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Abstract

:

Globotriaosylsphingosine (LysoGb3) is a biomarker for Fabry disease (OMIM 301500) that contains long-chain bases (LCBs) as a building block. There have been several studies proposing that LysoGb3 forms with distinct LCBs could be putative disease subtype-related biomarkers for this congenital disorder; however, there have been no detailed multiple reaction monitoring-based studies examining the LCB distribution in this lysosphingolipid. To achieve this, we established an assay procedure that aimed at elucidating the LCB-targeted lipidome using liquid chromatography–tandem mass spectrometry. Consistent with previous studies, we found d18:1 to be the major LCB species of the LysoGb3 in pooled human plasma, while some atypical LCBs, such as d18:2, d18:0, t18:1, d16:1, and d17:1, were detected as minor fractions. When the same methodology was applied to fetal bovine serum (FBS) as a positive control, we identified additional unique LCB species, such as t18:0, d20:1, t19:1, and t21:1, in herbivore LysoGb3. Furthermore, we found an elevation of sphingosine and LysoGb3, which are N-deacylated forms of ceramide and Gb3, respectively, in FBS, suggesting that ceramidase activity may be involved in this process. Thus, our LCB-targeted lipidomics data revealed that mammalian LCBs in glycosphingolipids have a greater variety of molecular species than previously expected.
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1. Introduction


Fabry disease (OMIM 301500) is caused by a pathogenic deficiency in α-galactosidase A (GLA, EC 3.2.1.22) enzyme activity linked to an accumulation of globotriaosylceramide [1]. Recent studies have suggested that there are two disease subtypes for Fabry disease. Classic Fabry disease shows angiokeratoma, acroparesthesias, hypohidrosis, and corneal opacity in childhood [2]. In contrast, late-onset Fabry disease shows three disease subtypes with cardiac, renal, and neurological manifestations. The overall prevalence of Fabry disease may vary depending on the frequency of the late-onset form. An earlier study indicated that the prevalence of Fabry disease was reported as 1 in 50,000–100,000 [3]. Subsequently, a newborn screening program in Taiwan reported that approximately 0.03% (1:3000) of the population has the GLA IVS4 + 919 G > A (where IVS stands for intervening sequence) genetic mutation that leads to the cardiac phenotype after four decades of life [4]. Apart from this extreme example, Fabry disease has been considered as a more common lysosomal storage disorder (LSD). In New York State newborn screening, various GLA mutations with potential pathogenicity have been found [5]. For the treatment of Fabry disease, enzyme replacement therapy has been used for more than a decade with satisfactory results [6]. Furthermore, pharmacological chaperon therapy, which increases the half-life of the GLA enzyme with a missense mutation through protein–small molecule interaction, has been commercialized with good outcomes [7]. In these cases, the efficacy of their therapeutic effect is usually assessed by a decrease in globotriaosylsphingosine (LysoGb3) concentration as a biomarker. Usually, individuals with classic Fabry disease exhibit two orders of magnitude higher LysoGb3 concentrations in the plasma than those with healthy control; however, patients with late-onset Fabry disease show one order of magnitude higher LysoGb3 levels [8,9,10]. Generally, GLA enzyme activity and plasma LysoGb3 concentration are inversely correlated, particularly in classic Fabry disease-affected male individuals [11].



A long-chain base (LCB) is an essential component for sphingolipids, which include ceramide, sphingomyelin, and other glycosphingolipids involving LysoGb3. Its biosynthesis stems from the condensation of serine and palmitoyl-CoA catalyzed by serine:palmitoyl-CoA transferase (SPT, EC 2.3.1.50) [12]. Subsequently produced sphinganine (dihydrosphingosine) reacts with ceramide synthase followed by an insertion of a double bond between C4 and C5, leading to ceramide [13]. Thus, the major LCB species biosynthesized in mammals have a sphingosine backbone (d18:1, where d is the number of the hydroxyl group (either di or tri), X is the number of carbons, and 1 is the number of double bonds). During this process, it is also unknown which of several LCB species with different numbers of aliphatic carbons may be generated from the altered substrate specificity of the SPT enzyme, particularly in those of non-mammalian origin. Separately, some minor LCB species with two or more double bonds and/or hydroxyl groups have occasionally been detected in animals, possibly due to LCB-metabolizing enzymes found in both mammalian and non-mammalian species. Thus, based on this evidence, the molecular species of LCBs found in animals have a rather broad spectrum.



