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Abstract 

MS is a chronic neuroinflammatory and demyelinating disease of the central nervous 

system (CNS) characterized by immune cell infiltration, astrogliosis and neuronal 

degeneration. The majority of MS patients initially present a relapsing-remitting (RRMS) 

subtype of the disease, where relapses are associated with elevated brain inflammation. 

Generally, RRMS patients usually develop secondary-progressive (SPMS) or start-off 

with primary-progressive form (PPMS), both subtypes characterized by 

neurodegeneration. Since the disease course is highly variable, the development of 

reliable and diagnostic body fluid biomarkers that may predict disease progression or 

the beneficial effect of a therapeutic intervention is highly needed. Recent evidence 

suggests that an altered sphingolipid metabolism and sphingomyelinase function is 

associated with MS pathogenesis. Therefore, in this study we investigated the potential 

use of acid sphingomyelinase (ASM) as a biomarker for MS. We demonstrate that brain 

endothelial cells secrete high levels of ASM under inflammatory conditions. 

Furthermore, we analyzed both activity and levels of this enzyme in serum of RRMS 

(n=8), SPMS (n=10) or PPMS (n=5) patients. We show a potential correlation between 

enhanced serum ASM activity in RRMS patients with relapse occurrence. Importantly, 

the serum levels of this enzyme were reduced in MS patients taking disease-modifying 

treatments (DMTs) as interferon-beta (n=6) when compared to patients not under 

DMTs (n=7). Moreover, ASM levels as well as activity were increased in patients with 

T1-enhancing lesions. These results demonstrate that circulating protein levels of ASM 

as well as its enzyme activity are responsive to treatment, correlate with an increased 

inflammatory status of MS patients and might be an indirect measure of BBB 

breakdown, making it a potential new biomarker in MS. 
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Introduction 

Biomarkers are used in diagnostics and to predict disease course as they usually reflect 

normal biological processes, disease progression or the effect of a therapeutic 

intervention in patients1,2. The discovery of biomarkers is particularly difficult in 

heterogeneous diseases such as multiple sclerosis (MS) where its etiology is currently 

unknown. MS is a chronic inflammatory disease of the central nervous system (CNS) 

characterized by immune cell infiltration into the brain, astrogliosis and neuronal 

degeneration3,4. The majority of the MS patients initially present a relapsing-remitting 

(RRMS) subtype of the disease, where relapses are associated with elevated brain 

inflammation. These focal areas of brain inflammation are usually visualized using 

imaging techniques, where gadolinium-enhancing lesions reveal a dysfunctional blood-

brain barrier (BBB). Usually, a percentage of the RRMS patients converts to secondary-

progressive (SPMS), where neurodegeneration becomes more pronounced. Finally, 

some patients start off with a primary-progressive (PPMS) course, where degeneration 

begins relatively early after onset of disease. Although several biomarkers for MS 

already exist (reviewed in1,2), to date, specific blood-based biomarkers for MS diagnosis, 

disease progression or drug response are still lacking. Importantly, specific biomarkers 

that may indicate which MS subtype the patient suffers from may be important for 

defining better therapies and strategies to cope with the disease prognosis. 

Recent evidence suggests that ceramide, a bioactive lipid, may serve as a potential 

biomarker for disease progression in MS. It was demonstrated that high levels of 

different ceramide species are present in the cerebrospinal fluid (CSF) of MS patients 

which correlated with their Expanded Disability Status Scale (EDSS)5 and which was 

shown detrimental to neuronal function6. Furthermore, immune reactivity against 

ceramide species has been described in sera of MS patients7,8. In the CSF, an altered 

sphingolipid content in MS brain has also been described9. All this evidence suggests a 

deregulated sphingolipid metabolism in MS, which may be due to an altered 

sphingomyelinase function. In fact, we have previously shown deregulated expression of 

enzymes involved in sphingolipid metabolism, in particular sphingomyelinases, in MS 

brain tissue10. This further suggests that sphingomyelinases, which are the enzymes that 

convert sphingomyelin into ceramide, are important players in the pathogenesis of MS. 

