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Glomerular endothelial cells (GECs) are pivotal in developing glomerular sclerosis disorders. The 
advancement of focal segmental glomerulosclerosis (FSGS) is intimately tied to disruptions in lipid 
metabolism. Sphingosine-1-phosphate (S1P), a molecule transported by high-density lipoproteins 
(HDL), exhibits protective effects on vascular endothelial cells by upregulating phosphorylated 
endothelial nitric oxide synthase (p-eNOS) and enhancing nitric oxide (NO) production. Nevertheless, 
the abundance of S1P within HDL in individuals with FSGS and minimal change disease (MCD) is yet 
to be elucidated, and its defensive role in GECs necessitates empirical confirmation. A total of 14 FSGS 
patients, 16 MCD patients, and 16 healthy controls (NC) were included in the study, with FSGS and 
MCD confirmed by renal biopsy. After blood sample collection, HDL was isolated and categorized 
into intact HDL, phospholipid-depleted HDL(apo-HDL), phospholipid-remained HDL(phoHDL), and 
recombinant HDL (rHDL). Various HDL samples, comprising intact, apo-HDL, pho-HDL and rHDL, 
were co-cultivated with human renal glomerular endothelial cells (HRGECs). Western blotting was 
utilized to quantify p-eNOS levels and assess PI3K-AKT pathway activation. Liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analyzed S1P concentrations, while real-time quantitative 
PCR evaluated the expression of enzymes involved in S1P metabolism. Fluorescence labeling methods 
measured NO levels, and an immunofluorescence colocalization assay investigated Sphingosine-1-
phosphate receptor 1 (S1PR1) expression in GECs across distinct kidney tissue groups. The HDL from 
FSGS patients demonstrated a significantly enhanced ability to promote p-eNOS expression and NO 
release in HRGECs compared to MCD patients and healthy controls. Additionally, the synthesis activity 
of S1P in renal tissues of FSGS patients was markedly higher than that observed in MCD patients and 
healthy controls, suggesting that S1P may play a crucial protective role in the progression of FSGS. 
Immunofluorescence staining showed that compared with MCD and NC, the expression of S1PR1 
in GECs of FSGS patients was significantly decreased. Recombinant HDL with added S1P promoted 
the increase of p-eNOS in HRGECs. Knockdown of S1PR1 using siRNA reduced the expression of 
p-eNOS and NO release. The mechanism underlying the regulation of p-eNOS expression by rHDL was 
associated with the PI3K-AKT signaling pathway. The enhanced presence of S1P on HDL could serve as 
a diagnostic marker to differentiate FSGS from MCD. Incorporating S1P into HDL enhances glomerular 
endothelial cell function, suggesting that the S1P/S1PR pathway might offer a promising therapeutic 
avenue for FSGS.
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HDL	� High density lipoprotein
GECs	� Glomerular endothelial cells
FSGS	� Focal segmental glomerulosclerosis
MCD	� Minimal change disease
p-eNOS	� Phosphorylated endothelial nitric oxide synthase
NO	� Nitric oxide
F-HDL	� FSGS highdensity lipoprotein
M-HDL	� MCD highdensity lipoprotein
N-HDL	� Normal highdensity lipoprotein
rHDL	� Reconstituted HDL
SPL	� Sphingosine-1-phosphate lyase
SphK1/2	� Sphingosine kinases 1/2
SPP1/2	� Sphingosine-1-phosphate phosphatases 1/2

Minimal change disease (MCD) and focal segmental glomerulosclerosis (FSGS) are two primary manifestations 
of idiopathic nephrotic syndrome, each characterized by distinct pathological features1. Differentiating between 
FSGS and MCD can often be challenging due to the focal nature of scar tissue and the limitation of tissue 
sampling techniques. However, the two conditions are associated with different therapeutic strategies and 
prognostic outcomes. Typically, MCD does not progress to end-stage renal disease (ESRD), whereas FSGS is 
recognized as the leading cause of ESRD resulting from primary glomerular disease2. Therefore, it is imperative 
to investigate alternative methodologies for distinguishing between these two conditions and examine the 
underlying mechanisms contributing to their differences.