Accumulating evidence argues for the benefit of considering the LysoGb3 species found in Fabry patients for diagnosis. Specifically, these biomarkers have been detected using mass spectrometry. Based on the combination of MS1 and MS2 used in multiple reaction monitoring (MRM)-based detection, some studies have identified LysoGb3 with LCBs other than d18:1 [14,15,16,17,18,19,20]. In this study, (a) to examine the accumulation of a variety of LysoGb3 species found in plasma, we first defined the particular LysoGb3 species that we observed; (b) then, to understand better the molecular species of the LCBs that were detectable, we examined the relative quantities of the LysoGb3 of different LCB species through an LCB-targeted lipidomics strategy; (c) next, to ensure whether the elevation of authentic LysoGb3 correlated with the other discovered species of LysoGb3 with different LCBs, we performed a validation study for LysoGb3 quantification; and finally, (d) to compare the alterations in the sphingolipid species using a sphingolipid-targeting lipidomics technique, we compared the levels of Gb3 and LysoGb3 together with ceramide and sphingosine.




2. Materials and Methods


2.1. Materials


LysoGb3 (cat #1520; C36H67NO17, exact mass 785.440904, CAS#126550-86-5), N-glycinated globotriaosylsphingosine (LysoGb3-Gly, cat #1530), and N-C18:0-globotriaosylceramide (C18-Gb3, cat #1520) were purchased from Matreya (Pleasant Gap, PA, USA). N-C17:0-ceramide (C17-ceramide, cat# 22532) and sphingosine (d17:1, cat 10007902) were purchased from Cayman Chemical (Ann Arbor, MI, USA). Sphingosine (S0874) and phytosphingosine (P1765) were purchased from Tokyo Chemical Industries (Tokyo, Japan). Acetonitrile was purchased from Fischer Scientific (Tokyo, Japan). Methanol and ammonium were purchased from Wako Pure Chemicals (Tokyo, Japan). Deionized water was obtained from a Milli-Q water system from Millipore (Milford, MA, USA). Formic acid and phosphoric acid were purchased from Kanto Chemical (Tokyo, Japan). Pooled human plasma was purchased from Kohjin Bio (Tokyo, Japan). FBS was purchased from Nichirei (Tokyo, Japan), Gibco (Tokyo, Japan), and Biowest (Riverside, MO, USA) (Supplementary Table S1). The other reagents used in this study were of the highest grade commercially available.




2.2. Ethical Approval


This study was approved by the Institutional Research Board of the National Center for Child Health and Development, Tokyo, Japan.




2.3. Preparation of the Standard Solution of LysoGb3


To generate a calibration curve for LysoGb3, 0, 0.1, 0.2, 0.5, 1, 10, 50, 100, and 200 nM of methanolic LysoGb3 solutions were prepared by serial dilution. These solutions were stored at –20 °C prior to use.




2.4. Sample Preparation for the LysoGb3 Assay


The LysoGb3 in the human plasma was extracted in accordance with a previous study with a slight modification [11]. In brief, an aliquot of a plasma sample (0.1 mL) in a 1.5 mL microtube was mixed with 2% phosphoric acid (0.5 mL) and methanol (0.5 mL) containing 10 nM LysoGb3-Gly as an internal standard. Each supernatant was transferred to a well in a 96-well plate for MCX solid-phase extraction (OASIS, Waters, Milford, MA, USA, 30 μm, 30 mg), which was equilibrated with methanol (1 mL) and 2% phosphoric acid in water (1 mL). After washing with 2% formic acid in water (1 mL) and 0.2% formic acid in methanol (1 mL), the LysoGb3 and related species were eluted using 2% ammonium in methanol (0.6 mL). The solvent was evaporated using a nitrogen generator (model ANW3-009TMM-PCO, Nihonseiki Co., Ltd., Osaka, Japan) and a 96 well plate temperature controller (model NDG962, Nissin Rika, Tokyo, Japan), and the dried residue was reconstituted with 0.2% formic acid in acetonitrile/water (50/50, 0.1 mL).




2.5. Sample Preparation for the Gb3 and Ceramide Assay


The lipids, including Gb3 and ceramide, in the human plasma and FBS were extracted in accordance with a previous study with a slight modification [21]. In brief, an aliquot of a plasma sample (0.05 mL) in a 1.5-mL microtube was mixed with methanol containing 10 nM C17:0-ceramide (0.2 mL). After centrifugation at 12,000 rpm for 5 min at room temperature, the supernatant was transferred to a polypropylene sample vial (#9-425, GL Sciences, Tokyo, Japan).




