µl ddH2O. The amplification conditions 
were as follows: 94˚C for 5 min, 94˚C for 30 sec, 56˚C for 
30 sec, 72˚C for 30 sec and 72˚C for 4 min (40 cycles; 28 cycles 
for β‑actin). The amplified products (3 µl) were added to a 2% 
agarose gel spotting space, and electrophoresis was performed 
for 20 min under constant 120 V. Quantity One version 4.6.9 
software (Bio‑Rad Laboratories, Inc., Hercules, CA, USA) 
was used to analyze the mRNA expression levels of CD14 and 
SMS2, and calculate the relative expression between these and 
β‑actin.

Thin layer chromatography (TLC) measurement of the activity 
of SMS. Homogenized buffer was used to extract the total 
protein of the cells. In brief, the methods of TLC (23) comprised 
measuring the protein content in each group using a Bradford 
assay kit (ComWin Biotech Co., Ltd.) and establishing an enzy-
matic reaction system, according to the following method: 70 µl 
10X SMS buffer, 3 µl PC (20 mg.ml‑1), 4 µl NBD‑ceramide 
(0.5 mg·ml‑1), ddH2O (X) and crude enzyme extract of SMS 
(Y). The volume of X+Y (623 µl) was determined, according to 
the protein content of the crude enzyme extract of SMS in each 
group adjusted to the specific data of Y, with respect to the 
volume of the extracted protein, ensuring consistency of the 
total protein added, with X comprising making the remaining 
volume. Following mixing in a bath at 37˚C for 2 h, 700 µl of 
chloroform/methanol (2/1) mixture was added to each tube, 
vortexed for 1 min, and centrifuged at 8,000 g for 10 min at 
25˚C, following which the supernatant was aspirated and equal 
volumes of the lower organic phase were transferred to a new 
centrifuge tube containing dry organic solvent with nitrogen. 
Chloroform (50 µl) was added to dissolve the lipids in each 
tube, and 50 µl of the chloroform containing dissolved lipid 
was loaded onto chromatography plates. Chromatography was 
performed for 10 min in the gel filtration system using a UV 
irradiated chromatography plate, which can fluoresce enabling 
the measurement of optical density values. The level of fluo-
rescence and the activity of the enzyme are proportional, 
therefore, it can indirectly reflect the content of SMS, which 
reflects the quantity of SMS protein.

Western blot analysis to determinate the expression of 
CD14. RIPA buffer and PMSF were added to the lung tissue 
sections and homogenized at 15,000 x g at 4˚C for 5 min, 
following which PMSF was added prior to incubation on 
ice for 30 min. The mixture was transferred into centrifuge 
tubes for centrifugation at 15,000 x g for 15 min at 25˚C. 
The supernatant of the cell lysates, for separate loading, 
were conserved at ‑20˚C. The protein concentrations were 
determined using a Bradford assay. Equal quantities of the 
cell lysates (volume x protein concentration 40 µg) were 
added to equal volumes of 2X electrophoresis sample buffer 
and boiled in a water bath for 3  min. Electrophoresis of 
the lysates was performed under constant pressure on an 
15% SDS‑PAGE gel (separating gel, constant 90 V; sepa-
rating gel, constant 120 V). Electroblotting was performed 
according to the manufacturer's protocol, the membranes 
were washed 2 min after electroblotting and were incubated 
with 5% skim milk at 4˚C overnight. The membranes were 
incubated with CD14 primary antibody (goat anti‑mouse; 
cat.  no.  17000‑1‑AP; 1:1,000; ProteinTech Group, Inc., 

Chicago, IL, USA) and secondary antibody (rabbit anti‑goat; 
cat. no. ab6721; 1:5,000; Abcam, Cambridge, UK) for 1 h at 
4˚C, and washed three times following incubation, 10 min 
each time. Protein was detected using enhanced chemilumi-
nescence fluorescence detection reagent (ComWin Biotech 
Co., Ltd.) and other enhanced chemiluminescence reagents, 
and hand‑washed with prepared developer and fixer.

