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1. Introduction
Atherosclerosis (AS) is a leading cause of various 

cardiovascular and cerebrovascular diseases, associated 
with high incidence and mortality rates[1]. Endothelial-
mesenchymal transition (EndMT) in vascular endothelial 
cells contributes to the development and progression of 
atherosclerosis by disrupting endothelial homeostasis and 
promoting plaque formation and instability. Dong et al. 
discovered that the P300/ASF1A complex promotes ath-
erosclerosis development by inducing EndMT through the 
activation of SNAI1 transcription, mediated by the regu-
lation of H3K18 acetylation histone modification[2]. In-
hibiting histone deacetylases (HDACs) effectively blocks 
EndMT by preserving the expression of endothelial-asso-
ciated proteins and reducing the levels of mesenchymal 
markers, which in turn decreases the formation of vascu-
lar lipid plaques[3]. Autopsy results revealed 'transitional' 
cells within human atherosclerotic plaques that express 
both endothelial and mesenchymal markers, confirming 
the occurrence of EndMT during atherosclerosis develop-
ment[4]. Although recent studies have indicated that path-
ways such as TGF-β[5, 6], Notch[7, 8], and Wnt[9, 10] can 

alleviate AS by regulating EndMT, their effects have been 
relatively modest. However, these signaling pathways 
play a wide range of roles in multiple physiological and 
pathological processes, and drug selectivity and specificity 
are major challenges. Therefore, exploring new EndMT 
regulatory mechanisms and targets is of great importance 
for the treatment of diseases.

Spinster Homolog 2 (SPNS2), a member of the Major 
Facilitator Superfamily (MFS), is primarily expressed in 
endothelial cells, where it regulates the transport and se-
cretion of Sphingosine-1-Phosphate (S1P)[11, 12]. Sphin-
gomyelin (SM) serves as a crucial reservoir for S1P, which 
is generated through the Ceramide (Cer)-Sphingosine 
(Sph) pathway by the action of sphingosine kinases. The 
SM/Cer/Sph and S1P axis establishes a crucial metabolic 
equilibrium, with their dynamic balance closely linked to 
physiological and pathological processes such as cell mi-
gration, apoptosis, vascular homeostasis, stress response, 
and inflammation[13, 14]. Meanwhile, previous stud-
ies have confirmed the involvement of SPNS2-mediated 
sphingolipid metabolism in cardiovascular disease in the 
regulation of vascular tone and hypertension[15, 16] as 
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well as cholesterol accumulation. Additionally, the cross-
talks between S1P and TGF-βmay engage epithelial-mes-
enchymal transition (EMT)/EndMT in pro-fibrotic inflam-
matory and fibrogenic processes[17]. SPNS2 and its role 
in sphingolipid metabolism have been shown to play a cru-
cial role in regulating EMT[18, 19], however, its specific 
function in EndMT remains unclear.

For the first time, we demonstrated that SPNS2 knock-
down leads to a significant decrease in endothelial markers 
such as CD31 and VE-cadherin, accompanied by a marked 
upregulation of mesenchymal markers like Vimentin and 
α-SMA, indicating that SPNS2 plays a crucial regulatory 
role in the EndMT process. Subsequent metabolic analy-
sis revealed that SPNS2 knockdown induced substantial 
reprogramming of sphingolipid metabolism, characterized 
by a significant increase in SM levels. These findings sug-
gest that SPNS2 may modulate endothelial cell phenotypic 
transitions through its regulatory effects on sphingomyelin 
metabolism. Exogenous supplementation with sphingo-
myelin replicated the phenotypic changes observed in 
endothelial cells following SPNS2 knockdown. More-
over, the addition of sphingomyelinase, which facilitates 
sphingomyelin degradation, effectively reversed EndMT 
in SPNS2-deficient cells. These results further validate the 
critical role of SPNS2 in regulating SM during the EndMT 
process. Mechanistically, analysis of sphingomyelin-relat-
ed metabolic gene expression in SPNS2-deficient endo-
thelial cells revealed a significant upregulation of SMS2. 
Notably, SMS2 knockdown effectively reversed the End-
MT induced by SPNS2 deficiency. This finding offers new 
insights into the role of SPNS2-mediated sphingomyelin 
metabolism in endothelial cell phenotypic transition.

2. Materials and methods
2.1. Cell culture and generation of transfected cells

Human HUVECs (Chinese Academy of Sciences, 
Shanghai, China) were cultured in DMEM supplemented 
with 10% fetal bovine serum (FBS) and penicillin/strepto-
mycin (100 U/mL). Cells were incubated in a humidified 
incubator with 5% CO2 at 37°C. All cell lines were veri-
fied by STR analysis and tested negative for mycoplasma 
contamination. For cell processing: cells were transduced 
with lentivirus using the pLCDH vector (GeneCopoeia) 
containing shNC or shSPNS2 for transfection, and West-
ern blot (WB) was performed to verify the knockdown 
efficiency. In sphingomyelin inhibition assays, cells were 
treated with sphingomyelinase (Sigma, 567707) at concen-
trations of 0 μg/mL, 0.1 μg/mL, 0.25 μg/mL, 0.5 μg/mL, 
0.75 μg/mL, and 1 μg/mL for 24 hours to screen for the 
optimal inhibitory concentration. In experiments involv-
ing the aggregation of exogenous SM, cells were treated 
with 10 μM C12:0 SM (Sigma, 860517P) for an additional 
24 hours.