2.6. Sample Preparation for the Characterization of the Minor LCBs in Pooled Healthy Human Plasma


Due to lower concentrations of the various LysoGb3 species in the pooled human plasma, we used a larger amount (1 mL) as the starting material. In brief, an aliquot of a plasma sample (1 mL) in a 15 mL polypropylene tube was mixed with 2% phosphoric acid (5 mL) and methanol (5 mL) containing 10 nM LysoGb3-Gly. After centrifugation at 3000 rpm for 5 min at room temperature (Allegra® X-12, Beckman, Indianapolis, IN, USA), the supernatant (approximately 10 mL) was collected. This supernatant was transferred to an in-house made MCX solid-phase extraction column (OASIS, Waters, 30 μm, 300 mg, 6 mL), which was equilibrated with methanol (6 mL) and 2% phosphoric acid in water (6 mL). After washing with 2% formic acid in water (6 mL) and 0.2% formic acid in methanol (6 mL), the LysoGb3 was eluted using 2% ammonium in methanol (6 mL). The solvent was evaporated under a nitrogen stream as described above, and the dried residue was reconstituted with 0.2% formic acid in acetonitrile/water (50/50, 0.2 mL).




2.7. LC–MS/MS Assay for the LCBs of LysoGb3


The extracted LysoGb3 from the plasma was separated on an ACQUITY BEH C18 column (Waters, 2.1 × 50 mm, 1.7 μm, Milford, MA, USA) over 9 min at a flow rate of 0.5 mL/min with gradient elution. Chromatography was performed using binary mobile phases; mobile phase A contained 0.2% formic acid in water/acetonitrile (95/5) and mobile phase B contained 0.2% formic acid in acetonitrile. For the separation of the LysoGb3, the percentage of mobile phase B was programmed as 0% for 0.0–1.0 min, 0–35% for 1.0–3.0 min, 35–50% for 3.0–5.5 min, 90% for 5.51–7.0 min, and 0% for 7.01–9.0 min. An aliquot (5 μL) of the extracted sample was injected onto the LC–MS/MS using a partial needle-fill method. LysoGb3 and its related species were detected on a Xevo TQ-S micro mass spectrometer (Waters) using ESI-positive mode and equipped with an ACQUITY H-class UPLC (Waters). The data were analyzed using the data analysis software MassLynx (V4.1, Waters). For MRM detection, a combination of MS1 for [M + H]+ and MS2 for [LCB – H2O + H]+, [LCB – 2 × H2O + H]+, [LCB – 3 × H2O + H]+, and [LCB – 4 × H2O + H]+ was used. Detailed analytical conditions, including instrumental settings and a list of MRM tables, are described in Supplementary Tables S2–S4.




2.8. LC–MS/MS Assay for the Gb3, Ceramide, and Sphingosine


The extracted Gb3 and ceramide from the plasma were separated on an ACQUITY BEH C18 column (Waters, 2.1 × 50 mm, 1.7 μm) over 9 min at a flow rate of 0.5 mL/min with gradient elution. Chromatography was performed using binary mobile phases; mobile phase A contained 0.2% formic acid in water/acetonitrile (95/5), and mobile phase B contained 0.2% formic acid in acetonitrile. For the separation of Gb3, the percentage of mobile phase B was programmed as follows: 0% for 0.0–1.0 min, 0–35% for 1.0–3.0 min, 35–50% for 3.0–5.5 min, 90% for 5.51–7.0 min, and 0% for 7.01–9.0 min. An aliquot (5 μL) of the extracted sample was injected onto the LC–MS/MS using the partial needle-fill method. The concentrations of Gb3 and ceramide and sphingosine were quantified using C18-Gb3, C17-ceramide, and C17-sphingosine as an internal standard as described above. Detailed analytical conditions are described in Supplementary Tables S5 and S6.




2.9. Statistics


The data were expressed as mean ± standard deviation as indicated. The statistical significance of the differences in the mean values between the two groups was determined by Student’s t-tests. A difference of P < 0.05 was considered as statistically significant. Because a limited number of clinical specimens were examined, a 95% confidence interval was calculated for the plasma LysoGb3 concentrations of the healthy controls.