Statistical analysis. Statistical analysis was performed using 
SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). All data 
are expressed as the mean  ±  standard error of the mean. 
Differences between groups were assessed using one‑way 
analysis of variance. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Establishment of the mouse model of ALI. Tissue samples of 
the lungs were examined under light microscopy following HE 
staining. It was found that the tissues of the normal control 
group had a clear alveolar structure, thin alveolar wall, and 
no edema fluid in the alveoli or inflammatory cell infiltration 
in the interstitial lung (Fig. 1A). Exudate and bleeding were 

Figure 1. Hematoxylin‑eosin staining of mouse lung tissues (magnification, 
x100). (A) Control group, (B) LPS group, (C) LPS+pyrrolidine dithiocarba-
mate group. LPS, lipopolysaccharide.

  A

  B

  C
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observed filling the alveoli in the model group, and the capil-
laries in the alveolar wall were dilated and congested. There 
was lymphocyte infiltration of the capillary wall, which was 
thickened (Fig. 1B). No significant exudate or bleeding of the 
lung tissues were observed in the PDTC group, with minimal 
inflammatory cell infiltration and no notable expansion of 
capillaries in the alveolar wall (Fig. 1C).

mRNA expression levels of SMS2 and CD14. As shown in 
Fig. 2, compared with the normal control group, the mRNA 
expression levels of CD14 and SMS2 increased significantly 
in the model group, being 5.77 and 0.85 times higher, respec-
tively (P<0.001; P<0.05; n=5). The mRNA expression levels 
of SMS2 and CD14 in the PDTC group were decreased, 
compared with those in the LPS group, but were higher, 
compared with those in the normal group, being 3.52 and 
0.43  times higher, respectively (P<0.001; P<0.05; n=5). 
Possibly due to the dose, the inflammation induced by LPS 
was not completely suppressed by PDTC. The reduction of 
inflammation resulted in the decline of SMS2 and CD14, 
which indicated that the change in the levels of CD14 and 
SMS2 may reduce the reaction to inflammation induced by 
LPS.

Activity of SMS and protein level of CD14. As shown in Fig. 3, 
compared with the control group, the activity of SMS of the 
LPS group was 3.21  times higher, and this difference was 
significant (P<0.001; n=5). In the PDTC group, the increased 
activity of SMS was inhibited, however, compared with the 
control group, the activity of SMS was 2.18 times higher, which 
was significant (P<0.001; n=5). LPS upregulated the expres-
sion of CD14 the protein level, which was 1.34 times higher, 
compared with that in the control group (P<0.05; n=5). PDTC 
inhibited the increased expression of CD14, however, the level 
of CD14 was significantly higher (0.26 times), compared with 
that in the control group (P<0.05; n=5; Fig. 4).

Discussion

SM is important in cells and, in addition to being closely 
associated with the development of AS, it is closely associ-
ated with the incidence of cancer. Abalsamo et al (24) used 
D609 to interfere with the synthesis of breast cancer cells, 
causing a marked decrease in the ability of breast cancer cells 
to migrate. The analysis of SMS activity and immunohisto-
chemistry of the cancer samples showed that the SMS content 
in the cancer tissues, were significantly increased, compared 
with that in paracancer tissues. It has also been suggested 
that the occurrence of diabetes, obesity and other diseases 
were linked with SMS. For example, the increase of SM in 
the cell increases the resistance of the cell to insulin, and 

Figure 2. Relative expression levels of CD14 and SMS2 in mouse lung tis-
sues. #P<0.001 and *P<0.05, vs. control (n=5). Data are expressed as the 
mean ± standard error of the mean. CD14, cluster of differentiation 14; SMS2 
sphingomyelin synthase 2; PDTC, pyrrolidine dithiocarbamate; LPS, lipo-
polysaccharide.

Figure 3. Relative enzyme activity of SMS in mouse lung tissues (#P<0.001 
and *P<0.05, vs. control (n=5). Data are expressed as the mean ± standard 
error of the mean. SM sphingomyelin; SMS, SM synthase; PDTC, pyrro-
lidine dithiocarbamate; LPS, lipopolysaccharide; CER, ceramide.