2.2. Western blot analysis
Protein lysates were prepared following standard pro-

tocols. After denaturation, the proteins were separated by 
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred onto a PVDF membrane. 
The membranes were incubated overnight at 4°C with 
the following primary antibodies: SPNS2 (Affinity Bio-
sciences, DF15844), VIMENTIN (Proteintech, 22031-1-
AP), VE-cadherin (Proteintech, 66804-1-Ig), αSMA (Pro-
teintech, 14395-1-AP), CD31 (Proteintech, 11265-1-AP), 

GAPDH (Proteintech, 60004-1-AP), SMS1 (Proteintech, 
19050-1-AP), and SMS2 (Proteintech, Ag6095). After-
ward, the membranes were incubated at room temperature 
with goat anti-rabbit IgG H&L or goat anti-mouse IgG 
H&L conjugated with horseradish peroxidase (HRP) as 
secondary antibodies. Chemiluminescent signals were de-
tected using an imaging system, and data were analyzed 
with ImageJ software.

2.3. RT-qPCR
Total RNA was extracted using TRIzol reagent and re-

verse transcribed into cDNA with StarScript II RT Mix and 
gDNA Remover (Tolobio, 22107). Real-time PCR analysis 
was performed using 2dRealStar Fast SYBR qPCR Mix 
(Tolobio, 22204-1). Relative mRNA expression was deter-
mined using the 2-∆∆CT method and normalized to GAP-
DH expression for each gene. The qPCR primer pairs used 
were: Gapdh:Sense: 5ʹ‐CCACTCCTCCACCTTTGAC‐3ʹ, 
Antisense: 5ʹ‐ACCCTGTTGCTGTAGCCA‐3ʹ; Spns2: 
Sense: 5ʹ‐ACTTTGGGGTCAAGGACCGA‐3ʹ, Anti-
sense: 5ʹ‐AATCACCTTCCTGTTGAAGCG‐3ʹ; Sms1: 
Sense: 5ʹ‐TGACTGCTGACCTGCCAAGAG‐3ʹ, An-
tisense: 5ʹ‐TGCTCCAGAGGCTCACAGTATTC‐3ʹ; 
Sms2: Sense: 5ʹ‐CTTAGCCCTCCACTCCC‐3ʹ, Anti-
sense: 5ʹ‐CAGAATCTGCGTCCCAC‐3ʹ; CD31: Sense: 
5ʹ‐GTGCTGCAATGTGCTGTGAA‐3ʹ, Antisense: 5ʹ‐
TGCTAGCCTTCTGCTTGGTC‐3ʹ; VE-cadherin: Sense: 
5ʹ‐GTTCACCTTCTGCGAGGATATG‐3ʹ, Antisense: 
5ʹ‐GATGGTGAGGATGCAGAGTAAG‐3ʹ; αSMA: 
Sense: 5ʹ‐GAAGAAGAGGACAGCACTG‐3ʹ, Antisense: 
5ʹ‐TCCCATTCCCACCATCAC‐3ʹ; Vimentin: Sense: 5ʹ‐
AAAACACCCTGCAATCTTTCAGA‐3ʹ, Antisense: 5ʹ‐
CACTTTGCGTTCAAGGTCAAGAC‐3ʹ; aSmase: Sense: 
5ʹ‐AACTCTGAGCCGACCACTAGCT‐3ʹ, Antisense: 
5ʹ‐GTCCAGGACCACATGAGAGCTT‐3ʹ; nSMase1: 
Sense: 5ʹ‐CTGCGGATCTTCAACCTCAACTG‐3ʹ, Anti-
sense: 5ʹ‐GTCCTGCTCACTCCACACCTC‐3ʹ; nSMase2: 
Sense: 5ʹ‐GATAACTGCTCCTCTGACGACAAG‐3ʹ, An-
tisense: 5ʹ‐CCACGGCTTCTCCTCACCAG‐3ʹ.

2.4. Crystal violet staining
The culture medium was removed, and the cells were 

gently washed with PBS to eliminate any remaining float-
ing cells. Next, 4% paraformaldehyde was added to the 
wells to fix the cells for 10-15 minutes. After fixation, the 
paraformaldehyde was discarded, and 0.1% crystal violet 
solution was applied to stain the cells for 10-20 minutes. 
Following staining, the cells were rinsed several times 
with PBS to remove any unbound dye, and the stained 
cells were then observed under a microscope.

