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Objective
Sphingosine-1-phosphate (S1P) and ceramide are bioactive sphingolipids that have been associated with some obstructive sleep apnea (OSA) comorbidities like coronary artery disease (CAD), insulin resistance, diabetes mellitus, hypertension, cardiac dysfunction, and ischemic stroke. On the other hand, S1P and ceramide play key roles in maintaining endothelial homeostasis, which is impaired by repetitive hypoxia/reoxygenation and sleep fragmentation characteristic of OSA. Since the exact role of S1P and ceramide in OSA is still poorly explored, the present study aimed to compare the levels of S1P and anti-ceramide antibodies (ceramide-Ab) in OSA patients and controls.
Methods
We recruited 153 subjects (104 patients and 49 controls). The concentrations of anti-ceramide antibodies and S1P were measured using the ELISA technique.
Results
We detected significantly higher levels of anti-ceramide antibodies in the OSA group than in the control group (median 318.0 vs. 247.7 ng/mL, p < 0.0001). By contrast, S1P levels were markedly higher in the controls than in the OSA patients (median 1,006.0 vs. 573.9 ng/mL, p < 0.0001). No correlation was observed between either ceramide-Ab or S1P concentrations and the following variables: OSA severity (AHI), desaturation index (DI), BMI, average SaO2, minimum SaO2, and C-reactive protein (CRP). Additionally, we noted a positive correlation between BMI and AHI (Spearman r = 0.5051, p < 0.0001), as well as between BMI and DI (Spearman r = 0.55, p < 0.0001). Conversely, BMI negatively correlated with mean SaO2 (Spearman r = - 0.58, p < 0.0001) and with minimum SaO2 (Spearman r = - 0.44, p < 0.0001). A middle-strong positive correlation was observed between BMI and serum level of CRP (Spearman r = 0.60, p < 0.0001).
Conclusion
We demonstrated that anti-ceramide antibody levels were significantly increased, whereas S1P levels were decreased in patients with obstructive sleep apnea in comparison to healthy subjects. These results suggest that the balance between ceramide and S1P (known as sphingolipid rheostat) may be dysregulated in the course of OSA. We suggest that ceramide-Ab might become a valuable positive biomarker of the disease with S1P as a negative biomarker.
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1 INTRODUCTION
Obstructive sleep apnea (OSA) is a common sleep disorder characterized by repetitive partial or complete collapse of the upper airway during sleep, resulting in apnea or hypopnea (Kohler and Stradling, 2010). This leads to many consequences, the most important of which are intermittent hypoxia and arousals from sleep causing sleep fragmentation (Lv et al., 2023; Osman et al., 2018). OSA is commonly associated with a wide range of cardiovascular diseases (CVD), including coronary artery disease (CAD), hypertension, heart failure, arrhythmia, stroke, and pulmonary hypertension (Li and Ren, 2022). The main pathomechanisms that contribute to the elevated cardiovascular risk in sleep apnea syndrome include chronic activation of the sympathetic nervous system, oxidative stress, chronic inflammation and endothelial dysfunction (Unnikrishnan et al., 2015; Javaheri et al., 2017; Harańczyk et al., 2022; Peracaula et al., 2022). It has been demonstrated that repetitive hypoxia/reoxygenation cycles and sleep fragmentation impair endothelial function. In particular, in OSA, endothelial nitric oxide production and repair capacity are restricted, whereas oxidative stress and inflammation are intensified (Atkeson et al., 2009).
Sphingolipids are both structural components in the plasma membranes of eukaryotic cells and signaling molecules regulating a variety of biological functions (Sasset and Di Lorenzo, 2022). Proper sphingolipid metabolism is crucial for maintaining endothelial cell homeostasis (Lai et al., 2022). Of all sphingolipids, ceramide and sphingosine-1-phosphate (S1P) in particular are able to differentially regulate cellular functions by modulating opposing signaling pathways. In this context, the mutual, dynamic balance of these two interconnected lipid mediators has been termed the ceramide/S1P rheostat (Piccoli et al., 2023).
Ceramides are a family of bioactive sphingolipids acting as second messengers in cell signaling pathways. They can activate various kinases and transcription factors, leading to the regulation of cell growth, proliferation, differentiation, and apoptosis (Shen et al., 2025). Endothelium (Cantalupo et al., 2020), hepatocytes (Merrill et al., 1995) and adipose tissue (Akawi et al., 2021) are the sources of circulating ceramides. Elevated plasma concentrations of ceramides have been associated with multiple risk factors for coronary artery disease (Poss et al., 2020), obesity (Haus et al., 2009), diabetes mellitus (Fretts et al., 2020), hypertension (Spijkers et al., 2011), as well as cardiac remodeling and dysfunction (Ji et al., 2017). Moreover, circulating ceramides positively correlate with systemic insulin resistance and inflammation (Haus et al., 2009; de Mello VD et al., 2009). Interestingly, ceramide levels are notably higher within atherosclerotic plaques (Schissel et al., 1996), which may contribute to atherosclerosis by promoting the infiltration of low-density lipoproteins (LDLs) into the endothelium and their aggregation within the intima of artery walls (Meeusen et al., 2020).
S1P is a potent lipid mediator that regulates various physiological as well as pathological processes in the vasculature and immune system (Winkler et al., 2015). This important molecule is produced intracellularly from ceramide. Firstly, ceramide is converted to sphingosine by ceramidase, and then sphingosine is phosphorylated into S1P by sphingosine kinase (SphK) 1 or 2 (Kurano and Yatomi, 2018). After extracellular release, S1P exerts pleiotropic effects through binding to specific G protein-coupled receptors S1PR1-5 (Liu et al., 2012). These five receptors are expressed on various cell types from the immune, respiratory, cardiovascular, hepatic, and neurological system (Thuy et al., 2014). Through differential binding to its receptors, S1P regulates many physiological and pathological processes including, blood pressure (Intapad, 2019), vascular endothelial function (Weigel et al. 2023), atherosclerosis (Soltau et al., 2016), coagulation and inflammation (Obinata and Hla, 2012). S1P is detected at high concentrations in plasma where it is bound mainly to high-density-lipoprotein (HDL) via apolipoprotein M (ApoM), or to albumin (Christoffersen et al., 2011). The main sources of S1P in circulation are erythrocytes, platelets, and the endothelium (Kurano and Yatomi, 2018). With regards to endothelium dysfunction (a known complication in OSA), in vitro studies have shown that sphingosine-1-phosphate exerts a protective effect against endothelial cell damage induced by hypoxemia (Yu et al., 2018).
The roles of bioactive sphingolipids, including the most well studied ones - ceramide and S1P, remain poorly understood in the context of obstructive sleep apnea. Until now, only two reports have been published on this subject. In the first, Lebkuchen et al. (2018) in a comprehensive metabolomic analysis, described a modest increase in the concentration of certain ceramides (d18:1/24:4) in OSA male patients. In the second study, Horváth et al., 2023 reported a significantly increased concentration of anti-ceramide antibodies (ceramide-Ab) as well as S1P in OSA patients compared with healthy controls. Considering the abovementioned reports, we sought to investigate whether serum S1P and ceramide-Ab are altered in our well characterized cohort of OSA patients and whether they are associated with OSA severity, specific clinical parameters, and comorbidities such as coronary heart disease, diabetes mellitus and hypertension. Additionally, we intended to explore whether S1P and ceramide-Ab could serve as reliable biomarkers for the diagnosis of OSA and the assessment of disease severity.
2 MATERIALS AND METHODS
2.1 Study design
One hundred and four newly diagnosed OSA patients (77 men and 27 women) and 49 healthy controls (42 men and 7 women) were qualified for the study. All tested participants came from Poland. The median age of the patients was 60.5 (30–80) years and the median apnea/hypopnea index (AHI) was 33.7 (Table 1). In the examined group, the majority consisted of patients with severe OSA (AHI>30/hour) - 60 patients (median AHI 61.2/hour). There were also 28 patients with moderate OSA (AHI 15–30/hour, median AHI 20.7/hour) and 15 patients with mild OSA (AHI 5–15/hour, median AHI 9.9/hour). The following cardiovascular diseases coexisted with OSA: hypertension in 73 patients (70.2%), diabetes in 28 (27%), coronary heart disease in 26 (25%) and 3 had undergone a stroke (2.8%). Moreover, 7 patients had COPD (6.7%). All the patients received standard treatment for comorbidities.
TABLE 1 | Clinical characteristics of all research participants.	Characteristics	Patients
N = 104	Controls
N = 49
	Sex, Male (%)	77 (74)	42 (85.7)
	Median age/min-max	60.5/30–80	42/27–75
	Smoking currently, n (%)	24 (23.1)	34 (69.4)
	Smoking in the past, n (%)	61 (58.7)	42 (85.7)
	Median BMI/min-max	34.2/21.6–60.2	
	Median AHI/min-max	33.7/3.2–107.9	
	Median DI/min-max	36.15/0–144.8	
	Average SaO2	93	
	Minimum SaO2	76	
	Median Glucose/min-max	104/78–316	
	Median CRP/min-max	2.34/0.6–126	
	Ceramide-Ab concentration (ng/mL)/min-max	318/103.8–1,182	247.7/54.16–470.7
	S1P concentration (ng/mL)/min-max	573.9/265.4–1,168	1,006/357–1,429