While podocytes and mesangial cells have been extensively studied for their roles in the pathogenesis of 
FSGS, recent research also highlights the early involvement of dysfunctional GECs. The dysfunction in GEC 
dysfunction contributes to podocyte injury and mesangial cell activation, ultimately leading to the progression 
of glomerulosclerosis3.In contrast, in MCD, the absence of pathological changes in GECs and the resulting 
glomerular vascular sclerosis may serve as a potential distinguishing feature between these two conditions.

HDLs play a pivotal role in the transport of cholesterol from peripheral tissues to the liver, thereby maintaining 
cholesterol homeostasis. Additionally, HDLs exhibit a range of protective effects on endothelial cells, such as 
antioxidant, anti-apoptotic, anti-inflammatory, anti-thrombotic, and anti-proteolytic activities. Notably, they 
enhance vasodilation through the production of nitric oxide (NO), underscoring their importance in vascular 
health4. Nephrotic syndrome can significantly alter the structure and function of HDLs5. However, there is no 
relevant research on how the structure and function of HDL in FSGS patients change and what impacts they 
have on the disease.

Sphingosine-1-phosphate (S1P) is a bioactive lysophospholipid that regulates a wide array of vital cellular 
functions. HDLs serve as the primary and vehicle for S1P, transporting approximately 60% of the total S1P 
content in plasma, thereby playing a pivotal role in its distribution and circulation6. Upon binding to its receptors 
(S1PR1-5), S1P triggers various G-protein-mediated intracellular signaling cascades, resulting in a spectrum 
of cellular responses. Among endothelial cells, S1PR1 is the most abundantly expressed receptor, followed by 
S1PR2 and S1PR37. S1P exerts endothelial protection by activating eNOS, which subsequently prompts the 
generation of NO within endothelial cells8.

In the context of FSGS and MCD, alterations in S1P content within HDL and their subsequent effects on GECs 
remain poorly understood. This study aims to investigate and validate these alterations through experimental 
research.

Methods
Participant recruitment
Patient recruitment and sample collection methods were taken reference from our recently published study, 
where patients with MCD and FSGS were diagnosed through renal biopsy while excluding other potential 
diseases9. The baseline characteristics, including the lipid profiles of patients in each group, are presented in 
Supplementary Table 1. The study was conducted in accordance with the principles outlined in the Declaration of 
Helsinki and received approval from the Ethics Committee of Fujian Medical University Union Hospital (Fujian, 
China, 2023QH020). Prior to participation, informed consent was obtained to ensure voluntary agreement and 
full understanding.

Cell culture
Human renal glomerular endothelial cells (HRGECs), procured from ScienCell Research Laboratories (Carlsbad, 
CA, USA), were cultured in an endothelial cell-specific medium formulated with 5% fetal bovine serum, 1% 
endothelial cell growth factor supplement, and 1% antibiotic-antimycotic solution, all components supplied by 
the same laboratory. Cells were kept in a controlled environment at 37 °C, fully humidified, and gassed with 5% 
CO2 and 95% air to ensure optimal growth conditions.

Isolation, selective delipidation, and reconstitution of HDL
HDL was isolated according to established protocols10. Blood samples from NC (N), FSGS patients (F), and 
MCD patients (M) were collected in EDTA-coated tubes. LDL (density: 1.019–1.063 g/ml) and HDL (density: 
1.063–1.210 g/ml) fractions were isolated from pooled plasma via ultracentrifugation at 550,000 g for 5 h at 4 °C. 
HDL was further purified through dialysis against sterile PBS over three days in a dark, 4 °C setting to remove 
contaminants. HDL purity was verified by 12% SDS-PAGE, and its concentration was precisely quantified using 
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an apoA-I-specific assay kit (Solarbio, SEKH-0093, Beijing, China), and adjusted to 30 µg/mL for subsequent 
experiments. N-HDL refers to HDL from NC, and F-HDL refers to HDL from FSGS patients.