2.5. Immunofluorescence staining
Cells were fixed with 4% paraformaldehyde to preserve 

cell morphology, followed by three washes with PBS. The 
cells were permeabilized with 0.05% Triton X-100 for 15 
minutes and subsequently blocked with 5% bovine serum 
albumin (BSA) for 30 minutes at room temperature. The 
cells were then incubated overnight at 4°C with the pri-
mary antibody solution. After washing three times with 
PBS, the cells were incubated with Alexa Fluor 488-conju-
gated secondary antibody (Proteintech, SA00013-2) or Al-
exa Fluor 568-conjugated secondary antibody (Bioworld 
Technology, BS21696) for 2 hours at room temperature. 
Finally, the cells were counterstained with DAPI to visu-
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closely associated with EndMT. This suggests that EndMT 
may be a potential mechanism underlying the observed 
morphological changes in endothelial cells following 
SPNS2 knockdown. Therefore, we evaluated the mRNA 
and protein expression of endothelial and mesenchymal 
markers using RT-qPCR, Western blotting, and immuno-
fluorescence staining. The results indicated that SPNS2 
knockdown promoted the expression of mesenchymal 
markers α-SMA and Vimentin while reducing the levels of 
endothelial markers CD31 and VE-cadherin (Figures 1F-
H). Meanwhile, the scratch assay observed enhanced cell 
migration after knockdown of SPNS2 (Figure 1I). This 
phenomenon aligns with the characteristics of EndMT. 
These findings suggest that SPNS2 plays a crucial role in 
maintaining endothelial function and that its expression is 
critical for regulating the process of EndMT.

alize nuclei. Fluorescent images were captured using an 
inverted fluorescence microscope, and quantitative immu-
nofluorescence analysis was performed with ImageJ.

2.6. Wound healing assay
A scratch assay was performed to evaluate cell migra-

tion ability. Cells were seeded in 6-well plates and cul-
tured until they reached approximately 90% confluence. 
A straight-line scratch was made in the cell monolayer us-
ing a sterile pipette tip. The cells were then washed with 
PBS to remove any detached cells. Serum-free medium 
was added to the wells to inhibit cell proliferation and en-
courage migration. The cells were incubated at 37℃ in a 
5% CO2 atmosphere. Microscopic images of the scratched 
area were taken at 0 h, 24 h, and 36 h to monitor cell mi-
gration. The scratch width was measured using image 
analysis software to quantify the migration rate.

2.7. Analysis of Sphingomyelin Content
Sphingomyelin content was measured using the 

Sphingomyelin Quantitative Colorimetric Analysis Kit 
(ab287856, Abcam). Cell suspensions were treated with 
sphingomyelinase as per the kit instructions. Following 
this, the enzyme mixture and probe were added to the sam-
ples. Sphingomyelin levels were quantitatively analyzed 
by measuring the absorbance at 570 nm using a colorimet-
ric method.

2.8. Statistical analysis
The assumptions of normal distribution and equal vari-

ance were evaluated for all data sets using the Shapiro-Wilk 
test and Levene's test, respectively. Data are presented as 
mean ± standard deviation and were statistically analyzed 
using GraphPad Prism 7 software. Student's t-test was em-
ployed to compare differences between two groups, while 
one-way ANOVA followed by Tukey's multiple compari-
son post hoc test was used to assess differences among 
three or more groups. A p-value of <0.05 was considered 
statistically significant.

3. Results
3.1. Knockdown of SPNS2 promotes EndMT in endo-
thelial cells

To investigate the impact of SPNS2 on endothelial 
cell function, we established an SPNS2 low-expression 
model in HUVECs using lentiviral transduction. The re-
sults showed a significant downregulation of both SPNS2 
mRNA and protein levels (Figures 1A-B). Crystal vio-
let staining revealed marked alterations in cell morphol-
ogy following SPNS2 knockdown. These morphologi-
cal changes underscore the significant impact of SPNS2 
knockdown on HUVEC function (Figure 1C). To further 
elucidate the morphological and potential functional 
changes, we performed RNA sequencing analysis on en-
dothelial cells with SPNS2 knockdown and control cells. 
The analysis identified 3,743 genes with downregulated 
expression and 3,934 genes with upregulated expression 
(Figure 1D). Pathway enrichment analysis of differentially 
expressed genes revealed that SPNS2 knockdown resulted 
in the enrichment of pathways associated with protein-
containing complex scaffold activity, cell adhesion mol-
ecule binding, and cadherin binding (Figure 1E). These 
pathways are primarily involved in cytoskeleton dynam-
ics, cell-cell junctions, cell adhesion, and signaling, all of 
which are critical for cellular phenotypic transitions and 

Fig. 1. Knockdown of SPNS2 promotes EndMT in endothelial cells.  
A. RT-qPCR detection of SPNS2 mRNA level in endothelial cells of 
control, sh-NC and sh-SPNS2 groups. B. Western blotting to detect 
SPNS2 protein expression in endothelial cells of control, sh-NC, 
and sh-SPNS2 groups. C. Morphological observation of endothelial 
cells in control, sh-NC, and sh-SPNS2 groups ( Scale bar=200μm). 
D. histogram of differential genes in endothelial cells of sh-NC and 
sh-SPNS2 groups. E. First 30 biological processes of differential gene 
enrichment in endothelial cells of sh-NC vs. sh-SPNS2 groups. F. 
RT-qPCR analysis of CD31, VE-cadherin, α-SMA, Vimentin mRNA 
expression in endothelial cells of sh-NC vs. sh-SPNS2 group. G. Wes-
tern blot analysis of CD31, VE-cadherin, α-SMA, Vimentin protein 
expression in endothelial cells of sh-NC and sh-SPNS2 groups. H. 
Immunofluorescence staining to analyze the relative quantification of 
CD31 and α-SMA in endothelial cells of sh-NC and sh-SPNS2 groups 
(Scale bar=100μm). I. Scratch assay to observe the migration ability of 
endothelial cells in sh-NC vs. sh-SPNS2 group (Scale bar=1000μm). 
The experimental samples in all groups satisfy n=3. Values are mean 
± SEM. *:P<0.05, **:P<0.01,***:P<0.001
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3.2. SPNS2 laching increases sphingomyelin levels in 
endothelial cells

