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ApoM-S1P Modulates Ox-LDL-Induced Inflammation
Through the PI3K/Akt Signaling Pathway in HUVECs

Zhi Zheng,1 Yongzhi Zeng,1 Xiao Zhu,1 Ying Tan,1 Yi Li,1 Qian Li,1 and Guanghui Yi 1,2

Abstract—Studies have shown that apolipoproteinM (apoM), the main carrier of sphingosine-
1-phosphate (S1P), is closely related to lipid metabolism and inflammation. While there are
many studies on apoM and lipid metabolism, little is known about the role of apoM in
inflammation. Atherosclerosis is a chronic inflammatory process. To clarify what role apoM
plays in atherosclerosis, we used oxidized low-density lipoprotein (ox-LDL) to induce an
inflammatory model of atherosclerosis. Our preliminary results indicate that ox-LDL
upregulates the expression of S1P receptor 2 (S1PR2) in human umbilical vein endothelial
cells (HUVECs). Ox-LDL-induced HUVECs were treated with apoM-bound S1P (apoM-
S1P), free S1P or apoM, and apoM-S1P was found to significantly inhibit the expression of
inflammatory factors and adhesion molecules. In addition, apoM-S1P inhibits ox-LDL-
induced cellular inflammation via S1PR2. Moreover, apoM-S1P induces phosphorylation
of phosphatidylinositol 3-kinase (PI3K)/Akt, preventing nuclear translocation of nuclear
factor-κB (NF-κB). PI3K-specific inhibitors and Akt inhibitors suppress apoM-S1P/
S1PR2-induced interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α) release and
affect nuclear translocation of NF-κB. In conclusion, the results demonstrate for the first time
that apoM-S1P inhibits ox-LDL-induced inflammation in HUVECs via the S1PR2-mediated
PI3K/Akt signaling pathway. This finding may aid in the development of new treatments for
atherosclerosis.
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INTRODUCTION

Apolipoprotein M (apoM), one of the important com-
ponents of high-density lipoproteins (HDL), has been ex-
plored because of its biological functions in diabetes,

cardiometabolic risk, and lipid metabolism [1–3]. In addi-
tion to these biological functions, apoM is also closely
related to the inflammatory process. Feingold et al. [4]
reported that with the stimulation of lipopolysaccharide
or zymosan, the level of apoM mRNA was significantly
reduced in the liver, which may cause systemic inflamma-
tion. In addition, Ma et al. [5] showed that enhanced
expression of apoM significantly mediates the anti-
inflammatory effects of propofol in lipopolysaccharide-
stimulated THP-1 macrophages. Hepatocytes are the main
source of plasma apoM. Studies have shown that apoM is
the main carrier of the membrane phospholipid messenger
sphingosine-1-phosphate (S1P) [6]. Free S1P plays an
important role in cell proliferation, differentiation,
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lymphocyte migration, and pro-angiogenesis; however,
less is known about the role of apoM-bound S1P (apoM-
S1P). Recombinant apoM binds S1P with a KD of ~
0.9 μM, indicating that apoM is the main carrier of mem-
brane phospholipid messenger S1P [7, 8]. S1P bound to
apoM accounts for approximately 65% of the total S1P in
plasma and is thought to be a carrier that activates S1P
receptors and promotes endothelial cell function. Approx-
imately 30% of the S1P remaining in the plasma is bound
to albumin [8]. As mentioned earlier, apoM-bound S1P
and free S1P may play different roles in the chronic in-
flammatory response to atherosclerosis. Ox-LDL induces
inflammation around the arterial wall, which is a key cause
of atherosclerosis [9]. Therefore, we used ox-LDL to in-
duce an in vitro model of inflammation. Our preliminary
study confirmed that HUVECs mainly expressed S1PR1
and S1PR3, while ox-LDL significantly upregulated
S1PR2 mRNA and protein levels in HUVECs. Next, our
study showed that apoM-S1P inhibits the secretion of
interleukin-1β (IL-1β) and tumor necrosis factor-α
(TNF-α) in HUVECs under ox-LDL conditions, but this
effect was eliminated by S1PR2 antagonists (JTE-013). In
addition, apoM-S1P has the same effect on the adhesion
molecules intercellular adhesion molecular-1 (ICAM-1)
and vascular cell adhesion molecule-1 (VCAM-1). More-
over, apoM-S1P/S1PR2 induced the phosphorylation of
phosphatidylinositol 3-kinase (PI3K)/Akt and inhibited
nuclear translocation of nuclear factor-κB (NF-κB).
PI3K-specific inhibitors (LY294002) and Akt inhibitors
(MK2206) blocked the anti-inflammatory effects of
apoM-S1P on ox-LDL-induced HUVECs. Our results
demonstrate for the first time that apoM-S1P inhibits ox-
LDL-induced inflammation via the S1PR2-mediated
PI3K/Akt signaling pathway, thereby protecting the vascu-
lar endothelium. This finding may provide us with more
opportunities to treat chronic inflammatory diseases of
atherosclerosis.