Professor Zheng’s reported method11 was adopted for selective lipid removal. In brief, HDL was mixed with 
diisopropyl ether in a 1:2 ratio and agitated for 24  h at 4  °C, followed by centrifugation to isolate phoHDL 
(containing proteins and phospholipids) in the aqueous layer. Alternatively, HDL was treated with a butanol-
diisopropyl ether blend (40:60) at a 1:2 ratio and agitated for 30 min at room temperature to obtain apoHDL 
(solely proteinaceous HDL) in the aqueous phase. Both fractions were filtered before use. To prepare recombinant 
high-density lipoproteins (rHDL) for subsequent uses, S1P was incorporated into N-HDL at the desired 
concentration, followed by overnight rotation at 4 °C to ensure proper integration12.

To evaluate the efficiency of delipidation and the purity of different HDL fractions, non-targeted mass 
spectrometry analysis was performed on apo-HDL and pho-HDL samples. The results showed that apo-HDL 
samples had significantly lower levels of HDL’s key lipid components, including phospholipids and cholesterol, 
compared to pho-HDL, confirming the effectiveness of the delipidation process. The composition of HDL 
fractions was normalized based on apoA-I concentration. Detailed mass spectrometry data are presented in 
Supplementary Excel file named ‘purity identification of apoHDL and pho-HDL’.

S1P detection by UPLC-MS/MS
HDL-associated S1P levels were quantitated utilizing the established technique13. In essence, serum samples 
were combined with 50 µL of the internal standard C17-sph (1000 µg/L) and then precipitated using a methanol-
to-sample ratio of 1:4. After centrifugation at 12,000 rpm for 15 min, the clear supernatant was collected for 
UPLC-MS/MS analysis. Each sample was prepared uniquely for two LC/MS methodologies. For positive ion 
mode analysis, specific aliquots were introduced onto a Waters ACQUITY Premier HSS T3 Column (1.8 μm, 
2.1 mm ID x 100 mm length). The mobile phase was composed of 0.1% formic acid in water (solvent A) and 
0.1% formic acid in acetonitrile (solvent B). The elution gradient initially started at 5% B, gradually increasing to 
20% B in 2 min, then ramped up to 60% B over 3 min, followed by a swift rise to 99% B within 1 min, which was 
maintained for 1.5 min. Afterward, the mobile phase was rapidly returned to 5% B within 0.1 min and held for 
2.4 min to stabilize the column. Throughout the analysis, the column was maintained at 40 °C, the flow rate was 
set to 0.4 mL/min, and the injection volume was 4 µL. For the negative ion mode analysis, a separate aliquot was 
prepared using the identical elution gradient as for the positive ion mode. Representative examples of primary 
and secondary spectra are provided in Supplementary Figure S1-2.

RNA isolation and real-time quantitative PCR (RT-qPCR)
Eight 5-µm paraffin sections were excised from the renal biopsy wax blocks of patients with FSGS, MCD, and 
adjacent renal tissues resected due to renal tumor, respectively. Total RNA extraction was performed using the 
paraffin-embedded tissue total RNA extraction kit (Tiangen, Beijing, China). The NanoDrop One (Thermo 
Fisher Scientific, MA, USA) was utilized to determine the total RNA content. Reverse transcription and RT-
qPCR were performed with the reverse transcription and RT-qPCR kit (Sangon, Shanghai, China). Real-time 
quantitative PCR was conducted using the ABI 7500 system (Applied Biosystems, MA, USA). Relative gene 
expression levels were calculated using the 2-∆∆Ct method. GAPDH was used as the internal control, The 
primer sequences used in this study are provided in the supplementary Table 2.

Western blotting
Cultured cell proteins were extracted with RIPA buffer (Beyotime, Shanghai, China) containing protease and 
phosphatase inhibitors (Abmole, Houston, USA). Protein levels were measured using a BCA kit (Solarbio, 
Beijing, China).Equal amounts of protein were electrophoresed on 7.5% gels and transferred to PVDF membranes 
(Millipore, MA, USA). The membranes underwent blocking and overnight incubation with primary antibodies 
targeting Phospho-eNOS, eNOS, Phospho-PI3K, PI3K, Phospho-Akt, Akt, and α-tubulin (Abmart, Shanghai, 
China). Subsequent washing steps were followed by secondary antibody application, enabling visualization of 
immunoreactive bands through chemiluminescence imaging (Bio-Rad, CA, USA). Band densitometry was 
quantitatively analyzed using ImageJ software (NIH), ensuring accurate quantification of protein expression and 
phosphorylation levels.