Figure 4. Relative expression of CD14 in mouse lung tissues. *P<0.05, vs. 
control (n=5). Data are expressed as the mean ± standard error of the mean. 
CD14, cluster of differentiation 14; PDTC, pyrrolidine dithiocarbamate; LPS, 
lipopolysaccharide.
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the increase of cellular SM content causes fat accumulation 
in the liver, leading to fatty liver in mice (25‑28). In addition to 
the occurrence of the above‑mentioned diseases, SMS is also 
involved in the inflammatory response (29). Therefore, SM is 
closely associated with the occurrence of several diseases, and 
SMS may be used a target gene in cell and animal experiments.

LPS can induce an acute inflammatory response, which 
is responsible for ALI. In this process, the signal transduc-
tion has been widely recognized, which is mediated by the 
combination of LPS and CD14, which activate NF‑κB. LPS 
enters the plasma, combining with LPS binding protein 
(LBP) of the acute phase reaction to form the LPS/LPB 
complex. This complex can be closely integrated with CD14, 
forming a complex recognized by the LPS receptor with high 
affinity (LPS/LBP/CD14) (22). Studies have shown that the 
CD14/LPS complex can significantly reduce the required 
concentration of LPS in activating macrophages alone. 
The sensitivity to LPS in mice with CD14 knockdown has 
been found to decrease by 1%, compared with the control 
group  (23). However, CD14 is a GPI membrane protein 
anchored in the cell membrane, which inhibits the transfer of 
signal transduction independently into the non‑intracellular 
domain (30). As an intracellular receptor associated with 
LPS transmembrane signal transduction, TLRs can act as 
LPS signaling receptors when CD14 and LPB are present. 
The polymerizing activity of TLR4 leads to the activation 
of myeloid differentiation factor 88, ultimately leading to 
the activation of NF‑κB. The latter induces the synthesis 
and secretion of inflammatory cytokines, including IL‑1β, 
TNF‑α and IL‑6, resulting in the synthesis and secretion of 
increased quantities of inflammatory mediators by effector 
cells. Thus, a series of pathological reactions are triggered 
in the body, causing acute inflammatory injury induced by 
LPS (31‑33).

The experimental results in the present study showed that 
inflammatory exudate and bleeding filled the alveoli of the 
mice in the model group, which suggested successful model 
establishment. Compared with the control group, the activity 
of SMS increased significantly in the model group, as did the 
mRNA expression levels of CD14 and SMS2, which suggested 
that the pathological changes of ALI were associated with 
elevated expression levels of CD14 and SMS2. Pretreating 
the mice with PDTC significantly reduced the damage from 
pulmonary edema and hemorrhage induced by LPS. Compared 
with the model group, the activity of SMS, and the mRNA 
expression levels of CD14 and SMS2 were decreased, which 
suggested that PDTC had a protective effect on LPS‑induced 
ALI in mice.

PDTC is an inhibitor of NF‑κB. The inflammatory patho-
logical damage in the PDTC group was significantly lower, 
compared with that in the model group. Following suppres-
sion by the NF‑κB signaling pathway, the expression levels of 
SMS2 and CD14 decreased, indicating that SMS2 and CD14 
were involved in the NF‑κB inflammatory signaling induced 
by LPS, and that decreasing the levels of SMS2 and CD14 
reduced the inflammatory reaction to a certain extent. CD14 
is predominantly located in the membrane lipid raft region, 
which is rich in SM, with SMS2 as the rate‑limiting enzyme in 
SM synthesis. The decreased expression of SMS2 reduced the 
synthesis of SM, leading to a change in the lipid raft region, 

and the decreased expression of CD14. Therefore, the present 
study suggested that SMS2 affected the NF‑κB inflammatory 
signals through CD14.

In conclusion, the present study demonstrated that the degree 
of lung injury was reduced during the acute inflammatory 
reaction when NF‑κB was inhibited, and that the expression of 
SMS2 may affect the NF‑κB pathways induced by LPS through 
CD14. These findings provide a theoretical basis in the develop-
ment of novel drugs for the treatment of ALI.
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