MATERIALS AND METHODS

Antibodies and Reagents

Dulbecco’s modified Eagle’s medium DMEM/high
glucose was purchased from HyClone (Logan, UT,
USA). Fetal bovine serum (FBS) and phosphate-buffered
saline (PBS) were purchased from Gibco, a branch of
Thermo Fisher Scientific (Waltham, MA, USA). S1P was
purchased from Cayman (Ann Arbor, MI, USA). ApoM
(Human) recombinant protein (P01) was purchased from

Abnova (Taiwan, China). Furthermore, S1PR1/3 antago-
nists (VPC23019) and S1PR2 antagonists (JTE-013) were
obtained from Sigma-Aldrich (Saint Louis, Mo, USA). Akt
inhibitor (MK2206) and PI3K inhibitor (LY294002) were
acquired from Selleck Chemicals (Houston, TX, USA).
Anti-IL-1β, anti-TNF-α, and anti-NF-κB p65 antibodies
(rabbit polyclonal antibody) were obtained from Abcam
(Cambridge, MA, USA). S1PR1, S1PR2, ICAM-1,
VCAM-1, and β-actin antibodies (rabbit polyclonal anti-
body) were purchased from Proteintech (Chicago, IL,
USA). An S1PR3 (rabbit polyclonal antibody) was obtain-
ed from Signalway Antibody (College Park, MA, USA).
Human IL-1β, TNF-α, ICAM-1, and VCAM-1 ELISA
kits were purchased from Neobioscience (Beijing, China).
HRP-conjugated AffiniPure goat anti-rabbit lgG and CY3-
conjugated AffiniPure goat anti-rabbit IgG were acquired
from Proteintech (Chicago, IL, USA). All antibodies and
reagents were commercially available and were of high
quality.

Preparation of ApoM-Bound S1P

To load apoMwith S1P, the necessary quantity of S1P
was added to 1-μM human recombinant apoM and incu-
bated for 1 h at room temperature. Then, the mixture was
run through a desalting PD10 column (GE Healthcare,
Beijing, China) with serum-free M200 medium to remove
unbound S1P. Next, binding of apoM to S1P was verified
by isoelectric focusing and intrinsic fluorescence
quenching as described by Sevvana et al. [7]. The average
S1P/apoM ratio was approximately 1.2. The prepared
apoM-S1P was stored at − 20 °C.