Cellular NO release assay
The intracellular NO release was quantitatively assayed using a fluorescent microscope and a NO-specific 
probe (DAF-FM DA, Beyotime, Shanghai, China). Cells were seeded at a density of 2 × 10^4 cells per well in 
24-well plates and treated with distinct HDL types (F-HDL, N-HDL, apo-HDL, pho-DHL, rHDL) for 6  h. 
Following thorough washing with PBS, cells were incubated with the probe for 30 min to label intracellular 
NO. Fluorescence images were captured using a fluorescence microscope (Leica, Wetzlar, Germany) and semi-
quantitatively analyzed with ImageJ software (NIH). Meanwhile, the nitrate/nitrite quantification assay kit (Cat. 
No.S0021S) provided by Beyotime Biotechnology was used to measure the amount of NO released in the culture 
supernatant. The detection data have been included in Supplementary Figure S3.

Immunofluorescence staining
Immunofluorescence staining of kidney tissue sections utilized a two-label, three-color detection kit (ImmunoWay, 
TX, USA). The protocol encompassed dewaxing, antigen retrieval, and blocking with peroxidase for 15 min at 
room temperature. Following three PBS washes, primary antibodies targeting S1PR1 (1:100, Abmart, Shanghai, 
China) and CD31 (1:200, Abmart, Shanghai, China) were applied at optimized concentrations. Next, secondary 
antibodies were administered per the manufacturer’s instructions. After additional PBS washes, nuclei were 
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counterstained with DAPI (Beyotime, Shanghai, China). Fluorescent images were then captured using the 
fluorescence microscope (Leica, Wetzlar, Germany).

Statistical analysis
All experiments were conducted in triplicate to ensure reproducibility. Data are presented as mean ± standard 
error of the mean (SEM), unless otherwise specified. Statistical comparisons were performed in one-way analysis 
of variance (ANOVA), using the GraphPad Prism software 8.0. A P-value of less than 0.05 was considered 
statistically significant.

Results
HDL in FSGS has the potential to enhance the expression of p-eNOS and NO release in 
HRGECs, in contrast to MCD and NC
To explore the distinct impacts of HDL on GECs across FSGS, MCD patients, and healthy individuals, we 
cocultured HDL samples from each group with HRGECs. Our observations revealed significant differences in 
HDL’s ability to regulate p-eNOS expression and NO production in HRGECs between the three groups (Fig. 1a-
d and Supplementary Fig. S4). These findings suggest functional disparities between HDL from FSGS and MCD 
patients, particularly regarding their capacity to promote endothelial health within the context of their respective 
renal diseases.

The ability of FSGS HDL to restore the protective function of HRGECs is attributed to its 
phospholipid composition
To control for differences in the lipid composition of HDL, lipid-removed HDL isolated from patients with FSGS 
and MCD was used to treat HRGECs. Notably, the lipid-removed HDL of FSGS (F- apoHDL) demonstrated a 
slightly stronger regulation of p-eNOS expression and NO release compared to the lipid-removed HDL of MCD 
(M-apoHDL). Both F-apoHDL and M-apoHDL exhibited a partial loss of their ability to upregulate p-eNOS 
expression and stimulate NO production (Fig. 2a-d and Supplementary Fig. S5a), indicating that these effects are 
partially mediated by lipid components rather than being solely attributable to protein.

To further investigate the influence of individual lipid components, we isolated apolipoprotein-rich HDL 
(phoHDL) from FSGS and MCD patients and incubated them with HRGECs. Interestingly, FSGS-derived 
phoHDL (F-phoHDL) reinstated the stimulatory effects on p-eNOS expression and NO production to levels 
similar to those observed with MCD-derived phoHDL (M-phoHDL) (Fig. 2e-h and Supplementary Fig. S5b). 
This observation underscores the pivotal role of phospholipids in mediating these responses in both FSGS and 
MCD contexts.