BMI, body mass index; AHI, apnea-hypopnea index; DI, desaturation index; SaO2, saturation; S1P, sphingosine-1-phoshate.
2.1.1 Polysomnography
All patients underwent a nocturnal polysomnography using the Alice 6 LDe Polysomnographic Sleep System (Philips Respironics). During 8 h of nocturnal sleep, the following parameters were measured: airflow with the use of oronasal thermal sensor and nasal pressure sensor, chest and abdomen movements, body position, snoring, oxygen saturation using a finger clip sensor, and sleep stages. According to the standard criteria of the American Academy of Sleep Medicine (AASM): apnea is defined as a reduction in the peak signal excursion by ≥ 90% of the pre-event baseline for more than 10 s and hypopnea as a reduction in airflow by at least 30% of the pre-event baseline using nasal pressure accompanied by either a ≥3% arterial oxygen desaturation or an arousal (Berry et al., 2012). In all cases manual scoring was carried out after automatic scoring. The following parameters were used in the diagnosis of OSA and the severity assessment: AHI, oxygen desaturation index - ODI, mean arterial oxygen saturation (SaO2) during sleep, and minimum SaO2 at the end of sleep apnea/hypopnea episodes.
The control group consisted of healthy blood donors without any chronic diseases including obstructive sleep apnea. The median age was 42 (27–75) (Table 1).
This study was carried out according to the Declaration of Helsinki and accepted by the Ethics Committee of Wrocław Medical University (No. 217/2024). All cases and controls signed written informed consent to participate in the study.
2.2 ELISA measurements
Six ml of venous blood was collected into BD Vacutainer tubes with a clot activator (Becton Dickinson). After 30 min of clotting at room temperature (RT), the samples were centrifuged (1500 RPM for 10 min in RT), aliquoted, and stored at −70 °C for further analysis. The EH2564 Human S1P (Sphingosine 1 Phosphate) ELISA Kit (FineTest) and MBS3804520 Human Ceramide antibody (ceramide-Ab) ELISA Kit (MyBioSource) were used to determine the serum levels of S1P and ceramide-Ab, respectively. Serum samples were diluted eight-fold for Ab-ceramide and five-fold for S1P. All samples were tested in duplicate and the average values were used in the analysis. The concentration of the sphingolipids was calculated based on standard curves provided with the kits, and results were expressed in ng/mL. Optical density was determined at a wavelength of 450 nm using an Infinite F50 microplate reader (Tecan Trading AG, Switzerland).
2.3 Statistical analysis
The D'Agostino-Pearson K2 normality test was used to determine whether the data deviated from the Gaussian distribution. As the data were not normally distributed, nonparametric Mann-Whitney or Kruskal–Wallis tests were utilized. Data are presented as medians with ranges (minimum and maximum values). Correlations between serum S1P and ceramide-Ab levels with selected clinical parameters including BMI, AHI, DI, average and minimum saturation, glucose concentration and CRP were analyzed using Spearman’s rank correlation test. A bivariate analysis using the Mann-Whitney test was utilized to assess the association between ceramide-Ab or S1P concentrations and the presence of comorbidities such as coronary heart disease, diabetes, and hypertension. Medians for S1P and ceramide-Ab concentrations were compared between subgroups of patients who were positive or negative for a given comorbidity. Due to the limited number of patients with COPD and stroke, such calculations for these conditions were not possible. All of the abovementioned statistical analyses were performed in GraphPad Prism ver. software 5.0 (San Diego, CA, United States). The power of Mann-Whitney tests for statistically significant results was calculated using G*Power software ver.3.1.9.7. Finally, two multiple linear regression models were applied to examine the combined influence of several independent variables: OSA, comorbidities (hypertension, diabetes, CHD, COPD, stroke) as well as age and female sex on the dependent variable - ceramide-Ab (Model 1) or S1P (Model 2) concentrations. Input data for S1P and ceramide-Ab levels were transformed using the Box-Cox transformation to make their distribution more normal. DATAtab (online statistics calculator) was used to create multiple linear regression models. A p value <0.05 was considered significant.
3 RESULTS
3.1 Ceramide antibody and S1P levels
We observed a significantly higher level of anti-ceramide antibodies in the OSA group than in the control group (median 318.0 vs. 247.7, p < 0.0001, Figure 1). The power for this test achieved 98% (effect size d = 0.77, α error = 0.05, sample size for patients = 104 and for controls = 48). Additionally, we observed no correlation between ceramide-Ab concentration and BMI (p = 0.56), AHI (p = 0.43), average SaO2 (p = 0.37), minimum SaO2 (p = 0.85), CRP (p = 0.11) and fasting glucose (p = 0.25). However, a trend towards significance was noted for the DI parameter (p = 0.06).
[image: Scatter plot comparing concentrations of CERAMIDE-Ab and S1P in patients and controls. CERAMIDE-Ab shows higher concentration in patients than in controls with p < 0.0001. S1P has significantly higher concentration in controls compared to patients with p < 0.0001. Red triangles represent patients, and green triangles represent controls. The Y-axis is labeled as concentration in nanograms per milliliter.]FIGURE 1 | Comparison of median concentrations of ceramide-Ab and S1P between OSA patients and controls.The S1P level was significantly higher in controls than in OSA patients (median 1,006.0 vs. 573.9 ng/mL, p < 0.0001, Figure 1). The power for this test achieved 100% (effect size d = 1.41, α error = 0.05, sample size for patients = 104 and 49 for controls). Similar to ceramide-Ab, the concentration of S1P did not correlate with BMI (p = 0.40), AHI (p = 0.78), average SaO2 (p = 0.95), minimum SaO2 (p = 0.56), DI (p = 0.88), CRP (p = 0.97), or fasting glucose (p = 0.15).
Bivariate analysis of subgroups revealed no correlation between ceramide-Ab or S1P levels and the presence of comorbidities, including coronary heart disease (ceramide-Ab, p = 0.59; S1P, p = 0.31), diabetes (ceramide-Ab, p = 0.36; S1P, p = 0.69), and hypertension (ceramide-Ab, p = 0.45; S1P, p = 0.88).
Due to the low number of females in our control group (N = 7), we were not able to precisely determine whether the concentrations of the two studied sphingolipids were associated with sex. Nevertheless, bivariate analysis revealed that ceramide-Ab and S1P concentrations were significantly higher in male patients compared to male controls, as well as in female patients compared to female controls (Figure 2). In summary, the influence of sex on ceramide-Ab and S1P levels was not demonstrated by the analysis in subgroups.
[image: Scatter plot comparing CERAMIDE-Ab and S1P concentrations in male and female patients versus male and female controls. CERAMIDE-Ab in males shows significant difference with p < 0.0001 but in females p = 0.032. For S1P, males have p < 0.0001 but females p = 0.0014. Data is in nanograms per milliliter.]FIGURE 2 | Comparison of median concentrations of ceramide-Ab and S1P between male patients and male controls, as well as between female patients and female controls.Cigarette smoking among patients and controls did not influence the results obtained. Anti-ceramide antibodies concentrations were significantly higher both in smoking patients vs. smoking controls (313.9 vs. 256.2 ng/mL; p = 0.0017) and in non-smoking patients vs. non-smoking controls (319.5 vs. 224.8 ng/mL; p = 0.0025). In the case of S1P, its concentration was also significantly higher both in smoking controls vs. smoking patients (1,031 vs. 541.7 ng/mL; p < 0.0001) and in non-smoking controls vs. non-smoking patients (904 vs. 586.7 ng/mL; p < 0.0001). For the calculations above, both those who had never smoked and those who had smoked previously but were not current smokers were classified as non-smokers.
Two multiple linear regression models were used to estimate the independent correlation of ceramide-Ab (Model 1) and S1P (Model 2) concentrations with several variables: OSA, hypertension, diabetes, CHD, COPD, stroke as well as age and female sex (Table 2, 3). Model 1 and Model 2 were statistically significant (df = 8, F = 3.55, p = 0.001, and df = 8, F = 7.9, p < 0.001, respectively). In both models, the independent variable OSA significantly impacted ceramide-Ab levels (β = 0.41, SE = 0.27, p < 0.001) and S1P levels (β = - 0.54, SE = 0.3, p < 0.001). None of the other tested independent variables had influence on the concentrations of either sphingolipid.
TABLE 2 | Multiple linear regression model performed to examine the influence of the independent variables: OSA, hypertension, diabetes, CHD, COPD, stroke, age and female sex on the dependent variable - ceramide-Ab concentrations.		Unstandardized
Coefficients	Standardized
Coefficients				95% confidence interval for B
	Model	B	Beta	Standard error	t	p	lower bound	upper bound
	Constant	9.18		0.41	22.38	<0.001	8.37	9.99
	OSA	1.05	0.41	0.27	3.88	<0.001	0.51	1.58
	Hypertension	−0.26	−0.11	0.26	−1.02	0.31	−0.78	0.25
	Diabetes	0.43	0.14	0.29	1.48	0.14	−0.14	1.01
	CHD	−0.34	−0.11	0.29	−1.19	0.236	−0.91	0.23
	COPD	0.49	0.09	0.46	1.06	0.291	−0.43	1.41
	Stroke	−0.31	−0.04	0.72	−0.43	0.67	−1.72	1.11
	Age	0	0.01	0.01	0.07	0.944	−0.02	0.02
	Female sex	0.2	0.07	0.23	0.86	0.393	−0.26	0.66