Sphingomyelinases have been classified in acid, neutral or alkaline regarding their pH 

optimum for activity. Acid sphingomyelinase (ASM) can be found in lysosomes (L-ASM) 

or be secreted (sASM)11. The secretion and activity of this enzyme has been associated 

with inflammatory processes. It has been shown to be secreted by endothelial cells 

when exposed to inflammatory mediators in vitro (IL-1β, TNFα, IFN-γ)12. Considering 
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this data, we hypothesize that brain endothelial cells, important components of the BBB, 

may also secrete ASM since it is well known that inflammatory processes in MS also 

affect BBB function4. Because good blood-based biomarkers for MS are lacking, the 

objective of this study is to assess the activity and levels of circulating ASM as a potential 

biomarker for multiple sclerosis.  

 

 

Materials and Methods 

Patient selection 

The first set of patients were diagnosed with RRMS (n=8), SPMS (n=10) or PPMS (n=5) 

from the PsyliQ cohort (table 1), which was previously described13. Serum samples were 

collected and stored at -80oC until further use. All patients were being followed for 

several years; therefore all patients were already taking different disease-modifying 

treatments (steroids). Disability was measured using the Expanded Disability Status 

Scale (EDSS)13.  

The second set of patients, from the PRESTO cohort, were part of the six-year follow-up 

of an early inception cohort, in which patients were included at (or closely before) 

diagnosis and subsequently followed annually. These patients had been recently 

diagnosed with MS (table 2). In this set, some patients did not receive any disease-

modifying treatments (DMTs) (n=7) and some were already taking interferon beta 1a 

(Rebif or Avonex) (n=6). Blood sampling was done around relapse date (+/- 14 days).  

The study was approved by the institutional ethics review board and all subjects gave 

written informed consent prior to participation. Administration of intra-venous 

methylprednisolone during relapses was an exclusion criterion. 

 

Cell culture 

The human brain endothelial cell (BEC) line hCMEC/D314 was kindly provided by Dr. P.-

O. Couraud (Institut Cochin, Universite Paris Descartes, Paris, France). BECs were grown 

in EBM-2 medium supplemented with hEGF, hydrocortisone, GA-1000, VEGF, hFGF-B, 

R3-IGF-1, ascorbic acid and 2.5% fetal calf serum (Lonza, Basel, Switzerland)15.  

 

Quantitative PCR 

Messenger RNA was isolated from brain endothelial cells using the TRIzol® method 

(Life Technologies, Bleiswijk, the Netherlands) and cDNA was synthesized with the 

Reverse Transcription System kit (Promega, Leiden, the Netherlands). The following 

primer sequences were used: SMPD1 (sphingomyelin phosphodiesterase 1), gene coding 
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for ASM, forward 5’-gctggagctggaattattaccg-3’, reverse 5’-cggctcagagtctcttcattcat-3’, 

GAPDH forward 5’- ccatgttcgtcatgggtgtg-3’, reverse 5’- ggtgctaagcagttggtggtg-3’. 

Oligonucleotides were synthesized by Invitrogen (Bleiswijk, the Netherlands). 

Quantitative PCR (qPCR) reactions were performed in an ABI7900HT sequence 

detection system using the SYBR Green method (Applied Biosystems, New York, USA). 

Expression levels were normalized to GAPDH expression levels. 

 

ASM activity assay 

Brain endothelial cells were stimulated for 1h with either 10µM imipramine 

hydrochloride (Sigma Aldrich), 1µM vacuolin-1 (sc-216045, Santa Cruz) or 0,1µM 

FTY720-phosphate (B-0721, Echelon) followed by stimulation with 5ng/ml of rhTNFα 

(Peprotec). After 24h of stimulation, supernatants were collected and centrifuged to 

remove cell debris. ASM activity of the supernatants was quantified using the Acid 

Sphingomyelinase Assay Kit (Echelon Biosciences, Salt Lake City, USA) according to 

manufacturer’s instructions supplemented with 0,1mM ZnCl2 and the standard curve 

using recombinant ASM as reference.  

 

ASM ELISA 

To determine ASM concentration in the serum, the Human acid sphingomyelinase (ASM) 

ELISA Kit (CSB-E09361h, Cusabio, Huissen, The Netherlands) was used following 

manufacturer’s instructions.  