SPNS2 is pivotal in the sphingolipid metabolic network, 
regulating the dynamic balance of SM, Sph, S1P, and Cer. 
This regulation is crucial for maintaining membrane stabil-
ity[20], signal transduction, and cellular function[21, 22]. 
Sphingolipidomic analysis of endothelial cells before and 
after SPNS2 knockdown revealed significant biological 
differences. Principal component analysis (PCA) showed 
a clear separation of the samples in the principal compo-
nent space (Figure 2A). Differential analysis of sphingo-
lipid components revealed that SPNS2 knockdown led 
to the downregulation of 5 sphingolipid species and the 
upregulation of 30 sphingolipid species (Figure 2B). No-
tably, the most significant change was observed in SM lev-
els (Figures 2C-D). The expression of SPNS2 significantly 
impacts SM levels in endothelial cells, as confirmed by 
subsequent SM quantification (Figure 2E). Specifically, 
SPNS2 knockdown resulted in a marked increase in SM 
levels in endothelial cells.

3.3. Low expression of SPNS2 upregulates SM levels to 
promote EndMT

Sphingomyelin plays a crucial role in maintaining 
and modulating cell morphology by regulating mem-
brane stability[23], curvature[24], signal transduction, 

and cytoskeletal remodeling[25]. Studies have indicated 
that alterations in sphingomyelin metabolism can lead to 
EMT in renal collecting duct cells[19, 26]. To determine 
whether SPNS2 knockdown promotes EndMT by affect-
ing SM levels, we first evaluated the impact of varying 
concentrations of sphingomyelinase (SMase) on sm levels 
in HUVECs (Figure 3A). Subsequently, we administered 
10μM SM exogenously to HUVECs and applied 0.5μg/
mL SMase to SPNS2 knockdown cells to modulate SM 
levels (Figure 3B). SM treatment increased sphingomyelin 
levels compared to the Control group. Additionally, SMase 
treatment effectively reduced the elevated SM levels in-
duced by SPNS2 knockdown. Moreover, RT-qPCR and 
Western blot analyses showed that SM treatment signifi-
cantly promoted EndMT compared to the control group. 

Fig. 3. Low expression of SPNS2 upregulates SM levels to promote 
EndMT. A. Detection of sphingomyelin levels in endothelial cells 
treated with different concentrations of smase. B. Quantitative ana-
lysis of sphingomyelin levels in each subgroup. C. RT-qPCR ana-
lysis of CD31, VE-cadherin, α-SMA, Vimentin mRNA expression. 
D. Western blot analysis of CD31, VE-cadherin, α-SMA, Vimentin 
mRNA expression. E. Morphological observation of endothelial cells 
in control group, SM group, sh-SPNS2 group, and sh-SPNS2+smase 
group (Scale bar=200μm). F. Immunofluorescence staining analysis 
of CD31, α-SMA relative quantification (Scale bar=100μm). (The 
experimental samples in all groups satisfy n=3. Values are mean ± 
SEM. *:P<0.05, **:P<0.01,***:P<0.001.)

Fig. 2. SPNS2 lacking increases sphingomyelin levels in endothelial 
cells. A. Principal component analysis plot of endothelial cell sphin-
golipid composition assay in sh-NC vs. sh-SPNS2 groups. B. Volcano 
plot of endothelial cell sphingolipids in sh-NC vs. sh-SPNS2 groups. 
C/D. Heat map and quantitative statistics of Cer, SM, S1P, Sph ex-
pression content. E. Quantitative analysis of sphingomyelin levels in 
Control, sh-NC and sh-SPNS2 groups.
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Furthermore, treatment with SMase, which reduced SM 
levels, partially reversed the EndMT induced by SPNS2 
knockdown (Figures 3C-D). Immunofluorescence stain-
ing of endothelial cells corroborated these findings (Figure 
3E). Microscopic morphological analysis showed that SM 
treatment induced a spindle-shaped morphology in endo-
thelial cells, resembling the changes observed after SPNS2 
knockdown. Compared to the deformation observed in the 
sh-SPNS2 group, the addition of SMase led to a restora-
tion of cell morphology to a cobblestone-like appearance, 
resembling that of the Control group (Figure 3F). These 
results indicate that the sphingosine, SM, is involved in the 
EndMT process, suggesting that SPNS2 regulates endo-
thelial cell mesenchymal transition by upregulating sphin-
gomyelin levels.