TABLE 3 | A multiple linear regression model performed to examine the influence of the independent variables: OSA, hypertension, diabetes, CHD, COPD, stroke, age and female sex on the dependent variable - S1P concentrations.		Unstandardized
Coefficients	Standardized
Coefficients				95% confidence interval for B
	Model	B	Beta	Standard error	t	p	Lower bound	Upper bound
	Constant	14.73		0.45	32.69	<0.001	13.84	15.62
	OSA	−1.65	−0.54	0.3	−5.56	<0.001	−2.24	−1.07
	Hypertension	0.13	0.05	0.29	0.45	0.65	−0.44	0.7
	Diabetes	−0.09	−0.02	0.32	−0.27	0.788	−0.72	0.55
	CHD	−0.3	−0.08	0.32	−0.94	0.35	−0.93	0.33
	COPD	0.32	0.05	0.51	0.63	0.529	−0.69	1.34
	Stroke	0.39	0.04	0.79	0.49	0.623	−1.18	1.95
	Age	−0	−0.04	0.01	−0.41	0.682	−0.02	0.01
	Female sex	0.14	0.04	0.26	0.54	0.587	−0.37	0.65


3.2 Association between BMI and selected clinical parameters
In our study BMI was significantly correlated with OSA severity (AHI). We observed a middle-strong positive correlation between BMI and AHI (Spearman r = 0.5051, p < 0.0001, Figure 3). A similar correlation was noted between BMI and DI (Spearman r = 0.55, p < 0.0001, Figure 4). On the other hand, we detected a middle-strong but negative correlation between BMI and mean SaO2 (Spearman r = - 0.58, p < 0.0001, Figure 5) and minimum SaO2 (Spearman r = - 0.44, p < 0.0001, Figure 6).
[image: Scatter plot showing the relationship between body mass index (BMI) in kilograms per square meter and apnea-hypopnea index (AHI) in events per hour. Data points indicate a positive correlation, with BMI values ranging from 20 to 60 and AHI values from 0 to 120.]FIGURE 3 | Correlation between OSA severity (AHI) and BMI (Spearman r = 0.50, p < 0.0001); n - number of apneas and hypopneas that occur per hour of sleep.[image: Scatter plot showing the relationship between BMI (kg/m²) and DI (events/h). Data points are scattered, indicating a positive correlation, with BMI values ranging from 20 to 60 and DI values reaching up to 175.]FIGURE 4 | Correlation between desaturation index (DI) and BMI (Spearman r = 0.55, p < 0.0001).[image: Scatter plot showing the relationship between BMI (kg/m²) and mean SaO2 (%). Data points are clustered between BMI values of 20 to 60 kg/m² and SaO2 values of 80% to 100%, with one outlier around 50% SaO2.]FIGURE 5 | Correlation between mean SaO2 and BMI (Spearman r = - 0.58, p < 0.0001).[image: Scatter plot showing the relationship between minimum SaO2 percentage on the x-axis and BMI in kilograms per square meter on the y-axis. Data points are scattered between 20 and 80 on the x-axis and 20 and 80 on the y-axis, indicating a loose correlation.]FIGURE 6 | Correlation between minimum SaO2 and BMI (Spearman r = - 0.44, p < 0.0001).Additionally, a middle-strong positive correlation was also observed between BMI and serum CRP levels (Spearman r = 0.60, p < 0.0001, Figure 7), whereas a weak positive correlation was found with fasting glucose (Spearman r = 0.20, p = 0.04 data not shown).
[image: Scatter plot showing a positive correlation between BMI (kg/m²) and CRP (mg/ml). BMI values range from 20 to 80, and CRP values range from 0 to 40. Data points cluster mostly at lower BMI and CRP values.]FIGURE 7 | Correlation between BMI and CRP (Spearman r = 0.60, p < 0.0001).4 DISCUSSION
The primary aim of this study was to evaluate the concentrations of two key sphingolipids, sphingosine-1-phosphate and ceramide in serum samples collected from OSA patients and healthy individuals. Instead, however, in order to detect ceramide we decided to measure the level of anti-ceramide antibodies. We believe that their levels simply correspond to the levels of ceramides present in the blood (higher levels of ceramide-Ab likely reflect higher levels of ceramide). There are several publications in which the authors evaluated antibodies against ceramides using the ELISA technique in relation to diseases, such as leprosy (Singh et al., 2010), peripheral neuropathies (Sykam et al., 2017), non-small cell like cancer (Bűdi et al., 2025), and finally in OSA (Horváth et al., 2023). To the best of our knowledge, 2 years ago during the time of planning our study, no commercially available ELISA test for ceramide was available. Therefore instead of using an ELISA test, ceramides were often evaluated by more sophisticated and sensitive techniques such as liquid chromatography in connection with mass spectrometry (LC-MS/MS). Unfortunately, we were unable to apply them. Therefore, we decided to use an indirect method of ceramide assessment (by detecting ceramide-Ab) in the form of an ELISA test.
In our study, ceramide-Ab levels were significantly increased in OSA patients compared to controls. A very similar result was reported by Horváth et al. (2023) although they noted a larger difference in antibody concentration between patients and controls (∼4-fold). In this report, it was 1.3-fold. As mentioned in the introduction, elevated levels of specific ceramides (d18:1/24:4) were also reported in male OSA patients in comprehensive lipidomic analysis (Lebkuchen et al., 2018). This indirectly indicates that the level of ceramide-Ab may actually reflect the amount of ceramide in circulation in the case of OSA. As also mentioned in the introduction, increased ceramide levels have been reported in several conditions frequently accompanying obstructive sleep apnea, such as obesity (Haus et al., 2009), coronary artery disease (Poss et al., 2020), insulin resistance (Boon et al., 2013), diabetes (Fretts et al., 2020), hypertension (Spijkers et al., 2011) or heart failure (Ji et al., 2017). Moreover, some studies showed that specific plasma ceramide ratios, including C24:0/C16:0 and C22:0/C16:0, independently correlate with major adverse cardiovascular events in patients with and without coronary artery diseases (Laaksonen et al., 2016).
In parallel, our study showed that OSA patients had significantly reduced S1P levels compared to the healthy control group. In our opinion, the results obtained in this study may indicate dysregulation of the ceramide/S1P rheostat in the course of OSA and a potential reduction in the conversion of ceramide to S1P. Under normal conditions, ceramides are produced acutely via sphingomyelinases (NSmases) in the endothelium and subsequently commonly converted to S1P with the use of ceramidases and sphingosine kinase. Among the ceramide metabolites, S1P is well known to regulate vascular endothelial function by stimulating nitric oxide (NO) production via endothelial nitric oxide synthase (eNOS) (Kerage et al., 2021; SenthilKumar et al., 2024). NO exerts well-documented vasoprotective effects through acute vasodilation, reducing proliferation, migration, thrombosis and inflammation (Su, 2015). However, under chronic pathological conditions when ceramide is produced in excess or endothelial enzymes that metabolize this sphingolipid are impaired, abnormal accumulation of ceramide may occur. Increased cellular levels of ceramide coupled with insufficient conversion to S1P result in the direct activation of protein phosphatase 2A and protein kinase C, of which the former dephosphorylates and inactivates eNOS, while the latter simultaneously phosphorylates and stimulates NADPH oxidase (NOX) to produce reactive oxygen species (ROS) (Zhang et al., 2012; Fox et al., 2007; Cosentino-Gomes et al., 2012; SenthilKumar et al., 2024). Chronically elevated ROS levels result in oxidative stress leading to endothelial dysfunction manifested by increased endothelial permeability, inflammation, and alterations in thrombotic or fibrinolytic mechanisms (Daiber and Chlopicki, 2020). Of note, patients with OSA demonstrate endothelial dysfunction even in the absence of any manifested vascular disease (Ip et al., 2004; Patt et al., 2010).
It is noteworthy that reciprocal changes in plasma ceramide and S1P levels have been observed in patients affected by cardiovascular disease. While S1P is generally reduced in patients affected by CAD (Sattler et al., 2010; Kurano and Yatomi, 2018), those patients affected by familial CAD have higher levels of some ceramide species in plasma compared to healthy controls (Poss et al., 2020). The shift towards ceramides over S1P observed in CAD does not seem surprising, as OSA is one of the strongest risk factors for CAD (Yacoub et al., 2017). Moreover, in CAD, dysfunction and inflammatory activation of the endothelium are pivotal events in the development of atherosclerosis and are associated with an elevated risk of cardiovascular events (Medina-Leyte et al., 2021). There are more examples of disorders connected with OSA in which a dysregulated sphingolipid rheostat may play a role. (i) Lipidomic analysis revealed increased total levels of ceramides alongside very long–chain ceramides in both the myocardium and serum of patients with advanced heart failure (Ji et al., 2017). (ii) A sustained decrease in plasma S1P concentrations in acute myocardial infarction (AMI) patients has been observed. The authors of the study suggested a cardioprotective effect of S1P in AMI, but attributed the most likely reason for S1P reduction to its poor release or increased degradation (Knapp et al., 2013). (iii) S1P levels were significantly lower in patients with pre-diabetes and diabetes mellitus type 2 (T2DM) compared with those without diabetes (Vaisar et al., 2018; Sui et al., 2019). (iv) Patients with ischemic stroke showed lower serum S1P concentrations compared with hemorrhagic stroke patients or healthy controls (Liu et al., 2020).
Despite many reports of the association of both S1P and ceramide with OSA-associated comorbidities, we did not show such a relationship in our study for S1P and ceramide-Ab (as a surrogate for ceramide). This was demonstrated both by bivariate analysis for more frequent comorbidities, such as hypertension, diabetes, and CHD, as well as by using multiple linear regression models that also included COPD and stroke. Increased ceramide-Ab and decreased S1P levels appear to be characteristic of OSA in our patients and not a result of common comorbidities. However, due to the small number of patients with COPD or a history of stroke, the statistical power for these variables may be limited.