3. Results


LysoGb3 contains an LCB moiety linked to a globotriaosyl moiety through a Glc(β1-1’)Cer linkage (Figure 1A). LysoGb3 has a C18-LCB with a double bond between C4 and C5 of E geometry (d18:1, Figure 1B). Reported LysoGb3 species include LysoGb3(−2) for d18:2 (4E, 14E), LysoGb3(+2) for d18:0, LysoGb3(−28) for d16:1, LysoGb3(+18) for t18:0 or phytosphingosine, and LysoGb3(+16) for t18:1 or dehydrophytosphingosine.



To explore the biochemical basis for LysoGb3 accumulation in human plasma further, we hypothesized whether any animal-derived material with a similar LCB distribution might be available as a positive control. Based on the preliminary screening results, we found that FBS contains a detectable amount of LysoGb3 similar to that of human plasma. Thus, we first examined the distribution of the LCB species in the LysoGb3 in FBS using a combination of MS1 and MS2 for MRM detection (Supplementary Table S3). In this examination, the profile of an authentic LysoGb3 that contains d18:1, where d, 18, and 1 stand for the number of the double bond (i.e., in this case, dihydroxy), carbon atom (C18), and double bond, respectively, showed the largest peak area derived from [LCB – H2O + H]+ at 30V (Figure 2A top and Figure 2B top, green, closed circle). Consistently, a putative LysoGb3 from the FBS exhibited nearly the same profile (Figure 2B top, blue). The other peaks for the di-hydroxy (dX:Y, X = 16 or 18, Y = 0–2) exhibited a similar profile (data not shown). In sharp contrast, a putative peak with t18:1 showed a substantial peak derived from [LCB – 3H2O + H]+ at 40–50V (Figure 2A bottom and Figure 2B bottom, open circle, blue), which was undetectable in di-hydroxylated LCB species such as d18:1 (Figure 2B top, open circle, blue). Under this assay condition, small amounts of d16:1 (5% of d18:1), d17:1 (5%), d20:1 (5%), t19:1 (20–40% of t18:1), and t21:1 (5–10%) were detected in the FBS (Figure 2C). Consistent with cases for FBS, we similarly found that d18:1 was the predominant LCB within the series of dX:1 in the pooled plasma (Figure 2C dX:1, white bar). Under this assay condition, a small amount of d16:1 (10% of d18:1) and d17:1 (10%) were detected in the pooled human plasma (Figure 2C white). Interestingly, although t18:0 accumulated remarkably in the FBS, this species was undetectable in the pooled human plasma (Figure 2D and Supplementary Figure S1). Essentially, all of the LCBs found in the LysoGb3 from humans were also identified in the FBS (Figure 2E). Furthermore, some putative microbial-derived LCBs, such as t19:1 and t21:1, were also found in the FBS. Finally, we also examined the concentrations of LysoGb3 with atypical LCBs in Fabry patients (Supplementary Figure S2). In fact, we were able to observe an elevation of the relative concentration of LysoGb3(−28), a putative LysoGb3 with d16:1 LCB, in Fabry males.



Then, to quantify the plasma LysoGb3, we ensured that the linear range for the LysoGb3 measurement was 0.2–100 nM under this experimental condition, with LysoGb3-Gly used as an internal standard (Figure 3A). Based on the validation study, we found that the limit of detection and quantification was 0.05 and 0.15 nM, respectively. The intraday coefficient of variance (CV) values of quality control (QC) Low (2.5 nM), QC Middle (17.5 nM), and QC High (79.3 nM) of LysoGb3 in pooled human plasma were 8.1%, 1.3%, and 3.0%, respectively (n = 5) (Table 1). The interday CV values of QC Low, QC Middle, and QC High of LysoGb3 were 9.1%, 8.4%, and 12.4%, respectively (n = 4). Using pooled human as the matrix, we found the recovery of 92.0% for QC Low, 94.9% for QC Middle, and 92.7% for QC High samples. We were able to obtain 49.9 nM of LysoGb3 in methanol and 49.7 nM in pooled human plasma when 50 nM LysoGb3 was added to these matrices, demonstrating that the matrix effect of human pooled plasma was calculated as 0.6% when an MCX-mediated sample preparation has been performed as described in the Materials and Methods section. When we examined the LysoGb3 concentrations in the plasma of the Fabry patients, as reported previously, Fabry males had elevated LysoGb3, whereas healthy males and females had low plasma LysoGb3 (Figure 3B). Overall, the concentrations of LysoGb3 in Fabry males and females (mean ± SD) were 49.3 ± 58.4 nM (n = 4; median = 25.9, min = 9.6, max = 135.6) and 7.5 ± 0.1 nM (n = 2; median = 7.4, min = 7.3, max = 7.5), respectively, whereas in healthy males and females, they were 0.6 ± 0.1 nM (n = 3; median = 0.5, min= 0.5, max = 0.7, 95% confidence interval = 0.41–0.72) and 0.5 ± 0.1 (n = 5; median = 0.5, min = 0.4, max = 0.6, 95% confidence interval = 0.38–0.54) nM, respectively (Figure 3C). LysoGb3 was stable in human plasma at 37 °C for 24 h (Supplementary Figure S3).