Cell Culture

Human umbilical vein endothelial cells (HUVECs)
were purchased from Type Culture Collection of the Chi-
nese Academy of Sciences (Shanghai, China). HUVECs
are repeated three times, and all produce similar results.
Cells were grown in DMEM supplemented with 10% FBS
(5% CO2, 37 °C). HUVECs were used between passages 2
and 9. The cells were starved for 10 h in DMEM medium
containing 1% FBS before treatment with the reagent.
After pretreatment of HUVECs with ox-LDL for 12 h,
the cells were washed three times with 3 mL of PBS and
transferred to fresh medium for further culture. The cells
are then treated with different reagents. Finally, HUVECs
and culture media were harvested for RT-PCR, ELISA,
Immunofluorescence, and Western blotting.
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Blocking of S1P Receptors, PI3K, Akt

When HUVECs reached 70% confluence, the cells
were starved for 10 h in DMEM containing 1% FBS. The
HUVECs were then pretreated with ox-LDL for 12 h and
transferred to fresh medium without ox-LDL. Next, the
cells were pretreated with JTE-013, VPC23019,
LY294002, or MK2206 for 30 min. Subsequently, apoM-
S1P was added to the medium and cultured for 12 h.
Finally, cells were collected for quantification of the dif-
ferent target proteins.

Real-time PCR and siRNATransfection

Total RNA from HUVECs was extracted from
PVAT by the Rnease Mini Kit (QIAGEN, Valencia,
CA) and then reverse transcribed by qScript cDNA
SuperMix (Quanta BioSciences, MD, USA). The
cDNA was further synthesized by iScript cDNA Syn-
thesis Kit (Bio-Rad, Shanghai, China). Finally, the
cDNA was subjected to quantitative PCR (in triplicate)
in a 7500 Fast Real-Time PCR system. β-Actin served
as the control. RT-PCR primers were designed to am-
plify human β-actin, S1PR1, S1PR2, and S1PR3. The
primers used are shown in Table 1.

When cells were 30% confluent, nontargeted con-
trol or targeted siRNAs (Delaware Ave, CA, USA)
were transfected into HUVECs using DharmaFECT 3
Transfection Reagent (Thermo Fisher Scientific, MA,
USA). The 24-well culture plates were incubated in a
CO2 incubator at 37 °C. The GFP reporter plasmid was
transfected into HUVECs, and the transfection efficien-
cy of siRNA was determined based on GFP fluores-
cence. The blocking effect of targeted siRNAs on
HUVECs was monitored using a control siRNA
targeting β-actin. In each case, cells were viewed at
least three times, and representative photographs were
taken.

Western Blot Analysis

Whole-cell protein was extracted using RIPA lyse
buffer and PMSF (DLCS100, Beijing, China) at a 94:6
ratio to lysis HUVECs. HUVEC nuclear proteins (NF-κB
p65) were extracted according to the instructions using the
EpiQuik Nuclear Extraction Kit (AmyJet Scientific, Hubei,
China). First, a BCA protein concentration kit (Solarbio,
Beijing, China) was used to calculate the concentration of
the protein to be tested. Proteins were then separated by
SDS-PAGE (10-μg protein per lane, 12% gels), and trans-
ferred to PVDF membranes (Sigma-Aldrich, Saint Louis,
Mo, USA). After blocking with 5% non-fat milk for 4 h,
the membranes were incubated with the anti-β-actin anti-
body (or other antibodies) overnight, and the concentration
is 1:1000. The next day, the membranes were incubated
with a second antibody (1:5000) for 2 h with gentle shak-
ing at room temperature. Finally, the target protein was
visualized by eECL Western Blot Kit (eECL; Merck
Millipore, Darmstadt, Germany), and each target protein
was analyzed using ImageJ 1.38 (HIH, Bethesda, MD,
USA) image processing software.

ELISA

HUVEC supernatants were harvested at the end of the
treatment period. An equivalent amount of total protein
(3 g) was loaded using a corresponding ELISA kit
(Neobioscience, Beijing, China) according to the manufac-
turer’s instructions to determine the levels of secreted IL-lβ
(or TNF-α, ICAM-1, VCAM-1) in the culture medium.