Importantly, the results presented in our study regarding S1P are contradictory to the results recently published by Horvath et al. (2023). They noted significantly elevated concentrations of S1P in their OSA patients. The explanation behind this discrepancy is quite puzzling. It may be due to the smaller number of OSA patients (N = 31) and controls (N = 37) recruited by Horvath et al. or a different study design as the authors used a S1P ELISA test from a different manufacturer. Additionally, the medications taken by patients or differences in treatment regimens may play a role. Either way, further studies on representative and well matched cohorts are needed to precisely determine the S1P levels in OSA. Significantly, our study was conducted on larger cohorts (N = 109 and N = 49) and has sufficient power (∼100%) and sample size to detect statistical differences between the tested groups. In addition, our data supports previous reports of lower levels of S1P concentration in patients suffering from comorbidities related to OSA (discussed above).
Interestingly, we observed a trend toward a significant positive correlation between ceramide-Ab levels and the desaturation index. While the correlation is not statistically significant, it suggests the involvement of anti-ceramide antibodies (or ceramide itself) in the pathogenesis of intermittent hypoxia associated with OSA. Moreno et al. (2014) presented a possible explanation for this hypothesis in their publication. They found that ceramide content and ROS production increased in pulmonary arteries (PA) following pulmonary vascular hypoxia. Furthermore, the nSMase inhibitor GW4869 and the anti-ceramide antibody reduced hypoxic pulmonary vasoconstriction (HPV) in chicken PA. The authors concluded that nSMase-derived ceramide could play a critical role in acute oxygen sensing in specialized vascular tissues (Moreno et al., 2014). It is unclear whether the excess anti-ceramide antibodies detected in the serum of OSA patients affect the concentration of active ceramide involved in HPV. Hypothetically, if the antibodies bind to ceramide, they could inhibit pulmonary vasoconstriction induced by intermittent hypoxia. Nevertheless, the question remains as to whether this would constitute a favorable or unfavorable outcome. HPV is an intrinsic homeostatic mechanism of the pulmonary vasculature. In response to alveolar hypoxia, intrapulmonary arteries constrict, diverting blood to better-oxygenated lung segments. This optimizes ventilation/perfusion matching and systemic oxygen delivery (Dunham-Snary et al., 2017). This mechanism, initially protective in nature, becomes detrimental in the chronic setting of OSA, contributing to increased pulmonary artery pressure and vascular remodeling (Balcan et al., 2024). Thus, “switching off” HPV with ceramide antibodies may initially have negative effects, such as disturbing gas exchange in the lungs. However, in the long term, it may prevent pulmonary hypertension and vascular remodeling.
Conversely, anti-ceramide antibodies may block the conversion of ceramide to “protective” S1P, thereby exacerbating the pathological processes in OSA and contributing to endothelial dysfunction (as discussed above). Therefore, we believe it is crucial to investigate this issue in future research.
The literature on the potential physiological role of anti-ceramide antibodies is limited. However, it is known that manufactured ceramide-Abs can bind ceramide and block its functions. For example, Rotolo et al. (2012) demonstrated that ceramide-Ab (2A2) protects against endothelial apoptosis in the small intestinal lamina propria and promotes recovery of crypt stem cell clonogens. This prevented the death of mice from radiation GI syndrome after high radiation doses. Similarly, in a recent publication, Dorweiler et al. (2024) demonstrated that an anti-ceramide antibody is able to reverse the effects of diabetic retinopathy. In this case, ceramide-Ab protects endothelial retinal cells from apoptosis, which is initiated by ceramide induced by TNF-α and IL-1β. Given that elevated levels of ceramide have been well documented in the course of various diseases including cardiovascular, neurodegenerative (Alzheimer’s disease, motor neuron disease), metabolic conditions (obesity, type II diabetes, insulin resistance, impaired glucose tolerance), it is potentially possible to use anti-ceramide antibodies in their diagnosis and treatment (Shen et al. 2025).
Interestingly, in the present study, body mass index was positively correlated with OSA severity (AHI parameter) and with the desaturation index (DI). On the other hand, we detected a negative correlation between BMI and mean SaO2 and minimum SaO2. Very similar correlations between BMI vs. AHI, DI, as well as mean SaO2, were also recently described by Pau et al. (2023) in Italian OSA patients. These results highlight the very important observation that the higher the BMI, the more severe the episodes of obstruction and desaturation and, consequently, the lower the oxygen saturation during sleep. Positive correlation between BMI and AHI was reported also for patients from China (Liu et al., 2021) and Mauritius (Sant Bakshsingh et al., 2024). Additionally, we found a strong positive correlation between BMI and serum CRP level (r = 0.60). Notably, a similar magnitude of positive correlation between these two parameters was noted by Suša et al., 2021 for Serbian patients (r = 0.633), and a slightly weaker correlation was detected by Guilleminault et al. (2004) (r = 0.459) after adjusting for other coefficients. The correlation between BMI and CRP may be due to the fact that adipose tissue secretes a variety of bioactive mediators including adipocytokines such as adiponectin, leptin, resistin, visfatin or classical cytokines such as tumor necrosis factor α (TNFα), interleukin 1 (IL-1), CC-chemokine ligand 2 (CCL2), and interleukin 6 (IL-6) (Tilg and Moschen, 2006). Among these cytokines, IL-6 is the primary factor driving hepatic CRP production. Importantly, almost one-third of the IL-6 concentration in circulation of obese patients originates from adipose tissue (Mohamed-Ali et al., 1997). Moreover, a significant positive association between IL-6 concentration and fat mass (adipose tissue percentage) was also recently found (Suša et al., 2021).
There are a few limitations of the current study: (1) Testing of anti-ceramide antibodies rather than ceramide itself. Although the measurement of anti-ceramide antibodies is valuable and informative in itself, in the next phase of our research we plan to examine ceramide levels by using the LC-MS/MS technique in our study groups and correlate the obtained results with those obtained from ELISA. Given that two reports (ours and Horváth et al., 2023) are consistent with the elevated levels of anti-ceramide antibodies in OSA patients, we suggest that these antibodies may turn out to be a valuable biomarker for the diagnosis of OSA. This is all the more possible given that increased levels of these antibodies in our patients were not related to presence/absence of comorbidities such as CHD, diabetes, or hypertension. (2) Underrepresentation of women in our control group. Currently, we have a male-to-female ratio of about 6:1, whereas it should be around 3:1 (similar to the patient group). OSA is generally estimated to have a male-to-female ratio of between 3:1 and 5:1 in the general population (Wimms et al., 2016), so we should recruit at least seven more women. However, the gender imbalance in our study did not prevent statistical analysis. (3) Lack of assessment of the concentrations of molecules that bind and transport S1P in the bloodstream, i.e., HDL together with apolipoprotein M or albumin, as their variations may affect the levels of S1P detected in serum.
In conclusion, we demonstrated that anti-ceramide antibody levels were elevated, while S1P concentrations were decreased in patients with obstructive sleep apnea compared to subjects without OSA. Patient BMI was positively correlated with OSA severity, desaturation index, and CRP levels, and negatively correlated with mean SaO2 and minimum SaO2. We did not find any association of ceramide-Ab and S1P concentrations with the presence of comorbidities such as hypertension, coronary heart disease, diabetes, COPD, and stroke.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving humans were approved by Ethics Committee of Wroclaw Medical University (No. 217/2024). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
AW: Writing – review and editing, Conceptualization, Software, Writing – original draft, Visualization, Methodology, Formal Analysis. EW: Software, Methodology, Writing – original draft, Conceptualization, Visualization, Formal Analysis, Project administration, Validation, Data curation. ŁL: Data curation, Writing – original draft, Investigation. IN: Supervision, Writing – review and editing. MK: Resources, Writing – original draft, Project administration, Data curation, Funding acquisition, Conceptualization, Writing – review and editing, Investigation, Supervision, Formal Analysis, Methodology.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This study was funded by two Wrocław Medical University research projects: SUBZ.C110.24.074 and SUBZ.A500.25.086.
ACKNOWLEDGMENTS
We are grateful to our patients and controls for their kind consent to provide us with blood and for sharing their clinical data.
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
REFERENCES
	Akawi, N., Checa, A., Antonopoulos, A. S., Akoumianakis, I., Daskalaki, E., Kotanidis, C. P., et al. (2021). Fat-secreted ceramides regulate vascular redox state and influence outcomes in patients with cardiovascular disease. J. Am. Coll. Cardiol. 77 (20), 2494–2513. doi:10.1016/j.jacc.2021.03.314