S1P levels are elevated in the lipid component of HDL in FSGS compared to MCD and NC
To assess plasma and HDL-associated S1P concentrations, we analyzed samples from 14 FSGS patients, 16 MCD 
patients, and 16 NC using UPLC-MS/MS. Given S1P’s preferential binding to HDL in plasma, we adjusted 
total plasma S1P levels by plasma HDL content to derive HDL-bound S1P levels. Notably, HDL-normalized 
S1P levels were significantly elevated in FSGS patients compared to MCD patients (Fig. 3a; FSGS vs. MCD: 
229.5 ± 20.86 ng/mg vs. 148.4 ± 10.93 ng/mg; P < 0.01). While HDL-normalized S1P levels were slightly higher in 

Fig. 1.  HDL in FSGS enhances p-eNOS and NO release in HRGECs, contrasting MCD and NC. (a,b) Western 
blot analysis of p-eNOS level in HRGECs cocultured with various groups of HDLs at 30 µg/ml for 6 h. (c) The 
immunofluorescence images exhibit the intracellular NO levels across different cell groups, which have been 
detected utilizing a NO bioprobe (Scale bar: 100 μm). (d) A quantitative analysis of intracellular NO levels 
was using ImageJ.Statistical analysis using GraphPad Prism 8.0 software and employed One-way ANOVA to 
compare differences among multiple groups. Data presented as mean ± SEM, N = 3, with significance levels 
marked as *P < 0.05, **P < 0.01, ***P < 0.001. All experiments were replicated three times.

 

Scientific Reports |         (2025) 15:1530 4| https://doi.org/10.1038/s41598-025-85865-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


MCD patients than NC, this difference did not reach statistical significance (Fig. 3a; MCD vs. NC: 148.4 ± 10.93 
ng/mg vs. 140.8 ± 11.77 ng/mg; P > 0.05).

To evaluate the differential regulation of S1P synthesis in renal tissues of FSGS versus MCD, we isolated total 
RNA from each group and employed real-time qPCR to quantify the expression of key enzymes: sphingosine-
1-phosphate lyase (SPL), sphingosine kinase 1/2 (SPHK1/2), and sphingosine-1-phosphate phosphatase 1/2 
(SPP1/2). Our analysis revealed a prominent upregulation of SPHK1/2 in FSGS patients compared to MCD and 
NC, coupled with a conspicuous downregulation of SPL and SPP1/2 levels (Fig. 3b).

To investigate the potential causes of the activation of the S1P synthesis pathway, we employed 
immunofluorescence colocalization to assess the expression of S1PR1 in GECs. Immunofluorescence staining 
revealed that the expression of S1PR1 in GECs from patients with FSGS was significantly decreased compared to 
that in patients with MCD and NC patients (Nephrectomy due to benign renal tumor), the expression of S1PR1 
in GECs of FSGS patients was significantly decreased (Fig. 3c-d). The activation of S1P synthesis in FSGS may 
serve as a compensatory mechanism in response to the loss of S1PR1 on GECs.

The endothelial protective effect of HDL in FSGS is dependent on the S1P/S1PR1 signaling 
axis
To investigate the impact of sphingosine-1-phosphate (S1P) on the regulation of endothelial function in 
GECs, we prepared rHDL with varying concentrations of S1P and cocultured them with HRGECs. Our results 
demonstrated that FSGS HDL, enriched with S1P, significantly upregulated the expression of p-enos and NO 
release in HRGECs (Fig. 4a-d and Supplementary Fig. S6a).

Furthermore, when S1P receptor 1 (S1PR1) was knocked down using siRNA (Designed and synthesized by 
Sangon Biotech, China), this protective effect of FSGS HDL was abolished (Fig. 4g-h and Supplementary Fig. 
S6b), indicating that the protective function of FSGS HDL on HRGECs is indeed dependent on S1P signaling.