Immunofluorescence

The HUVECs were fixed with 4% paraformaldehyde
for 30 min, permeabilized with 0.1% Triton X-100
(Solarbio, Beijing, China) in PBS for 30 min, and blocked
with 10% BSA in PBS for 1 h at room temperature.
HUVECs were stained with an NF-κB p65 monoclonal
antibody at a dilution of 15 μg/mL in staining buffer
overnight at room temperature, and then incubated with a
Cy3-conjugated AffiniPure goat anti-rabbit lgG at a dilu-
tion of 1:200 for 1 h at room temperature. Next, HUVEC
nuclei were counterstained for 30 min with 10 μg/mL
DAPI solution (Solarbio, Beijing, China). The final images
were captured on a fluorescence microscope (IX70; Olym-
pus, Tokyo).

Statistical Analysis

Data were reported as the mean ± standard deviation.
The values obtained were compared and analyzed using

Table 1. Primer sequences for RT-qPCR analysis are as follows:

Probe Probe sequence

Human S1PR1 Sense 5′-GCACCAACCCCATCATTTAC-3′
Antisense, 5′-TTGTCCCCTTCGTCTCTG-3′

Human S1PR2 Sense 5′-CAAGTTCCACTCGGCAATGT-3′
Antisense 5′-CAGGAGGCTGAAGACAGAGG-3′

Human S1PR3 Sense 5′-TCAGGGAGGGCAGTATGTTC-3′
Antisense 5′-GAGTAGAGGGGCAGGATGGT-3′

Human β-actin Sense 5′-GAGACCTTCAACACCCCAG-3′
Antisense 5′-TCAGGTCCCGGCCAGCCA-3′
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GraphPad Prism 6.02 (San Diego, CA, USA). Difference
analysis between groups was performed using Student’s t
tests. P < 0.05 indicated that the difference was statistically
significant.

RESULTS

Ox-LDL Significantly Upregulates S1PR2 mRNA and
Protein Levels in HUVECs

Among the five S1P receptor subtypes, S1PR1-3 are
expressed in many cell types, while S1PR4 is mainly
expressed in immune cells and S1PR5 is expressed in the
central nervous system [10]. During inflammation, the
levels of S1P in different immune-related tissues and the
expression of S1P receptors on the cell surfaces are mod-
ified, resulting in significant changes in the behavioral
functions of the cells [11, 12].

To investigate the expression pattern of S1P receptors
on HUVECs under ox-LDL conditions, we first performed
real-time PCR analysis to identify the baseline expression
pattern of S1P receptors on HUVECs. Real-time PCR
analysis showed that HUVECs mainly expressed S1PR1
and S1PR3 (Fig. 1a).Western blot analysis also showed the
same results (Fig. 1b). It has been reported that S1PR2
mRNA and protein levels in endothelial cells are signifi-
cantly upregulated under inflammatory conditions [13].
Therefore, we verified whether the expression of S1PR2
in HUVECs changes under ox-LDL conditions. The cells
were starved for 10 h in DMEM containing 1%FBS before
treatment with the reagent. Then, they were treated with
different concentrations (0, 25, 50, 75, and 100 μg/mL) of
ox-LDL for 12 h. RT-PCR and Western blotting were
performed to determine S1PR1, S1PR2, and S1PR3

mRNA and protein levels. The results indicated that as
the ox-LDL concentration increased, the S1PR2 protein
expression level also gradually increased and reached a
maximum at 75 μg/mL, while the expression of S1PR1/
S1PR3 protein remained unchanged (Fig. 2a, b). Next, ox-
LDL (75 μg/mL) was incubated with HUVECs for differ-
ent times (0, 1, 6, 12, and 24 h). The results indicated that
ox-LDL upregulated the maximum expression of S1PR2
after 12 h (Fig. 2c, d). This suggests that the expression of
S1PR2 in HUVECs changed significantly under ox-LDL
conditions.