3.4. Knockdown of SMS2 inhibits SPNS2 deficiency-
induced SM elevation and EndMT

Sphingomyelin is regulated by various factors, includ-
ing their synthesis, degradation, and transport pathways, 
which influence the rate and levels of sphingolipid pro-
duction[27, 28]. Analysis of key genes involved in sphin-
gomyelin synthesis and degradation revealed that SPNS2 
knockdown resulted in an upregulation of sphingomyelin 
synthases SMS1 and SMS2, with SMS2 showing a more 
pronounced increase (Figures 3A-B). This suggests that 
SPNS2 may regulate sphingomyelin levels by modulat-
ing the expression of sphingomyelin synthases. To explore 
this further, we knocked down SMS2 in endothelial cells 
with knockdown of SPNS2 to assess the effect on SM lev-
els. Inhibition of SMS2 was found to decrease SM levels 
in sh-SPNS2 endothelial cells (Figure 3C). After knocking 
down SGMS2, the morphology of sh-SPNS2 endothelial 
cells was restored from spindle-like change to cobble-
stone-like morphology (Figure 3D). Analysis of mRNA 
and protein expression of endothelial and mesenchymal 
markers revealed that SMS2 knockdown increased the 
levels of CD31 and VE-cadherin while decreasing α-SMA 
and Vimentin expression. This observation suggests that 
SMS2 suppression effectively reversed the endothelial-
mesenchymal transition induced by SPNS2 knockdown 
(Figure 3E-G). Meanwhile, knockdown of SMS2 reversed 
the enhanced cell migration ability after knockdown of 
SPNS2 (Figure 1H). Collectively, these results demon-
strate that SPNS2 knockdown increases SMS2 expres-
sion, which subsequently raises SM levels and promotes 
EndMT.

4. Discussion
This study elucidates the significant effects of SPNS2 

knockdown on HUVECs, particularly in promoting End-
MT and altering cell migration and invasion capabilities. 
This discovery provides novel insights into the molecular 
mechanisms regulating endothelial cell function. Our re-
search demonstrates that SPNS2 knockdown leads to in-
creased sphingomyelin levels, which not only alters cell 
morphology but also induces the expression of markers 
associated with EndMT. Further experiments show that 
SPNS2 knockdown significantly upregulates SMS2 ex-
pression and activity, resulting in increased sphingomyelin 
synthesis. This change is closely linked to the process of 
EndMT in HUVECs. These findings highlight the critical 
role of SPNS2 in maintaining endothelial cell function. 
These results clearly indicate that SPNS2 plays an impor-

tant role in the maintenance of endothelial cell function, 
and its knockdown leads to dysregulation of sphingomy-
elin metabolism and promotes EndMT.

Existing literature indicates that sphingomyelin and 
its metabolic products play a critical regulatory role in 
EMT[19, 26], particularly in the context of cell signal-
ing and gene expression regulation. However, the specific 
mechanisms underlying EndMT, a subtype of EMT, have 
not yet been fully elucidated. The findings of this study 
are consistent with existing research and further support 
the critical role of sphingomyelin in regulating EndMT. 
Through sphingolipidomics and cellular biology experi-
ments, this study systematically analyzed the impact of 
SPNS2 knockdown on HUVECs, providing new evidence 
on the relationship between sphingomyelin metabolism 
and EndMT.

Sphingomyelin, an active metabolite in sphingolipid 
metabolism, affects related metabolites and multiple in-
tracellular signaling pathways through changes in its lev-
els[29, 30]. Among the enriched differential pathways, the 
'Protein-containing complex scaffold activity' pathway 

Fig. 4. Knockdown of SMS2 inhibits SPNS2 deficiency-induced 
SM elevation and EndMT. A. RT-qPCR detection of sphingomyelin 
metabolism-related gene expression. B. Western blotting to analyze 
the expression level of SMS protein in endothelial cells of sh-NC 
and sh-SPNS2 groups. C. Quantitative analysis of sphingomyelin 
level in sh-SPNS2+shNC group and sh-SPNS2+sh-SMS2 group. D. 
Morphological observation of endothelial cells in sh-SPNS2+sh-NC 
and sh-SPNS2+sh-SMS2 groups. E.RT-qPCR analysis of CD31, VE-
cadherin, α-SMA, Vimentin mRNA expression. F. Western blot ana-
lysis of CD31, VE-cadherin, α-SMA, Vimentin mRNA expression. 
G. Immunofluorescence staining to analyze the relative quantification 
of CD31, α-SMA (Scale bar=200μm) . H. Scratch test was perfor-
med to observe the migration ability of endothelial cells in the sh-
SPNS2+shNC group versus the sh-SPNS2+sh-SMS2 group (Scale 
bar=1000μm). (The experimental samples in all groups satisfy n=3. 
Values are mean ± SEM. *:P<0.05, **:P<0.01,***:P<0.001.)
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regulates cytoskeleton stability and intercellular structural 
scaffolding, while the 'Cell adhesion molecule binding' 
pathway maintains the integrity of intercellular tight junc-
tions and tissue structure by modulating cell adhesion mol-
ecule interactions. Cytoskeletal remodeling and changes 
in intercellular junctions are crucial steps in the transition 
of endothelial cells to mesenchymal cells[31]. During this 
process, cadherins, particularly VE-cadherin, play a key 
role in cell adhesion and signaling. The downregulation 
of VE-cadherin facilitates the phenotypic transition and 
migration of endothelial cells, thereby promoting the oc-
currence of EndMT. While these findings provide novel 
insights into the regulatory mechanisms of EndMT, further 
research is needed to elucidate the specific role of sphingo-
myelin in this process and its interactions with other mo-
lecular pathways.