Fig. 2.  FSGS-HDL restores HRGECs function due to its phospholipid composition. (a,b) Western blot 
analysis of p-eNOS level in HRGECs cocultured with various groups of apoHDLs at 30 µg/ml for 6 h. (c,d) 
The immunofluorescence images and quantitative analysis exhibit the intracellular NO levels across different 
cell groups, which have been detected utilizing a NO bioprobe. (e,f) Western blot analysis of p-eNOS level 
in HRGECs cocultured with various groups of pho-HDLs at 30 µg/ml for 6 h. (g,h) Using a NO-sensitive 
fluorescent probe, the intracellular NO expression in different cell groups was detected and analyzed (Scale bar: 
100 μm). Data presented as mean ± SEM, with significance levels marked as *P < 0.05, **P < 0.01, ***P < 0.001. 
Statistical analysis employed one-way ANOVA. All experiments were replicated three times.
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The regulation of endothelial function by S1P is related to the activation of the PI3K/AKT 
pathway
S1P has been demonstrated to activate the PI3K/AKT pathway, resulting in an upregulation of p-eNOS 
expression14. To further investigate the relevance of this relationship in our studied diseases, HDL samples 
derived from NC, patients with MCD, and FSGS were employed for coculture HRGECs.Our experimental 
results showed a particularly prominent activation of the PI3K/AKT pathway in the FSGS group (Fig. 5a-c and 
Supplementary Fig. S7a).

To further investigate the specific impacts of S1P, rrHDLs containing varying levels of S1P were prepared and 
cocultured with HRGECs. Notably, within exposure to rHDLs containing different concentrations of S1P, we 
observed a marked phosphorylation of PI3K and AKT, which progressively increased with the elevation of S1P 
concentration. Remarkably, this response remained consistent even after extended incubation periods, suggesting 
a durable activation of the associated To further elucidate the role of the PI3K/AKT pathway in mediating the 
effects of S1P, the specific inhibitor of PI3K, LY294002 (Abmole, USA), was utilized. When HRGECs were 
cocultured with LY294002, the stimulatory effects of rHDLs on HRGECs function were attenuated. This finding 
highlight the crucial role of PI3K/AKT activation in the regulation of HRGECs function by S1P (Fig. 5g-i and 
Supplementary Fig. S7c).

Discussion
In current scientific and medical context, electron microscopy is considered the gold standard for diagnosing 
glomerular nephropathies (GN), particularly in identifying the pathological characteristics of FSGS and MCD. 
However, challenges arising in the clarity of extracted tissue samples, which can be attributed to technical 
limitations or damage during processing, may hinder accurate diagnosis. Furthermore, insufficient sampling 
of glomeruli, typically requiring a minimum of 23 glomeruli, can lead to a missed diagnosis of FSGS, thereby 
posing a significant limitation in the diagnostic process15. While several studies have explored the potential value 
of specific biomarkers in differentiating FSGS from MCD, the current research landscape in this domain remains 
relatively nascent2.

Fig. 3.  The levels and synthesis of S1P in FSGS are higher than MCD and NC. (a) S1P levels in HDL of various 
groups were measured by UPLC-MS/MS. (b) The enzymes involved in the synthesis and degradation of S1P 
were detected in renal tissues of different diseases using RT-qPCR. (c,d) The colocalization and expression of 
S1PR1 and CD31 were detected by Multiple immunofluorescence. IF showed that compared with MCD and 
NC patients, the expression of S1PR1 in GECs of FSGS patients was significantly decreased (scale bar: 50 μm). 
Data presented as mean ± SEM, N = 3, with significance levels marked as *P < 0.05, **P < 0.01, ***P < 0.001,ns: 
non-significance. Statistical analysis employed one-way ANOVA. All experiments were replicated three times.
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Favourable HDL function plays a crucial role in safeguarding cardiovascular health and overall well-being 
by facilitating reverse cholesterol transport and exhibiting potent anti-inflammatory, antioxidant, and anti-
thrombotic properties. However, in individuals with nephropathy-associated proteinuria or chronic kidney 
disease (CKD), significant changes in the lipid profile alongside various facets of HDL metabolism, structure, 
and function can occur5. Recent studies on plasma lipidomics in CKD patients have revealed a significant 
association between increased proteinuria and specific changes in the lipid composition of HDL16. Our previous 
studies have investigated the role of HDL in diabetic nephropathy, revealing that HDL from diabetic patients 