ApoM-S1P Inhibits the Ox-LDL-Induced Inflamma-
tion in HUVECs

To determine whether apoM-S1P produces anti-
inflammatory effects on endothelial cells, we treated cells
with free apoM, S1P, and apoM-S1P. HUVECs were first
pretreated with ox-LDL for 12 h and then treated with
apoM (1.0 μM), apoM-S1P (containing 1.0 μM S1P), or
S1P (1.0 μM) for 24 h. Next, the protein levels and secre-
tion levels of IL-1β, TNF-α, ICAM-1, and VCAM-1 were
examined using the Western blot and ELISA, respectively.
In addition, the secretion level of the anti-inflammatory
factor IL-10 was examined. As shown in Fig. 3, compared
to free apoM and S1P, apoM-S1P significantly inhibited
ox-LDL-induced release of IL-1β, TNF-α, VCAM-1, and
ICAM-1 and promoted the secretion of anti-inflammatory
factor IL-10.We also performed a similar test with albumin
and found that albumin and albumin-S1P had no signifi-
cant effect on the HUVEC inflammatory response (see
supplementary Fig. 1).

In addition, as shown in Fig. 4, apoM-S1P signifi-
cantly inhibited the effect of ox-LDL-induced IL-1β and
TNF-α release at 1 μM (12 h). The results with ICAM-1

Fig. 1. The expression of S1P receptors in HUVECs under normal conditions. a Total RNA (100 ng) from HUVECs was amplified using primers for S1P
receptors and β-actin. β-Actin was used as an internal standard. b Western blotting was used to detect the expression of S1P receptors in HUVECs.
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and VCAM-1were also similar (see supplementary Fig. 2).
Since free S1P and apoM had no significant effect on ox-
LDL-induced inflammation of HUVECs, we used only
apoM-S1P to explore its mechanism in cells in the follow-
ing experiments.

ApoM-S1P Inhibits Ox-LDL-Induced Inflammation
via S1PR2

Next, to determine whether apoM-S1P inhibits the
release of inflammatory factors and adhesion mole-
cules by targeting specific S1P receptors, HUVECs
were pretreated with specific S1P receptor antagonists

for 30 min before apoM-S1P stimulation. JTE-013 is a
specific antagonist of S1PR2 (Ki = 0.69 mM), and
VPC23019 is a specific antagonist of S1PR1 and
S1PR3 (EC50 = 13 nM). Treatment of cells with JTE-
013 significantly inhibited ox-LDL-induced IL-1β,
TNF-α , ICAM-1, and VCAM-1 secretion, but
VPC23019 had no significant effect (Fig. 5a, b).
S1PR2 siRNA also inhibited ox-LDL-induced secre-
tion of IL-1β and TNF-α by HUVECs (Fig. 5c, d).
These results indicate that apoM-S1P inhibits ox-LDL-
induced release of inflammatory factors and adhesion
molecules in HUVECs via S1PR2.

Fig. 2. Effect of ox-LDL on the expression of S1P receptors in HUVECs. aWestern blotting was used to detect the protein expression of S1PR1, S1PR2, and
S1PR3 in HUVECs at different concentrations of ox-LDL (0, 25, 50, 75, and 100 μg/mL). b RT-PCR was used to analyze the expression levels of S1PR1
mRNA, S1PR2 mRNA, and S1PR3 mRNA under various concentrations of ox-LDL. c HUVECs were cocultured with ox-LDL (75 μg/mL) for 0, 1, 6, 12,
and 24 h, and the levels of S1PR2 were detected byWestern blot. d RT-PCR was used to analyze the expression level of S1PR2 mRNA in HUVECs by ox-
LDL at different times. *P < 0.05, **P < 0.01, ***P < 0.001, n = 5.