Additionally, this study has certain limitations. Our 
investigation primarily focused on changes in sphingo-
myelin metabolism following SPNS2 knockdown, with-
out thoroughly exploring other factors that may influence 
EndMT. Furthermore, while our experiments reveal the 
role of SMS2 in the EndMT process induced by SPNS2 
knockdown, its interactions with other signaling pathways 
require further validation. The findings of this study align 
with existing research, particularly regarding the role of 
sphingomyelin and its metabolites in EMT and EndMT. 
Previous studies have shown that SMS2 facilitates the 
initiation of epithelial-mesenchymal transition through 
the TGF-β/Smad signaling pathway[32]. Additionally, as 
a key component of the cell membrane, increased sphin-
gomyelin content can alter membrane fluidity, potentially 
leading to changes in cell morphology[33, 34]. This al-
teration may regulate the EndMT process by influencing 
the reorganization of membrane microdomains[35], the 
distribution of cell adhesion molecules, and related sig-
naling pathways. However, the precise regulatory mecha-
nisms remain unclear. Specifically, further investigation is 
needed to determine whether the effects of membrane flu-
idity on EndMT are consistent across different cell types 
and pathological conditions. Furthermore, the impact of 
sphingomyelin on membrane fluidity and the roles of other 
metabolic products in EndMT are areas that require further 
exploration. Our findings provide novel insights and offer 
new directions for deepening the understanding of the mo-
lecular mechanisms governing EndMT. 

In conclusion, our data demonstrate that SPNS2 plays 
a significant role in EndMT in endothelial cells. SPNS2 
promotes sphingomyelin synthesis by upregulating SMS2 
expression, thereby inducing changes in EndMT-related 
pathways and facilitating cellular transition. Our findings 
provide novel insights into the molecular mechanisms un-
derlying EndMT and may contribute to the development 
of new therapeutic strategies for diseases associated with 
EndMT, such as atherosclerosis, fibrosis, and cancer pro-
gression.

Conflict of interest
The authors declare that they have no known competing 
financial interests or personal relationships. 

Financial support
This work was supported by National Natural Science 
Foundation of China (No. 82370463), Technical Innova-
tion Project of Guilin in Guangxi Zhuang Autonomous 

Region (No. 20210222-3).

Credit author statement 
Jin-feng Qin: contributed to experimental design, per-
formed experiments, analyzed and interpreted the data, 
and wrote the manuscript. Yuan Li: participated in experi-
mental design and execution. Xiao-dan Wang: performed 
data analysis. Shuang-xi Tu: conducted experiments. Xiao 
Zhu: assisted in data interpretation and manuscript writ-
ing. Kai Yin: conceived the study, provided project over-
sight, and designed the experiments. All authors have read 
and approved the final manuscript for publication.

References 

1. Luscher TF, Landmesser U, von Eckardstein A, Fogelman AM 
(2014) High-density lipoprotein: vascular protective effects, dys-
function, and potential as therapeutic target. Circ Res 114 (1): 
171-182. doi: 10.1161/CIRCRESAHA.114.300935

2. Dong M, Zhang Y, Chen M, Tan Y, Min J, He X, Liu F, Gu J, Jiang 
H, Zheng L, Chen J, Yin Q, Li X, Chen X, Shao Y, Ji Y, Chen 
H (2024) ASF1A-dependent P300-mediated histone H3 lysine 18 
lactylation promotes atherosclerosis by regulating EndMT. Acta 
Pharm Sin B 14 (7): 3027-3048. doi: 10.1016/j.apsb.2024.03.008

3. Lecce L, Xu Y, V'Gangula B, Chandel N, Pothula V, Caudrillier 
A, Santini MP, d'Escamard V, Ceholski DK, Gorski PA, Ma L, 
Koplev S, Bjorklund MM, Bjorkegren JL, Boehm M, Bentzon JF, 
Fuster V, Kim HW, Weintraub NL, Baker AH, Bernstein E, Kova-
cic JC (2021) Histone deacetylase 9 promotes endothelial-mesen-
chymal transition and an unfavorable atherosclerotic plaque phe-
notype. J Clin Invest 131 (15). doi: 10.1172/JCI131178

4. Evrard SM, Lecce L, Michelis KC, Nomura-Kitabayashi A, 
Pandey G, Purushothaman KR, d'Escamard V, Li JR, Hadri L, Fu-
jitani K, Moreno PR, Benard L, Rimmele P, Cohain A, Mecham 
B, Randolph GJ, Nabel EG, Hajjar R, Fuster V, Boehm M, Kova-
cic JC (2016) Endothelial to mesenchymal transition is common 
in atherosclerotic lesions and is associated with plaque instability. 
Nat Commun 7: 11853. doi: 10.1038/ncomms11853

5. Liang G, Wang S, Shao J, Jin YJ, Xu L, Yan Y, Gunther S, Wang 
L, Offermanns S (2022) Tenascin-X Mediates Flow-Induced Sup-
pression of EndMT and Atherosclerosis. Circ Res 130 (11): 1647-
1659. doi: 10.1161/CIRCRESAHA.121.320694