Fig. 4.  HDL’s endothelial protection in FSGS relies on S1P/S1PR1 signaling. (a,b) The reconstitution of S1P 
on HDL enhances the endothelial protective function of HDL in a dose-dependent manner. A Western blot 
analysis was conducted to assess the level of p-eNOS and a fluorescent probe was utilized to detect the NO 
levels in HRGECs cocultured with varying concentrations of S1P recombinant on rHDLs (equal to 30 µg/ml 
of HDL) for 6 h. (c,d) Using S1PR1-SiRNA to reduce the expression of S1PR1 in HRGECs, Western blot was 
performed to detect the expression level of p-eNOS, and a NO probe was utilized to measure the intracellular 
NO levels (scale bar: 100 μm). In panels (a-c), N-HDL was used as the basis for S1P enrichment to prepare 
rHDL. The indicated µM concentrations correspond to the final S1P levels in HDL after reconstitution. Data 
presented as mean ± SEM, N = 3, with significance levels marked as *P < 0.05, **P < 0.01, ***P < 0.001. Statistical 
analysis employed one-way ANOVA. All experiments were replicated three times.
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with nephropathy demonstrates a more pronounced decline in its capacity to promote cell migration compared 
to HDL from diabetic individuals without nephropathy. This diminished function is attributed to elevated 
glycosylation levels in the affected HDL17. Currently, there is a lack of studies examining the compositional and 
functional changes of plasma HDL in other specific kidney diseases. Our study indicates that HDL in FSGS has 
the potential to enhance the expression of p-eNOS and NO release in GECs, in contrast to MCD and NC. This 

Fig. 5.  S1P modulates endothelial function via PI3K/AKT pathway activation. (a-c) Western blot analysis of 
p-PI3K, p-AKT relative level in HRGECs cocultured with various groups of HDLs. (c-e) Western blot analysis 
of p-PI3K, p-AKT relative level in HRGECs cocultured with various concentrations of S1P recombinant on 
rHDLs for 6 h. (f-h) Using the specific inhibitor of PI3K, LY294002 (10.0 µmol/L), Western blot analysis was 
conducted to assess the relative levels of p-PI3K and p-AKT in HRGECs cocultured with F-HDL. Various 
groups of HDLs equal to 30 µg/ml. Data presented as mean ± SEM, N = 3, with significance levels marked 
as *P < 0.05, **P < 0.01, ***P < 0.001. Statistical analysis employed one-way ANOVA. All experiments were 
replicated three time.
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finding suggests that compensatory changes in HDL composition in FSGS may promote functional recovery in 
GECs.

In nephrotic syndrome, changes in HDL are not limited to alterations in ApoA-I levels. Studies have shown that 
other components of HDL, such as phospholipids, sphingolipids, and apolipoproteins, also undergo significant 
changes, which may impact HDL’sfunctionality in disease conditions5. These findings suggest that the structural 
and compositional integrity of HDL is critical for its protective roles, and further comprehensive investigations 
into the dynamic changes of HDL components in nephrotic syndrome are warranted. Phospholipids and 
sphingolipids constitute approximately 25 to 30% of the HDL components and play a pivotal role in determining 
the functionality of HDL. They modulate the surface charge and fluidity of HDL, facilitate binding to cellular 
receptors, and directly contribute to the anti-atherogenic properties of HDL18. Recent research has revealed 
significant correlations between elevated levels of albuminuria and increased relative concentrations of specific 
sphingolipids within HDL16. An impaired phospholipid or sphingolipid composition in HDL may contribute 
to HDL dysfunction in patients with diabetes19. Zheng and coworkers have isolated HDL phospholipid 
components from diabetic patients to investigate their effects on vascular endothelial cells11. By adopting a 
similar methodology, we separated HDL fractions from patients with FSGS, MCD, and healthy individuals. Our 
findings suggest the importance of lipid composition in the functional differences of HDL in FSGS and MCD, 
and implicating specific lipid components, such as phospholipids, as critical mediators of HDL’s influence on 
endothelial function in these renal diseases.

Previously, sphingosine-1-phosphate (S1P), a sphingolipid, was primarily regarded as a structural element of 
biological membranes. However, over the past four decades, S1P has emerged as a crucial regulator of various 
cellular functions, encompassing cell growth, differentiation, proliferation, apoptosis, and inflammation20. 
The origins of S1P in blood have been recently identified. While hematopoietic cells, notably erythrocytes 
and platelets, serve as the primary sources of S1P in plasma, vascular endothelial cells are also involved in the 
synthesis and release of S1P16. Upon examining the HDL lipid fraction in FSGS, we observed a significant 
increase in S1P levels, compared to those in MCD cases and healthy individuals. These findings suggest that the 
activation of S1P during the progression of FSGS, potentially implicates the involvement of GECs in this process.