610 Zheng, Zeng, Zhu, Tan, Li, Li, and Yi



Fig. 3. Effect of apoM-S1P on inflammatory factors and adhesion factors induced by ox-LDL in HUVECs. a, b Western blotting was used to detect the
expression of inflammatory factors and adhesion molecules (IL-1β, TNF-α, ICAM-1, and VCAM-1). c, dHUVECs were incubated with different treatment
factors for 12 h; IL-1β, TNF-α, ICAM-1, and VCAM-1 secretion levels were then analyzed by ELISA. *P < 0.05, ox-LDL + apoM-S1P vs. ox-LDL, n = 5.
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Fig. 4. Effect of different concentrations and times of apoM-S1P on ox-LDL-induced inflammation of HUVECs. a–cWestern blotting was used to detect the
release of IL-1β and TNF-α in ox-LDL-inducedHUVECs by apoM-S1P at different concentrations and times. b–d ELISAwas used to detect the secretion of
IL-1β and TNF-α in ox-LDL-induced HUVECs by apoM-S1P at different concentrations and times. *P < 0.05 vs. control group, **P < 0.01, ***P < 0.001,
n = 5.
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Fig. 5. ApoM-S1P inhibits ox-LDL-induced inflammation via S1PR2. a, b Cells were treated with JTE-013 (Ki = 0.69 mM) or VPC23019 (EC50 = 13 nM)
and then stimulated with apoM-S1P for 12 h. The levels of IL-1β, TNF-α, ICAM-1, and VCAM-1were detected byWestern blotting and ELISA (*P < 0.05,
ox-LDL + apoM-S1P vs. ox-LDL + apoM-S1P + JTE-013; #P < 0.05, ox-LDL + apoM-S1P + JTE-013 vs. ox-LDL + apoM-S1P + VPC23019; n = 5). c, d
The cells were transfected with S1PR2 siRNA, and the expression of IL-1β and TNF-α were detected by Western blotting and ELISA (***P < 0.001, ox-
LDL + apoM-S1P + S1PR2 siRNA vs. ox-LDL + apoM-S1P, n = 3).
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PI3K/Akt Is the Key to Mediating ApoM-S1P Inhibi-
tion of Ox-LDL-Induced Inflammation in HUVECs

It has been shown that PI3K/Akt is the downstream
signaling pathway of S1P receptors [14], which play an
important role in vascular inflammation [15, 16]. Additional-
ly, NF-κB controls the expression of pro-inflammatory cyto-
kines (such as IL-1, IL-6, and TNF-α) involved in inflamma-
tion. Therefore, we next evaluated whether PI3K/Akt is as-
sociated with apoM-S1P to during the inhibition of inflam-
matory responses in ox-LDL-induced HUVECs. HUVECs
were pretreated with ox-LDL (75 μg/mL) for 12 h and then
incubated with JTE-013, VPC23019, or other reagents. West-
ern blot was used to detect t-PI3K, p-PI3K, t-Akt, and p-Akt
protein levels. In addition, immunofluorescence was used to
detect nuclear translocation of NF-κB. The results showed
that apoM-S1P significantly increased the phosphorylation
level of PI3K/Akt compared with that in the control group
(Fig. 6a, b), while JTE-013 blocked the phosphorylation of
PI3K/Akt in apoM-S1P-treated cells (P < 0.05). This result
suggests that apoM-S1P increases p-PI3K and p-Akt protein
levels, which are mediated through S1PR2.Moreover, apoM-
S1P-induced nuclear translocation of NF-κB was alleviated
by LY294002 and MK2206 (Fig. 6c, d).

To further verify whether the PI3K/Akt pathway is
associated with inflammatory processes, we used a PI3K
inhibitor (LY294002) and an Akt inhibitor (MK2206) to
treat HUVECs and detected TNF-α and IL-1β secretion by
Western blotting. The results showed that the release of
TNF-α and IL-1β by apoM-S1P-treated cells was signifi-
cantly reduced (Fig. 6d, e). In conclusion, these data sug-
gest that apoM-S1P/S1PR2 inhibits the ox-LDL-induced
secretion of IL-1β and TNF-α in HUVECs via the PI3K/
Akt pathway (Fig. 7).