	Atkeson, A., Yeh, S. Y., Malhotra, A., and Jelic, S. (2009). Endothelial function in obstructive sleep apnea. Prog. Cardiovasc. Dis. 51 (5), 351–362. doi:10.1016/j.pcad.2008.08.002

	Balcan, B., Akdeniz, B., and Peker, Y.The Turcosact Collaborators (2024). Obstructive sleep apnea and pulmonary hypertension: a chicken-and-egg relationship. J. Clin. Med. 13 (10), 2961. doi:10.3390/jcm13102961

	Berry, R. B., Budhiraja, R., Gottlieb, D. J., Gozal, D., Iber, C., Kapur, V. K., et al. (2012). Rules for scoring respiratory events in sleep: update of the 2007 AASM manual for the scoring of Sleep and Associated Events. Deliberations of the Sleep Apnea Definitions task Force of the American Academy of sleep medicine. J. Clin. sleep Med. JCSM: official Publ. Am. Acad. Sleep Med. 8 (5), 597–619. doi:10.5664/jcsm.2172

	Boon, J., Hoy, A. J., Stark, R., Brown, R. D., Meex, R. C., Henstridge, D. C., et al. (2013). Ceramides contained in LDL are elevated in type 2 diabetes and promote inflammation and skeletal muscle insulin resistance. Diabetes 62 (2), 401–410. doi:10.2337/db12-0686