When the concentration of LysoGb3 in the FBS was examined, we, by chance, noticed a marked and consistent elevation of LysoGb3 in the FBS (Figure 4A top). To explore further why LysoGb3 accumulated at such a higher concentration in the FBS than in the human plasma, we examined the concentration of Gb3, a putative parent compound of LysoGb3. In contrast to initial expectations, the levels of Gb3, an N-acylated form of LysoGb3, in the FBS were somewhat lower than in the pooled human plasma (Figure 4A bottom). When we measured the LysoGb3 levels in four batches of FBS, all of them exhibited an elevated LysoGb3 concentration (mean ± SD) at 37.0 ± 16.5 nM (n = 4; median = 32.2, min = 23.0, max = 60.8) (Figure 4B top right). Thus, we decided to quantify the associated sphingolipids, such as sphinganine (dihydroxysphingosine), ceramide, and sphingosine together with Gb3 and LysoGb3. As with LysoGb3, we found a markedly higher accumulation of sphingosine, an N-deacylated form of ceramide, in the FBS as compared to the pooled human plasma (Figure 4B center).




4. Discussion


Plasma LysoGb3 is an established biomarker for Fabry disease [11]. Although unaffected individuals show less than 1 nM LysoGb3 in plasma, Fabry males and females show 10–200 nM and 1–10 nM LysoGb3 in plasma, respectively [3,22] Such an elevation of LysoGb3 in individuals with Fabry disease decreases in response to enzyme replacement therapy, demonstrating clearly that the concentration of LysoGb3 correlates with the effectiveness of the therapy. In this study, we explored the putative mechanism of LysoGb3 biosynthesis in animals. Consistent with previous studies, we were able to detect nearly the same levels of LysoGb3 (d18:1, in this case) in the Fabry patients as previously reported (Figure 3). Similarly, the elevation of other LysoGb3 species was detectable in our LCB-targeted lipidomics assay conditions for LysoGb3 (Figure 2 and Supplementary Figure S2). Finally, because the levels of sphingosine, a unique ceramidase-derived N-deacylated form of ceramide, were also elevated in FBS, we thus concluded that ceramidase activity could be linked to the accumulation of lysosphingolipids, such as LysoGb3 and sphingosine, in human plasma and FBS [23]. The reason why FBS contains such high levels of LysoGb3 remains unclear. However, several biomarkers for LSDs are known to show high levels in neonates as compared to adults. For example, in mucopolysaccharidosis, glycosaminoglycans are known to be more highly elevated in neonates than in adults [24]. Some free oligosaccharides, such as glucose tetrasaccharide, are also known to be elevated in neonates with Pompe disease [25].



Previous studies have suggested that there is a substantial pool of ceramide that manages both endogenously produced ceramide and exogenously derived ceramide mainly from dietary intake. The biosynthesis of ceramide is linked to the generation of various LCBs due to the substrate specificity of SPT. In animals, the SPT enzyme reaction involves a condensation of serine and palmitoyl-CoA [12]. In fact, several biochemical studies have established that mammalian SPT favors palmitoyl-CoA as a substrate, while bacterial SPT exhibits more broad specificity [13,26]. Furthermore, LCBs in plants and fungi have a broad spectrum with regard to the number of double bonds, their position, the geometry of the double bond (i.e., Z or E), and the number of the hydroxyl group. More uniquely, fungal sphingolipids contain C9-methylated LCBs, a population of odd-numbered LCBs. In fact, this is consistent with our observation of a small amount of d17:1 in pooled human plasma and relatively large amounts of d17:1, t19:1, and t21:1 in FBS (Figure 2C,E).