Fig. 6. Effect of PI3K/Akt pathway on inflammation-induced HUVECs
treated with apoM-S1P. a, b Western blotting detected protein levels of t-
PI3K, p-PI3K, t-Akt, and p-Akt (*P < 0.05, ox-LDL + apoM-S1P vs. ox-
LDL; #P < 0.05, ox-LDL + apoM-S1P + JTE-013 vs. ox-LDL + apoM-S1P;
n = 5). c Western blot and immunofluorescence analysis determined the
level of NF-κB nuclear translocation. a Ox-LDL. b Ox-LDL + S1P. c Ox-
LDL + apoM-S1P. d Ox-LDL + LY294002 + apoM-S1P. e ox-LDL +
MK2206 + apoM-S1P. d, e HUVECs were treated with PI3K inhibitors or
Akt inhibitors and then stimulatedwith apoM-S1P for 12 h.Western blotting
and ELISA was used to detect the expression levels of IL-1β, TNF-α,
ICAM-1, and VCAM-1 in the cells. Scale bar = 100 μm. Original magni-
fication: × 20. *P < 0.05, ox-LDL + apoM-S1P vs. ox-LDL; #P < 0.05, ox-
LDL + LY294002 + apoM-S1P vs. ox-LDL + apoM-S1P; $P < 0.05, ox-
LDL + MK2206 + apoM-S1P vs. ox-LDL + apoM-S1P; n = 5.

R
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DISCUSSION

Studies have shown that vascular endothelial damage
is the initial step in the development of atherosclerosis [17].
Ox-LDL is a major factor in early endothelial damage,
monocyte adhesion, and foam cell formation [18]. Ox-
LDL can help bind monocytes, neutrophils, and lympho-
cytes to endothelial cells by stimulating the expression of
ICAM-1, VCAM-1, E-selectin, and P-selectin [14]. Endo-
thelial cells also release cytokines such as IL-1β and TNF-
α under pathological conditions, thereby causing a series
of inflammatory reactions. At the same time, these inflam-
matory cytokines can also increase the expression of adhe-
sion molecules on the surface of endothelial cells, promot-
ing their adhesion with endothelium and subsequent injury
to the endothelial cells. Our study showed that apoM-S1P
could significantly downregulate the expression of inflam-
matory factors and adhesion molecules by inhibiting the
inflammatory response of ox-LDL-induced HUVECs,
thereby protecting endothelial cell function.

Obinata et al. [19] showed that S1P does not produce
pro-inflammatory or anti-inflammatory effects on endothe-
lial cells under steady-state conditions. However, excessive
local concentrations of S1P can disturb the vascular S1P
gradient, which leads to S1P playing a pro- or anti-
inflammatory role in various types of cells. The expression
pattern of the S1P receptor subtype on a given cell type,
and the local S1P concentration seem to determine the
effect of S1P. In our previous studies, free S1P produced
a mild pro-inflammatory effect on endothelial cells but did
not affect the study outcome [16]. Among these receptors,

S1PR1-3 is expressed on HUVECs, while other receptors
are not. Studies have shown that S1PR2 is upregulated in
inflammation-induced endothelial cells [16, 20]. There-
fore, we investigated the expression of S1P receptors in
HUVECs under ox-LDL conditions. The results showed
that ox-LDL significantly upregulated the expression of
S1PR2 in HUVECs but did not affect the expression levels
of S1PR1/S1PR3 (Fig. 2).

It is known that LDL particles can be oxidized,
causing arterial lipid deposition and inflammation to
promote cardiovascular disease. In contrast, HDL can
reduce the oxidation of LDL, stimulate cholesterol
outflow from macrophages, improve endothelial func-
t ion, and fur ther par t ic ipate in rela ted ant i -
inflammatory effects [21]. As one of the main compo-
nents of HDL, apoM plays an important role in the
function of HDL. Most S1P is synthesized intracellu-
larly by sphingosine kinase (SPHK) and delivered to
its corresponding S1P receptor (S1PR1-S1PR5) by
apoM [22, 23]. S1P plays an essential role in cell
proliferation, survival, angiogenesis, and immune cell
trafficking through autocrine and paracrine signaling
pathways [24]. However, there are few studies on
apoM and inflammation. The human apoM gene was
located in p21.31 on chromosome 6, which is a region
of many genes associated with inflammation [1, 25].
Feingold et al. [4] showed that apoM is a negative
acute response protein that decreases during inflamma-
tion, suggesting that apoM may be involved in the
inflammatory response. In addition, Kurano et al. [26]
treated mice with lipopolysaccharide and found that