	Bűdi, L., Hammer, D., Varga, R., Müller, V., Tárnoki, Á. D., Tárnoki, D. L., et al. (2025). Anti-ceramide antibody and sphingosine-1-phosphate as potential biomarkers of unresectable non-small cell lung cancer. Pathology Oncol. Res. POR 30, 1611929. doi:10.3389/pore.2024.1611929

	Cantalupo, A., Sasset, L., Gargiulo, A., Rubinelli, L., Del Gaudio, I., Benvenuto, D., et al. (2020). Endothelial Sphingolipid de novo Synthesis Controls Blood Pressure by Regulating Signal Transduction and NO via Ceramide. Hypertension 75 (5), 1279–1288. doi:10.1161/HYPERTENSIONAHA.119.14507

	Christoffersen, C., Obinata, H., Kumaraswamy, S. B., Galvani, S., Ahnström, J., Sevvana, M., et al. (2011). Endothelium-protective sphingosine-1-phosphate provided by HDL-associated apolipoprotein M. Proc. Natl. Acad. Sci. U. S. A. 108 (23), 9613–9618. doi:10.1073/pnas.1103187108

	Cosentino-Gomes, D., Rocco-Machado, N., and Meyer-Fernandes, J. R. (2012). Cell signaling through protein kinase C oxidation and activation. Int. J. Mol. Sci. 13 (9), 10697–10721. doi:10.3390/ijms130910697

	Daiber, A., and Chlopicki, S. (2020). Revisiting pharmacology of oxidative stress and endothelial dysfunction in cardiovascular disease: evidence for redox-based therapies. Free Radic. Biol. Med. 157, 15–37. doi:10.1016/j.freeradbiomed.2020.02.026

	de Mello, V. D., Lankinen, M., Schwab, U., Kolehmainen, M., Lehto, S., Seppänen-Laakso, T., et al. (2009). Link between plasma ceramides, inflammation and insulin resistance: association with serum IL-6 concentration in patients with coronary heart disease. Diabetologia 52 (12), 2612–2615. doi:10.1007/s00125-009-1482-9

	Dorweiler, T. F., Singh, A., Ganju, A., Lydic, T. A., Glazer, L. C., Kolesnick, R. N., et al. (2024). Diabetic retinopathy is a ceramidopathy reversible by anti-ceramide immunotherapy. Cell metab. 36 (7), 1521–1533.e5. doi:10.1016/j.cmet.2024.04.013

	Dunham-Snary, K. J., Wu, D., Sykes, E. A., Thakrar, A., Parlow, L. R. G., Mewburn, J. D., et al. (2017). Hypoxic pulmonary vasoconstriction: from molecular mechanisms to medicine. Chest 151 (1), 181–192. doi:10.1016/j.chest.2016.09.001

	Fox, T. E., Houck, K. L., O'Neill, S. M., Nagarajan, M., Stover, T. C., Pomianowski, P. T., et al. (2007). Ceramide recruits and activates protein kinase C zeta (PKC zeta) within structured membrane microdomains. J. Biol. Chem. 282 (17), 12450–12457. doi:10.1074/jbc.M700082200

	Fretts, A. M., Jensen, P. N., Hoofnagle, A., McKnight, B., Howard, B. V., Umans, J., et al. (2020). Plasma ceramide species are associated with diabetes risk in participants of the strong heart study. J. Nutr. 150 (5), 1214–1222. doi:10.1093/jn/nxz259

	Guilleminault, C., Kirisoglu, C., and Ohayon, M. M. (2004). C-reactive protein and sleep-disordered breathing. Sleep 27 (8), 1507–1511. doi:10.1093/sleep/27.8.1507

	Harańczyk, M., Konieczyńska, M., and Płazak, W. (2022). Endothelial dysfunction in obstructive sleep apnea patients. Sleep Breath. = Schlaf Atmung 26 (1), 231–242. doi:10.1007/s11325-021-02382-4

	Haus, J. M., Kashyap, S. R., Kasumov, T., Zhang, R., Kelly, K. R., Defronzo, R. A., et al. (2009). Plasma ceramides are elevated in obese subjects with type 2 diabetes and correlate with the severity of insulin resistance. Diabetes 58 (2), 337–343. doi:10.2337/db08-1228

	Horváth, P., Büdi, L., Hammer, D., Varga, R., Losonczy, G., Tárnoki, Á. D., et al. (2023). The link between the sphingolipid rheostat and obstructive sleep apnea. Sci. Rep. 13 (1), 7675. doi:10.1038/s41598-023-34717-4

	Intapad, S. (2019). Sphingosine-1-phosphate signaling in blood pressure regulation. Am. J. physiology. Ren. physiology 317 (3), F638–F640. doi:10.1152/ajprenal.00572.2018

	Ip, M. S., Tse, H. F., Lam, B., Tsang, K. W., and Lam, W. K. (2004). Endothelial function in obstructive sleep apnea and response to treatment. Am. J. Respir. Crit. care Med. 169 (3), 348–353. doi:10.1164/rccm.200306-767OC

	Javaheri, S., Barbe, F., Campos-Rodriguez, F., Dempsey, J. A., Khayat, R., Javaheri, S., et al. (2017). Sleep apnea: types, mechanisms, and clinical cardiovascular consequences. J. Am. Coll. Cardiol. 69 (7), 841–858. doi:10.1016/j.jacc.2016.11.069

	Ji, R., Akashi, H., Drosatos, K., Liao, X., Jiang, H., Kennel, P. J., et al. (2017). Increased de novo ceramide synthesis and accumulation in failing myocardium. JCI insight 2 (9), e82922. doi:10.1172/jci.insight.82922

	Kerage, D., Gombos, R. B., Wang, S., Brown, M., and Hemmings, D. G. (2021). Sphingosine 1-phosphate-induced nitric oxide production simultaneously controls endothelial barrier function and vascular tone in resistance arteries. Vasc. Pharmacol. 140, 106874. doi:10.1016/j.vph.2021.106874

	Knapp, M., Lisowska, A., Zabielski, P., Musiał, W., and Baranowski, M. (2013). Sustained decrease in plasma sphingosine-1-phosphate concentration and its accumulation in blood cells in acute myocardial infarction. Prostagl. other lipid Mediat. 106, 53–61. doi:10.1016/j.prostaglandins.2013.10.001

	Kohler, M., and Stradling, J. R. (2010). Mechanisms of vascular damage in obstructive sleep apnea. Nat. Rev. Cardiol. 7 (12), 677–685. doi:10.1038/nrcardio.2010.145

	Kurano, M., and Yatomi, Y. (2018). Sphingosine 1-Phosphate and atherosclerosis. J. Atheroscler. thrombosis 25 (1), 16–26. doi:10.5551/jat.RV17010

	Laaksonen, R., Ekroos, K., Sysi-Aho, M., Hilvo, M., Vihervaara, T., Kauhanen, D., et al. (2016). Plasma ceramides predict cardiovascular death in patients with stable coronary artery disease and acute coronary syndromes beyond LDL-cholesterol. Eur. heart J. 37 (25), 1967–1976. doi:10.1093/eurheartj/ehw148

	Lai, Y., Tian, Y., You, X., Du, J., and Huang, J. (2022). Effects of sphingolipid metabolism disorders on endothelial cells. Lipids health Dis. 21 (1), 101. doi:10.1186/s12944-022-01701-2

	Lebkuchen, A., Carvalho, V. M., Venturini, G., Salgueiro, J. S., Freitas, L. S., Dellavance, A., et al. (2018). Metabolomic and lipidomic profile in men with obstructive sleep apnoea: implications for diagnosis and biomarkers of cardiovascular risk. Sci. Rep. 8 (1), 11270. doi:10.1038/s41598-018-29727-6