 

Statistical analysis 

Results are shown as mean values with standard error of the mean. Statistical analysis 

was performed using GraphPad Prism software (v5.01 GraphPad Software, La Jolla, CA, 

USA) using either unpaired Student t-test or one-way ANOVA followed by posthoc 

Bonferroni correction for the in vitro data or using non-parametric tests when analyzing 

patient data. SPSS was used for regression analysis. All statistical tests are described in 

the figure legends and p-values below p<0.05 were considered significant.  
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Results 

Activity and levels of sASM are increased in the supernatant of inflamed brain 

endothelial cells  

To investigate if ASM is secreted by brain endothelial cells (BECs), we first determined 

the expression levels of ASM in these cells. We observed that under inflammatory 

conditions, represented by stimulation with TNFα, the mRNA levels of ASM significantly 

increased in BECs when compared to control conditions (p<0.001, fig. 1A).  

 

 
Figure 1: Activity and secretion of ASM by brain endothelial cells is increased by inflammation.  (A) 

Brain endothelial cells (BECs) were stimulated with 5ng/ml rhTNFα for 24h and the relative expression 

(RE) of mRNA levels encoding for ASM was measured by qPCR. TNF treatment induced enhanced mRNA 

levels encoding for ASM. Expression values were normalized using GAPDH. (B) BECs were stimulated with 

5ng/ml rhTNFα for 24h after which supernatants were collected and ASM concentration and activity were 

determined. Inflamed BECs show increased secretion of ASM as measured by ELISA and (C) increased 

ASM activity compared to control conditions. Data presented are mean values ± SEM. Statistical analysis 

was carried out using student t-test where *p<0.05, **p<0.01, ***p<0.001. 

 

 

Furthermore, under inflammatory conditions, BECs secrete higher levels of ASM 

compared to resting cells (fig. 1B), which correlated with increased activity of ASM in 

the supernatants of inflamed BECs (p<0.01, fig. 1C).   

To further investigate how the secretion of ASM is regulated, we quantified the secretion 

of ASM by BECs when exposed to a disease-modifying drug currently used in MS, Gilenya 

(FTY720), which has also been shown to target the degradation of ASM in the 

lysosomes16, but no significant inhibitory effects were detected (fig. 2A). Similarly, 

imipramine, an inhibitor of lysosomal ASM (fig. 2B), did not affect the levels of secreted 

ASM by BECs, whereas treatment of cells with a lysosomal fusion inhibitor, vacuolin, 

increased the secretion of ASM (p<0.05, fig. 2C).  
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Figure 2: ASM degrading compounds do not alter ASM secretion by brain endothelial cells. BECs 

were stimulated with 5ng/ml rhTNFa after 1h pre-incubation with (A) 0.1µM of FTY720(P), (B) 10µM of 

imipramine or (C) 1µM of vacuolin or respective vehicle control. ASM activity was measured in 

supernatants after 24h. Data presented are mean values ± SEM. Statistical analysis was carried out using 

student t-test where *p<0.05, **p<0.01, ***p<0.001. 

 

 

ASM activity does not correlate with MS clinical subtypes 

To determine the potential use of circulating ASM as a biomarker for the different MS 

subtypes, we analyzed the activity of the enzyme in the serum of 23 MS patients 

diagnosed with RRMS (n=8), SPMS (n=10) and PPMS (n=5) (table 1). As observed in fig. 

3, no significant differences in ASM activity were detected in the current patient groups.  

 

 

Figure 3: ASM activity in the serum of RRMS, SPMS and 

PPMS patients. ASM activity was measured in the serum of 

MS patients diagnosed with RRMS, SPMS and PPMS (table 

1). The activity values in the different disease forms are not 

significantly different. Data presented are mean values ± 

SEM. Statistical analysis was carried out using Kruskal-

Wallis test. 
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Table 1: Clinical features of RRMS, SPMS and PPMS patients used in the study (PsyliQ cohort). 