Fig. 7. Possible mechanism for ApoM-S1P mediating anti-inflammatory effects of HUVECs.
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liver and kidney apoM expression and plasma apoM
levels were suppressed. The overexpression of apoM
increased survival in mice and regulated plasma creat-
inine and alanine aminotransferase levels, indicating
that apoM has protec t ive proper t ies agains t
lipopolysaccharide-induced organ injuries. Lipopoly-
saccharide and ox-LDL are both pro-inflammatory sub-
stances that can cause endothelial cell damage. How-
ever, whether apoM has protective properties against
ox-LDL-induced endothelial damage has not been elu-
cidated. In the present study, we found that apoM-S1P
significantly inhibited the inflammatory effects of ox-
LDL-induced HUVECs, whereas no such effects were
found with free S1P and apoM (Fig. 3a, c). Previous
studies have shown that TNF-α can significantly up-
regulate the expression of ICAM-1 and VCAM-1 [27,
28]. By contrast, in this study, we found that apoM-
S1P could inhibit the expression of TNF-α in
HUVECs. Therefore, we also examined the expression
of ICAM-1 and VCAM-1 and found that their expres-
sion was also inhibited (Fig. 3b, d). In addition, we
treated cells with S1P receptor antagonists and found
that the S1PR2 antagonist but not the S1PR1/S1PR3
antagonist reduced the effect of apoM-S1P on IL-1β
and TNF-α expression in inflammation-induced
HUVECs (Fig. 5). This finding indicates that apoM-
S1P inhibits inflammation of HUVECs primarily
through S1PR2.

PI3K/Akt is involved in endothelial cell protection
as a downstream signaling pathway of S1P [29]. NF-
κB-mediated inflammation is also considered a key
factor in the occurrence and development of atheroscle-
rosis and other inflammatory diseases [30]. NF-κB is
the downstream factor of cellular inflammation induced
by ox-LDL. Moreover, NF-κB controls the expression
of pro-inflammatory cytokines (such as IL-1, IL-6, and
TNF-α), inducible enzymes, growth factors, and adhe-
sion molecules involved in inflammation, apoptosis,
and tumor cell proliferation [13]. Therefore, we next
studied the effect of apoM-S1P on PI3K/Akt and found
that apoM-S1P significantly enhanced PI3K/Akt activa-
tion, while S1PR2 antagonists blocked these effects
(Fig. 6a, b). It was also shown that apoM-S1P/S1PR2
activates the PI3K/Akt pathway. Similarly, apoM-S1P
inhibits NF-κB nuclear translocation induced by ox-
LDL, which is abolished by PI3K/Akt inhibitors, as
shown in Fig. 6c, d. Taken together, the data reveal a
link between apoM, S1P, apoM-S1P, S1PR2, inflamma-
tory factors, and endothelial protection, which enhances
our understanding of apoM-S1P in atherosclerosis.

CONCLUSION

In summary, we preliminarily found that S1PR2 ex-
pression was upregulated in HUVECs under ox-LDL con-
ditions and that apoM-S1P inhibited the secretion of IL-1β,
TNF-α, ICAM-1, and VCAM-1 in ox-LDL-induced
HUVECs. In addition, apoM-S1P inhibits ox-LDL-
induced cellular inflammation via S1PR2. Overall, we
found that the S1PR2/PI3K/Akt signaling pathway plays
an important role in apoM-S1P inhibition of HUVEC
inflammation.
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