	Li, Y. E., and Ren, J. (2022). Association between obstructive sleep apnea and cardiovascular diseases. Acta biochimica biophysica Sinica 54 (7), 882–892. doi:10.3724/abbs.2022084

	Liu, X., Zhang, Q. H., and Yi, G. H. (2012). Regulation of metabolism and transport of sphingosine-1-phosphate in Mammalian cells. Mol. Cell. Biochem. 363 (1-2), 21–33. doi:10.1007/s11010-011-1154-1

	Liu, J., Sugimoto, K., Cao, Y., Mori, M., Guo, L., and Tan, G. (2020). Serum sphingosine 1-Phosphate (S1P): a novel diagnostic biomarker in early acute ischemic stroke. Front. neurology 11, 985. doi:10.3389/fneur.2020.00985

	Liu, Y., Zou, J., Qian, Y., Xu, H., Zhu, H., Meng, L., et al. (2021). The association between obesity indices and obstructive sleep apnea is modified by age in a sex-specific manner. Sleep Breath. = Schlaf Atmung 25 (1), 189–197. doi:10.1007/s11325-020-02083-4

	Lv, R., Liu, X., Zhang, Y., Dong, N., Wang, X., He, Y., et al. (2023). Pathophysiological mechanisms and therapeutic approaches in obstructive sleep apnea syndrome. Signal Transduct. Target. Ther. 8 (1), 218. doi:10.1038/s41392-023-01496-3

	Medina-Leyte, D. J., Zepeda-García, O., Domínguez-Pérez, M., González-Garrido, A., Villarreal-Molina, T., and Jacobo-Albavera, L. (2021). Endothelial dysfunction, inflammation and coronary artery disease: potential biomarkers and promising therapeutical approaches. Int. J. Mol. Sci. 22 (8), 3850. doi:10.3390/ijms22083850

	Meeusen, J. W., Donato, L. J., Kopecky, S. L., Vasile, V. C., Jaffe, A. S., and Laaksonen, R. (2020). Ceramides improve atherosclerotic cardiovascular disease risk assessment beyond standard risk factors. Clin. chimica acta; Int. J. Clin. Chem. 511, 138–142. doi:10.1016/j.cca.2020.10.005

	Merrill, A. H., Lingrell, S., Wang, E., Nikolova-Karakashian, M., Vales, T. R., and Vance, D. E. (1995). Sphingolipid biosynthesis de novo by rat hepatocytes in culture. Ceramide and sphingomyelin are associated with, but not required for, very low density lipoprotein secretion. J. Biol. Chem. 270 (23), 13834–13841. doi:10.1074/jbc.270.23.13834

	Mohamed-Ali, V., Goodrick, S., Rawesh, A., Katz, D. R., Miles, J. M., Yudkin, J. S., et al. (1997). Subcutaneous adipose tissue releases interleukin-6, but not tumor necrosis factor-alpha, in vivo. J. Clin. Endocrinol. metabolism 82 (12), 4196–4200. doi:10.1210/jcem.82.12.4450

	Moreno, L., Moral-Sanz, J., Morales-Cano, D., Barreira, B., Moreno, E., Ferrarini, A., et al. (2014). Ceramide mediates acute oxygen sensing in vascular tissues. Antioxidants redox Signal. 20 (1), 1–14. doi:10.1089/ars.2012.4752

	Obinata, H., and Hla, T. (2012). Sphingosine 1-phosphate in coagulation and inflammation. Seminars Immunopathol. 34 (1), 73–91. doi:10.1007/s00281-011-0287-3

	Osman, A. M., Carter, S. G., Carberry, J. C., and Eckert, D. J. (2018). Obstructive sleep apnea: current perspectives. Nat. Sci. sleep 10, 21–34. doi:10.2147/NSS.S124657

	Patt, B. T., Jarjoura, D., Haddad, D. N., Sen, C. K., Roy, S., Flavahan, N. A., et al. (2010). Endothelial dysfunction in the microcirculation of patients with obstructive sleep apnea. Am. J. Respir. Crit. care Med. 182 (12), 1540–1545. doi:10.1164/rccm.201002-0162OC

	Pau, M. C., Zinellu, A., Mangoni, A. A., Paliogiannis, P., Lacana, M. R., Fois, S. S., et al. (2023). Evaluation of inflammation and oxidative stress markers in patients with Obstructive sleep apnea (OSA). J. Clin. Med. 12 (12), 3935. doi:10.3390/jcm12123935

	Peracaula, M., Torres, D., Poyatos, P., Luque, N., Rojas, E., Obrador, A., et al. (2022). Endothelial dysfunction and cardiovascular risk in obstructive sleep apnea: a review article. Life Basel, Switz. 12 (4), 537. doi:10.3390/life12040537

	Piccoli, M., Cirillo, F., Ghiroldi, A., Rota, P., Coviello, S., Tarantino, A., et al. (2023). Sphingolipids and atherosclerosis: the dual role of ceramide and Sphingosine-1-Phosphate. Antioxidants Basel, Switz. 12 (1), 143. doi:10.3390/antiox12010143

	Poss, A. M., Maschek, J. A., Cox, J. E., Hauner, B. J., Hopkins, P. N., Hunt, S. C., et al. (2020). Machine learning reveals serum sphingolipids as cholesterol-independent biomarkers of coronary artery disease. J. Clin. investigation 130 (3), 1363–1376. doi:10.1172/JCI131838

	Rotolo, J., Stancevic, B., Zhang, J., Hua, G., Fuller, J., Yin, X., et al. (2012). Anti-ceramide antibody prevents the radiation gastrointestinal syndrome in mice. J. Clin. investigation 122 (5), 1786–1790. doi:10.1172/JCI59920

	Sant Bakshsingh, V., Manraj, M., Pillai, D. K., Suhootoorah, F., Boodhun, A. A., and Soreefan, S. B. (2024). Anthropometric indices of obstructive sleep apnea patients in Mauritius. Cureus 16 (10), e72708. doi:10.7759/cureus.72708

	Sasset, L., and Di Lorenzo, A. (2022). Sphingolipid metabolism and signaling in endothelial cell functions. Adv. Exp. Med. Biol. 1372, 87–117. doi:10.1007/978-981-19-0394-6_8

	Sattler, K. J., Elbasan, S., Keul, P., Elter-Schulz, M., Bode, C., Gräler, M. H., et al. (2010). Sphingosine 1-phosphate levels in plasma and HDL are altered in coronary artery disease. Basic Res. Cardiol. 105 (6), 821–832. doi:10.1007/s00395-010-0112-5

	Schissel, S. L., Tweedie-Hardman, J., Rapp, J. H., Graham, G., Williams, K. J., and Tabas, I. (1996). Rabbit aorta and human atherosclerotic lesions hydrolyze the sphingomyelin of retained low-density lipoprotein. Proposed role for arterial-wall sphingomyelinase in subendothelial retention and aggregation of atherogenic lipoproteins. J. Clin. investigation 98 (6), 1455–1464. doi:10.1172/JCI118934

	SenthilKumar, G., Zirgibel, Z., Cohen, K. E., Katunaric, B., Jobe, A. M., Shult, C. G., et al. (2024). Ying and Yang of ceramide in the vascular endothelium. Arteriosclerosis, thrombosis, Vasc. Biol. 44 (8), 1725–1736. doi:10.1161/ATVBAHA.124.321158

	Shen, X., Feng, R., Zhou, R., Zhang, Z., Liu, K., and Wang, S. (2025). Ceramide as a promising tool for diagnosis and treatment of clinical diseases: a review of recent advances. Metabolites 15 (3), 195. doi:10.3390/metabo15030195

	Singh, K., Singh, B., and Ray, P. (2010). Anti-ceramide antibodies in leprosy: marker for nerve damage?J. Infect. Dev. Ctries. 4 (6), 378–381. doi:10.3855/jidc.513