6. Zhu X, Wang Y, Soaita I, Lee HW, Bae H, Boutagy N, Bostwick A, 
Zhang RM, Bowman C, Xu Y, Trefely S, Chen Y, Qin L, Sessa W, 
Tellides G, Jang C, Snyder NW, Yu L, Arany Z, Simons M (2023) 
Acetate controls endothelial-to-mesenchymal transition. Cell 
Metab 35 (7): 1163-1178 e1110. doi: 10.1016/j.cmet.2023.05.010

7. Lin QQ, Zhao J, Zheng CG, Chun J (2018) Roles of notch signaling 
pathway and endothelial-mesenchymal transition in vascular en-
dothelial dysfunction and atherosclerosis. Eur Rev Med Pharma-
col Sci 22 (19): 6485-6491. doi: 10.26355/eurrev_201810_16062

8. Tian D, Zeng X, Wang W, Wang Z, Zhang Y, Wang Y (2019) Pro-
tective effect of rapamycin on endothelial-to-mesenchymal tran-
sition in HUVECs through the Notch signaling pathway. Vascul 
Pharmacol 113: 20-26. doi: 10.1016/j.vph.2018.10.004

9. Li H, Zhao Q, Chang L, Wei C, Bei H, Yin Y, Chen M, Wang 
H, Liang J, Wu Y (2019) LncRNA MALAT1 modulates ox-LDL 
induced EndMT through the Wnt/beta-catenin signaling pathway. 
Lipids Health Dis 18 (1): 62. doi: 10.1186/s12944-019-1006-7

10. Zhang J, Rojas S, Singh S, Musich PR, Gutierrez M, Yao Z, 
Thewke D, Jiang Y (2021) Wnt2 Contributes to the Develop-
ment of Atherosclerosis. Front Cardiovasc Med 8: 751720. doi: 
10.3389/fcvm.2021.751720

11. Zhu X, Ren K, Zeng YZ, Zheng Z, Yi GH (2018) Biological func-



141

SPNS2 loss drives EndMT via SMS2.                                                                                                                                                                        Cell. Mol. Biol. 2025, 71(1): 135-141

tion of SPNS2: From zebrafish to human. Mol Immunol 103: 55-
62. doi: 10.1016/j.molimm.2018.08.025

12. Hasan Z, Nguyen TQ, Lam BWS, Wong JHX, Wong CCY, Tan 
CKH, Yu J, Thiam CH, Zhang Y, Angeli V, Nguyen LN (2022) 
Postnatal deletion of Spns2 prevents neuroinflammation without 
compromising blood vascular functions. Cell Mol Life Sci 79 
(11): 541. doi: 10.1007/s00018-022-04573-y

13. Endapally S, Frias D, Grzemska M, Gay A, Tomchick DR, Rad-
hakrishnan A (2019) Molecular Discrimination between Two 
Conformations of Sphingomyelin in Plasma Membranes. Cell 
176 (5): 1040-1053 e1017. doi: 10.1016/j.cell.2018.12.042

14. Magnuson AD, Bukowski MR, Rosenberger TA, Picklo MJ 
(2022) Quantifying Sphingomyelin in Dairy through Infusion-
Based Shotgun Mass Spectrometry with Lithium-Ion-Induced 
Fragmentation. J Agric Food Chem 70 (42): 13808-13817. doi: 
10.1021/acs.jafc.2c04587

15. Del Gaudio I, Rubinelli L, Sasset L, Wadsack C, Hla T, Di Loren-
zo A (2021) Endothelial Spns2 and ApoM Regulation of Vascular 
Tone and Hypertension Via Sphingosine-1-Phosphate. J Am Heart 
Assoc 10 (14): e021261. doi: 10.1161/JAHA.121.021261

16. Hua L, Wu N, Zhao R, He X, Liu Q, Li X, He Z, Yu L, Yan N 
(2019) Sphingomyelin Synthase 2 Promotes Endothelial Dys-
function by Inducing Endoplasmic Reticulum Stress. Int J Mol 
Sci 20 (12). doi: 10.3390/ijms20122861

17. Takuwa Y, Ikeda H, Okamoto Y, Takuwa N, Yoshioka K (2013) 
Sphingosine-1-phosphate as a mediator involved in development 
of fibrotic diseases. Biochim Biophys Acta 1831 (1): 185-192. 
doi: 10.1016/j.bbalip.2012.06.008

18. Lv L, Yi Q, Yan Y, Chao F, Li M (2021) SPNS2 Downregula-
tion Induces EMT and Promotes Colorectal Cancer Metastasis via 
Activating AKT Signaling Pathway. Front Oncol 11: 682773. doi: 
10.3389/fonc.2021.682773

19. Brandan YR, Favale NO, Pescio LG, Santacreu BJ, Guaytima 
EDV, Sterin-Speziale NB, Marquez MG (2022) Influence of 
sphingomyelin metabolism during epithelial-mesenchymal tran-
sition associated with aging in the renal papilla. J Cell Physiol 237 
(10): 3883-3899. doi: 10.1002/jcp.30842