S1P is synthesized by sphingosine kinase 1 and 2 (SphK 1 and 2), after which it is exported into the 
extracellular space21. The degradation of S1P mainly occurs via two primary pathways: in addition to S1P lyase, 
which decomposes S1P into phosphoethanolamine and fatty aldehyde, S1P phosphatases 1 and 2 (SPP1 and 
SPP2) also contribute to its breakdown as members of the type 2 lipid phosphate phosphohydrolase family22. 
To elucidate the differential S1P synthesis in renal tissues of FSGS and MCD, we extracted total RNA from 
both groups and analyzed the expression of SPL, SPHK1/2, and SPP1/2 using RT-qPCR. Our findings revealed 
a significant upregulation of SPHK1/2 and downregulation of SPL and SPP1/2 in FSGS patients compared to 
MCD and NC groups. Endothelial S1PR1 mediates the vascular development, protection, and recovery of the 
kidney23. This research has confirmed that the impaired expression of S1PR1 in GECs of FSGS may stimulate the 
activation of S1P synthesis in the kidney.

Lee et al.12 demonstrated that sphingosine-1-phosphate (S1P) formed by model-rHDL particles selectively 
activates S1P receptor 1 (S1PR1) upon internalization. Notably, rHDL without S1P supplementation did not 
exhibit this effect, indicating that S1P transported within HDL selectively activates S1PR1. Following a similar 
approach, we constructed rHDL and discovered the underlying protective mechanism of FSGS HDL in GECs. 
This suggests that targeting the S1P/S1PR1 pathway may provide potential therapeutic strategies for treating 
FSGS and related kidney diseases. Modulating S1P signaling represents a promising approach to ameliorating 
endothelial dysfunction and promoting renal health in patients with these conditions.

Moreover, the enhanced stability of HDL-bound S1P compared to its albumin-bound form could significantly 
impact the distinct kinetics of receptor activation and signaling cascades. The hydrophobic tail of S1P inserts 
into the phospholipid monolayer of HDL, while its head group interacts with the aqueous phase. Through 
rotational mixing and low-temperature incubation, S1P is uniformly distributed on the HDL surface and stably 
bound12.Notably, HDL-bound S1P acts as a preferential agonist for the endothelial cell receptor S1P1, mitigating 
vascular inflammation. While S1P exerts pleiotropic effects by engaging multiple receptors, the stimulation of 
S1P1 by HDL-bound S1P, subsequently activating the PI3K-AKT pathway, emerges as a pivotal mechanism for 
rejuvenating endothelial cell function24. Our investigation provides new insights into the molecular pathways 
through which S1P exerts protective effects on renal endothelial cells, particularly in the context of FSGS. The 
observed attenuation of GECs function upon inhibition of the PI3K/AKT pathway suggests potential therapeutic 
targets for kidney diseases. Future studies are warranted to further explore the therapeutic implications of 
targeting this pathway in the management of kidney diseases.

This study has several limitations. First, the sample size was relatively small and derived from a single medical 
center, limiting the generalizability of our findings to larger and more diverse populations. Second, our lipidomic 
analysis primarily focused on the quantification and functional validation of S1P in HDL, while other lipid 
components such as LPC, SM, and sphingosine were not comprehensively analyzed. Preliminary non-targeted 
analyses showed no significant differences, which warrants further investigation with larger-scale targeted 
lipidomic studies. Third, our findings are based on in vitro models of HRGECs, which may not fully replicate the 
complex in vivo pathophysiological mechanisms of FSGS and MCD. Finally, while we demonstrated the short-
term effects of S1P on endothelial function, the potential long-term impacts of S1P exposure or therapeutic 
modulation were not addressed in this study.

Conclusion
In summary, this study reveals significant disparities in HDL-linked S1P concentrations among individuals with 
FSGS versus MCD. These findings illuminate the underlying mechanisms of these nephrotic conditions and 
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suggest potential avenues for diagnosis and treatment. Further exploration in this area may lead to innovative 
therapeutic interventions targeting FSGS and related glomerular disorders.

Data availability
All data are available in the main text or supplementary material.
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