	Soltau, I., Mudersbach, E., Geissen, M., Schwedhelm, E., Winkler, M. S., Geffken, M., et al. (2016). Serum-Sphingosine-1-Phosphate concentrations are inversely associated with atherosclerotic diseases in humans. PloS one 11 (12), e0168302. doi:10.1371/journal.pone.0168302

	Spijkers, L. J., van den Akker, R. F., Janssen, B. J., Debets, J. J., De Mey, J. G., Stroes, E. S., et al. (2011). Hypertension is associated with marked alterations in sphingolipid biology: a potential role for ceramide. PloS one 6 (7), e21817. doi:10.1371/journal.pone.0021817

	Su, J. B. (2015). Vascular endothelial dysfunction and pharmacological treatment. World J. Cardiol. 7 (11), 719–741. doi:10.4330/wjc.v7.i11.719

	Sui, J., He, M., Wang, Y., Zhao, X., He, Y., and Shi, B. (2019). Sphingolipid metabolism in type 2 diabetes and associated cardiovascular complications. Exp. Ther. Med. 18 (5), 3603–3614. doi:10.3892/etm.2019.7981

	Suša, R., Ćupurdija, V., Novković, L., Ratinac, M., Janković, S., Đoković, D., et al. (2021). Does the severity of obstructive sleep apnea have an independent impact on systemic inflammation?Med. Kaunas. Lith. 57 (3), 292. doi:10.3390/medicina57030292

	Sykam, A., Gutlapalli, V. R., Tenali, S. P., Meena, A. K., Chandran, P., Suneetha, S., et al. (2017). Anticeramide antibody and butyrylcholinesterase in peripheral neuropathies. J. Clin. Neurosci. official J. Neurosurg. Soc. Australasia 42, 204–208. doi:10.1016/j.jocn.2017.04.023

	Thuy, A. V., Reimann, C. M., Hemdan, N. Y., and Gräler, M. H. (2014). Sphingosine 1-phosphate in blood: function, metabolism, and fate. Cell. physiology Biochem. Int. J. Exp. Cell. physiology, Biochem. Pharmacol. 34 (1), 158–171. doi:10.1159/000362992

	Tilg, H., and Moschen, A. R. (2006). Adipocytokines: mediators linking adipose tissue, inflammation and immunity. Nat. Rev. Immunol. 6 (10), 772–783. doi:10.1038/nri1937

	Unnikrishnan, D., Jun, J., and Polotsky, V. (2015). Inflammation in sleep apnea: an update. Rev. Endocr. and metabolic Disord. 16 (1), 25–34. doi:10.1007/s11154-014-9304-x

	Vaisar, T., Couzens, E., Hwang, A., Russell, M., Barlow, C. E., DeFina, L. F., et al. (2018). Type 2 diabetes is associated with loss of HDL endothelium protective functions. PloS one 13 (3), e0192616. doi:10.1371/journal.pone.0192616

	Weigel, C., Bellaci, J., and Spiegel, S. (2023). Sphingosine-1-phosphate and its receptors in vascular endothelial and lymphatic barrier function. J. Biol. Chem. 299 (6), 104775. doi:10.1016/j.jbc.2023.104775

	Wimms, A., Woehrle, H., Ketheeswaran, S., Ramanan, D., and Armitstead, J. (2016). Obstructive sleep apnea in women: specific issues and interventions. BioMed Res. Int. 2016, 1764837. doi:10.1155/2016/1764837

	Winkler, M. S., Nierhaus, A., Holzmann, M., Mudersbach, E., Bauer, A., Robbe, L., et al. (2015). Decreased serum concentrations of sphingosine-1-phosphate in sepsis. Crit. care London, Engl. 19, 372. doi:10.1186/s13054-015-1089-0

	Yacoub, M., Youssef, I., Salifu, M. O., and McFarlane, S. I. (2017). Cardiovascular disease risk in obstructive sleep apnea: an update. J. sleep Disord. Ther. 7 (1), 283. doi:10.4172/2167-0277.1000283

	Yu, F. C., Yuan, C. X., Tong, J. Y., Zhang, G. H., Zhou, F. P., and Yang, F. (2018). Protective effect of sphingosine-1-phosphate for chronic intermittent hypoxia-induced endothelial cell injury. Biochem. biophysical Res. Commun. 498 (4), 1016–1021. doi:10.1016/j.bbrc.2018.03.106

	Zhang, Q. J., Holland, W. L., Wilson, L., Tanner, J. M., Kearns, D., Cahoon, J. M., et al. (2012). Ceramide mediates vascular dysfunction in diet-induced obesity by PP2A-mediated dephosphorylation of the eNOS-Akt complex. Diabetes 61 (7), 1848–1859. doi:10.2337/db11-1399


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Wiśniewski, Wiśniewska, Lewandowski, Nowak and Kosacka. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fmolb-12-1644828-g005.jpg
BMI (kg/m?)

70 80 90
mean Sa0, (%)

110





OPS/images/fmolb-12-1644828-g006.jpg
(;w/B3) 1Ing

minimum Sa0, (%)





OPS/images/fmolb-12-1644828-g003.jpg
BMI (kg/m?)

50

AHI (n/h)

100

150





OPS/images/fmolb-12-1644828-g004.jpg
BMI (kg/m?)

50

100
DI (events/h)

150

200





OPS/images/fmolb-12-1644828-g007.jpg
=

o Q =
) N A

(Ju/Bw) 439

BMI (ka/m?)





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Increased serum anti-ceramide antibodies and decreased sphingosine-1-phosphate levels in patients with obstructive sleep apnea syndrome as potential markers of endothelial dysfunction		Objective

		Methods

		Results

		Conclusion

		1 INTRODUCTION

		2 MATERIALS AND METHODS		2.1 Study design		2.1.1 Polysomnography





		2.2 ELISA measurements

		2.3 Statistical analysis





		3 RESULTS		3.1 Ceramide antibody and S1P levels

		3.2 Association between BMI and selected clinical parameters





		4 DISCUSSION

		DATA AVAILABILITY STATEMENT

		ETHICS STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		ACKNOWLEDGMENTS

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		REFERENCES









OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Biosciences

Increased serum anti-ceramide
antibodies and decreased
sphingosine-1-phosphate
levels in patients with
obstructive sleep apnea
syndrome as potential markers
of endothelial dysfunction





OPS/images/fmolb-12-1644828-g001.jpg
Concentration ng/ml

CERAMIDE-Ab

1500
p < 0.0001
mrR
A
1000
A
A
AAAA
5004 Aaaaart
AL A L4 444
AAAAAA g2k,
IYYY & AL ,AA
A A AA
Aaad AAAAA‘A:AAA
A A
AA

patients control

p < 0.0001
|
A
AAAA
A
A
A‘ AAAA:A
A Asaa R
A W .
aA
AAa AL :A A
AAAAAA AA:‘
A A
At ALl
As A A
ﬁAAA:A AA
A A iA
?A‘AMTAFAiA A, AA .
AAAAAAA‘AAA
A aby ‘t
ry A:A A
A

patients

control





OPS/images/fmolb-12-1644828-g002.jpg
Concentration ng/ml

CERAMIDE-Ab

1500
p < 0.0001
[ ——
A
1000
A
A
A A
5009 adsa
AAAA A A
A
A

p < 0.0001
| —— |
A
AM
A, A
A s,
A ahs A
Aaa .‘.:L
MAM A
A
PO S
dalt Ak
Yy
A‘:‘A‘ AA
A
"
ihd

A

S1P
p = 0.0014
| ——
° ®e
———
[ ] ..
3
0q0
-'-.—. [
o®8
o0
[ ]
..z

MALE FEMALE MALE FEMALE

patients

control

patients

control

patients

control

patients

control









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