 
RR: relapsing remitting; SP: secondary progressive; PP: primary progressive; EDSS: Expanded Disability 

Status Scale 

 

 

ASM activity in RRMS patients correlates with relapse occurrence but not with 

EDSS score 

Although no differences in ASM activity between the three MS subtypes was observed, 

we investigated the potential of sASM to predict relapse occurrence or disability in 

RRMS patients (table 1). We analyzed the correlation of ASM activity with recent relapse 

occurrence and observed that the patients with high ASM activity in the serum 

experienced a recent relapse (fig. 4A and supplementary figure 1). This result suggests 

that a frequent relapse occurrence correlates with high levels of circulating ASM. 

However, ASM activity was not correlated with EDSS score (fig. 4B and supplementary 

figure 2).  
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Figure 4: ASM activity in RRMS patients correlates with relapse occurrence but not with EDSS 

score. ASM activity was measured in the serum of RRMS patients (table 2). (A) ASM activity seems to 

correlate with relapse occurrence, since less frequent relapse was associated with lower ASM activity, 

although not significantly. (B) However, ASM activity does not correlate with EDSS score. Regression 

analysis performed with analysis software SPSS. 
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Disease modifying treatments might reduce the levels of circulating ASM 

To determine the potential effect of disease modifying treatment (DMT), ASM levels and 

ASM activity were measured in the serum of MS patients not receiving any DMT and in 

patients already taking interferon beta 1a (Rebif or Avonex) as a treatment regimen 

(table 2). Importantly, both groups were sampled at the approximate time of relapse 

occurrence. In this scenario, no significant changes in ASM activity were observed in MS 

patients with or without DMT (fig. 5A). However, when we measured the levels of ASM 

in the serum, the MS group not receiving DMT showed a higher ASM concentration 

compared to MS patients under DMT (fig. 5B). These results show for the first time that 

circulating ASM is affected by anti-inflammatory DMTs. 

 

 

Figure 5: ASM concentration is 

decreased in the serum of RRMS 

patients under disease modifying 

treatment. ASM activity and 

concentration were measured in the 

serum of MS patients receiving or not 

disease modifying treatments (DMT) 

(table 2). (A) ASM activity was not 

affected by DMT. (B) However, 

patients receiving DMT show a 

decrease concentration of ASM in the 

serum. Data presented are mean 

values ± SEM. Statistical analysis was 

carried out using Mann-Whitney test.   

 

 

 

ASM activity and levels correlate with positive MRI scans 

To further investigate the predictive value of ASM in disease progression, we 

investigated the correlation between ASM activity and positive MRI scans, which are 

indicative of gadolinium-enhancing lesions as a marker for active inflammation in the 

brain. We observed that the MS patients with T1-enhancing lesions (MRI pos) presented 

higher ASM activity, although not significant (fig. 6A). This effect was more pronounced 

when compared with ASM levels in the serum (fig. 6B). Since positive MRI is defined by 

increased gadolinium leakage in the brain, which in turn reflects BBB disruption17,18, 

increased ASM levels in patients with T1-enhancing lesions in the brain may be an 

indirect measure of BBB breakdown in MS.  
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Figure 6: ASM activity and 

concentration is increased in 

the serum of RRMS patients 

with active lesions. ASM activity 

and concentration were 

measured in the serum of MS 

patients receiving or not disease 

modifying treatments (DMT) 

(table 2). Active disease state is 

represented by the presence of 

T1-enhancing lesions in MRI scan 

(MRI positive), in contrast with 

no active disease, where no 

signal in the MRI was detected 

(MRI negative). (A) ASM activity 

was not affected by disease state. (B) However, patients with active disease processes (MRI pos) 

presented higher concentration of ASM in the serum. Data presented are mean values ± SEM. Statistical 

analysis was carried out using Mann-Whitney test.   

 

 

Table 2: Clinical features of patients from PRESTO cohort receiving or not DMTs and presence of T1-

enhacing lesions in the brain (positive MRI scans).   