20. Uhlig S, Gulbins E (2008) Sphingolipids in the lungs. Am J Respir 
Crit Care Med 178 (11): 1100-1114. doi: 10.1164/rccm.200804-
595SO

21. Jeya Paul J, Weigel C, Muller T, Heller R, Spiegel S, Graler MH 
(2020) Inflammatory Conditions Disrupt Constitutive Endothelial 
Cell Barrier Stabilization by Alleviating Autonomous Secretion of 
Sphingosine 1-Phosphate. Cells 9 (4). doi: 10.3390/cells9040928

22. Hannun YA, Obeid LM (2008) Principles of bioactive lipid si-
gnalling: lessons from sphingolipids. Nat Rev Mol Cell Biol 9 (2): 
139-150. doi: 10.1038/nrm2329

23. Yamaguchi T, Hirakawa R, Ochiai H (2023) Correlation between 
sphingomyelin and the membrane stability of mammalian ery-
throcytes. Comp Biochem Physiol B Biochem Mol Biol 265: 
110833. doi: 10.1016/j.cbpb.2023.110833

24. Campelo F, van Galen J, Turacchio G, Parashuraman S, Kozlov 

MM, Garcia-Parajo MF, Malhotra V (2017) Sphingomyelin me-
tabolism controls the shape and function of the Golgi cisternae. 
Elife 6. doi: 10.7554/eLife.24603

25. Zeidan YH, Jenkins RW, Hannun YA (2008) Remodeling of cellu-
lar cytoskeleton by the acid sphingomyelinase/ceramide pathway. 
J Cell Biol 181 (2): 335-350. doi: 10.1083/jcb.200705060

26. Brandan YR, Guaytima EDV, Favale NO, Pescio LG, Sterin-Spe-
ziale NB, Marquez MG (2018) The inhibition of sphingomyelin 
synthase 1 activity induces collecting duct cells to lose their epi-
thelial phenotype. Biochim Biophys Acta Mol Cell Res 1865 (2): 
309-322. doi: 10.1016/j.bbamcr.2017.11.004

27. Slotte JP (2013) Biological functions of sphingomyelins. Prog 
Lipid Res 52 (4): 424-437. doi: 10.1016/j.plipres.2013.05.001

28. Gault CR, Obeid LM, Hannun YA (2010) An overview of sphin-
golipid metabolism: from synthesis to breakdown. Adv Exp Med 
Biol 688: 1-23. doi: 10.1007/978-1-4419-6741-1_1

29. Zhu H, Chen HJ, Wen HY, Wang ZG, Liu SL (2023) Enginee-
red Lipidic Nanomaterials Inspired by Sphingomyelin Metabo-
lism for Cancer Therapy. Molecules 28 (14). doi: 10.3390/mole-
cules28145366

30. Jiang C, Cheong LZ, Zhang X, Ali AH, Jin Q, Wei W, Wang X 
(2022) Dietary Sphingomyelin Metabolism and Roles in Gut 
Health and Cognitive Development. Adv Nutr 13 (2): 474-491. 
doi: 10.1093/advances/nmab117

31. Qin W, Zhang L, Li Z, Xiao D, Zhang Y, Zhang H, Mokembo JN, 
Monayo SM, Jha NK, Kopylov P, Shchekochikhin D, Zhang Y 
(2020) Endothelial to mesenchymal transition contributes to nico-
tine-induced atherosclerosis. Theranostics 10 (12): 5276-5289. 
doi: 10.7150/thno.42470

32. Liu S, Hou H, Zhang P, Wu Y, He X, Li H, Yan N (2019) 
Sphingomyelin synthase 1 regulates the epithelial-to-mesen-
chymal transition mediated by the TGF-beta/Smad pathway 
in MDA-MB-231 cells. Mol Med Rep 19 (2): 1159-1167. doi: 
10.3892/mmr.2018.9722

33. Carradori D, Dos Santos AG, Masquelier J, Paquot A, Saulnier P, 
Eyer J, Preat V, Muccioli GG, Mingeot-Leclercq MP, des Rieux 
A (2018) The origin of neural stem cells impacts their interac-
tions with targeted-lipid nanocapsules: Potential role of plasma 
membrane lipid composition and fluidity. J Control Release 292: 
248-255. doi: 10.1016/j.jconrel.2018.11.005

34. Aoun M, Corsetto PA, Nugue G, Montorfano G, Ciusani E, 
Crouzier D, Hogarth P, Gregory A, Hayflick S, Zorzi G, Rizzo 
AM, Tiranti V (2017) Changes in Red Blood Cell membrane 
lipid composition: A new perspective into the pathogenesis 
of PKAN. Mol Genet Metab 121 (2): 180-189. doi: 10.1016/j.
ymgme.2017.04.006

35. Tomishige N, Bin Nasim M, Murate M, Pollet B, Didier P, Godet 
J, Richert L, Sako Y, Mely Y, Kobayashi T (2023) HIV-1 Gag tar-
geting to the plasma membrane reorganizes sphingomyelin-rich 
and cholesterol-rich lipid domains. Nat Commun 14 (1): 7353. 
doi: 10.1038/s41467-023-42994-w