 
DMT: disease-modifying treatment; MRI: magnetic resonance imaging 
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Discussion 

Multiple sclerosis is a severe debilitating and neurodegenerative disease affecting young 

adults. Its prognosis is highly variable due to the heterogeneity of the disease, which also 

accounts for the lack of reliable prognostic biomarkers. In the present study, we analyze 

the potential use of sASM as a biomarker for MS and demonstrate that its enhanced 

levels and activity correlate with relapse rate, disease activity and possibly with BBB 

dysfunction in MS. Furthermore, our initial results indicate that reduced ASM levels 

reflect biological efficacy of specific anti-inflammatory DMTs, such as interferon-beta.   

Here we show that BECs are able to secrete ASM under inflammatory conditions. This 

was verified by an activity assay and ELISA, which showed increased secretion and 

activity of sASM in the supernatants of inflamed BECs. These results go in line with other 

studies showing induced secretion of this enzyme by inflamed peripheral endothelial 

cells12. These results are of particular relevance in the case of RRMS patients, since a 

disruption of the BBB is observed in active disease states. This activation of the BBB 

endothelium could therefore lead to an increased secretion of ASM by BECs into the 

blood. Furthermore, we show that ASM secretion by BECs was independent from 

lysosomal ASM, since the activity in the supernatants of BECs treated with compounds 

that affect lysosomal ASM (FTY720 and imipramine) did not show differences compared 

with control conditions. Furthermore, when we used a lysosomal fusion inhibitor 

(vacuolin) the secretion was enhanced possibly due to redirection of ASM to secretory 

vesicles. Therefore, we can conclude that lysosomal ASM has little contribution to the 

secretion of ASM, which is derived from secretory vesicles.  

By analyzing the activity of ASM in the serum of patients with RRMS, SPMS and PPMS, 

we did not observe significant differences between these three subtypes. As the RRMS 

phase is characterized by increased circulating immune cells and inflammation, we 

would expect to see an increase in the activity levels of ASM as a reflection of this high 

inflammatory status in this MS subtype. However, we determined a possible correlation 

between enhanced serum ASM activity and relapse occurrence. Elevated ASM activity in 

the blood might be a result of high inflammatory status in these patients which would 

therefore predict relapse occurrence. The enhanced ASM activity was, however, not 

correlated with high EDSS scores in these patients possibly due to the fact that the 

relapsing-remitting phase is mainly characterized by episodes of acute inflammation 

rather than degeneration, which EDSS mainly reflects, when compared to the more 

progressive phase of the disease. Since we analyzed a heterogeneous population of 

patients, which vary in age, gender and especially in disease duration (table 1) which 

could have biased potential differences between MS subtypes, we then selected another 
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group of patients recently diagnosed with MS which were receiving or not DMT and that 

were sampled around relapse date. When analyzing the activity of ASM in the serum of 

patients taking or not DMTs, we did not observe differences between these two groups. 

However, we observed increased ASM levels in the serum of MS patients not taking 

DMTs, suggesting that it is not the constitutive levels but the levels during relapses that 

are increased in the non-DMT patients. This discrepancy in enzyme activity and its 

concentration levels might be due to changes in enzyme activity stability in the serum 

and also importantly due to the low number of patient samples analyzed. Importantly, 

we observed a decrease of ASM levels in MS patients taking DMT. These results suggest 

that ASM secretion might be responsive to medication. If proven right in larger 

populations and in longitudinal studies, ASM levels could also be used as predictive 

biomarker for drug response and possibly disease progression. Increased levels of ASM 

were also correlated with disease activity, characterized by the presence of T1-

enhancing lesions in the brain. Additionally, ASM might also be a systemic marker for 

barrier disruption, since these T1-enhancing lesions are indicative of a disrupted BBB 

due to enhanced gadolinium accumulation17,18. 

In conclusion, we established a possible correlation between ASM activity and relapse 

occurrence in RRMS patients and an increase in ASM levels in patients without DMT 

during relapses. Future studies in larger and longitudinal cohorts will show if this 

protein and its activity can be an objective tool in the portfolio to monitor treatment 

response during acute inflammatory events. 
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Supplementary Figure 1: Regression analysis. Regression analysis associated with figure 4A using SPSS. 

Last relapse is the dependent variable and ASM activity the independent variable.      
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Supplementary Figure 2: Regression analysis. Regression analysis associated with figure 4B using SPSS. 

EDSS is the dependent variable and ASM activity the independent variable.      
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