The analytical procedure for LysoGb3 in clinical laboratory medicine has been improving in the last decade. Historically, the first assay uses HPLC with fluorometric detection using OPA as the derivatization reagent [11]. In contrast, currently, almost all LysoGb3 assays, including this study, use LC–MS/MS-based technique, due to an improved sensitivity [15]. The variety of assays arises from the choice of an internal standard and an extraction procedure. Most of the clinical laboratories, including our, prefer to use a commercially available internal standard [15]. In contrast, some research groups capable of synthesizing 13C5- and 13C, D3-labeled LysoGb3 are allowed to use such labeled material for an internal standard [27,28]. The other variation of assay relates to the extraction procedure of LysoGb3 from blood plasma. Due to low (i.e., nM) concentration of LysoGb3 in control human plasma, most of the studies choose the use of solid phase extraction rather than simple liquid–liquid extraction. This does not appear to be a prerequisite as far as the matrix effect is eliminated before quantification of the analyte. For example, there is a successful study using a combination of a semi-micro-sized analytical column and a smaller amount of sample [29]. These differences in assay procedure, however, seem to be a rather minor issue for proper measurement of LysoGb3 in clinical chemistry, when assay validation has been performed at each laboratory. In fact, the concentration of LysoGb3 under pathogenic conditions appears unaltered in all these studies [11,15,27,28,29].



In conclusion, we examined the molecular species of LysoGb3 with various LCBs in pooled human plasma and FBS, and we further performed a validation study of the LysoGb3 quantification in human plasma. The pooled human plasma mainly contained d18:1 as the major LCB, while d18:2, d18:0, t18:1, d16:1, and d17:1 were detected as minor LCBs. All four examined batches of FBS contained these species together with t18:0, d20:1, t19:1, and t21:1. Our data also demonstrated an accumulation of sphingosine, as similarly observed in LysoGb3, suggesting that ceramidase activity could play an important role in the fetal bovine [23]. Apart from a biosynthesis mechanism, we do not know the physiological roles of elevated LysoGb3 in FBS. Therefore, further studies are needed to address the mechanism of biosynthesis in these minor species along with their physiological relevance in animals.








Supplementary Materials


The following are available online at https://www.mdpi.com/2297-8739/7/4/57/s1, Figure S1: Chromatograms for LysoGb3(+18) (LCB = t18:0) in FBS of separate lot.; Figure S2: Accumulation of LysoGb3 species in human plasma.; Figure S3: Stability of LysoGb3 in pooled human plasma under various storage conditions at 37 °C. Table S1: Source and origin of country for pooled human plasma and FBS used in this study; Table S2: MS1, MS2, cone energy and collision energy for the quantification of LysoGb3 and its analogues in human plasma using LC-MS/MS; Table S3: MRM table for LysoGb3 species with C14-C26 LCB; Table S4: Instrument parameters for the quantification of LysoGb3 and other compounds in this study using reversed-phase chromatography; Table S5: MRM table for ceramide and Gb3; Table S6: MRM table for sphinganine and sphingosine.





Author Contributions


Conceptualization, M.O. and R.M.; investigation, M.O.; writing—original draft preparation, M.O.; writing—review and editing, R.M.; funding acquisition, T.O. and R.M. All authors have read and agreed to the published version of this manuscript.




Funding


This work was supported by Grants-in-Aid for Scientific Research (C) from the Ministry of Education, Culture, Sports, Science, and Technology of Japan (16K08958; 19K07952) to R.M. and Grants-in-Aid from the Japan Agency for Medical Research and Development to T.O. (15AeK0109050s0302; 20ek0110009h0123).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Desnick, R.J.; Brady, R.; Barranger, J.; Collins, A.J.; Germain, D.P.; Goldman, M.; Grabowski, G.; Packman, S.; Wilcox, W.R. Fabry Disease, an Under-Recognized Multisystemic Disorder: Expert Recommendations for Diagnosis, Management, and Enzyme Replacement Therapy. Ann. Intern. Med. 2003, 138, 338–346. [Google Scholar] [CrossRef] [PubMed]

	



Nowak, A.; Mechtler, T.P.; Desnick, R.J.; Kasper, D.C. Plasma LysoGb3: A useful biomarker for the diagnosis and treatment of Fabry disease heterozygotes. Mol. Genet. Metab. 2017, 120, 57–61. [Google Scholar] [CrossRef] [PubMed]

	



Meikle, P.J.; Hopwood, J.J.; Clague, A.E.; Carey, W.F. Prevalence of Lysosomal Storage Disorders. JAMA 1999, 281, 249–254. [Google Scholar] [CrossRef] [PubMed]

	



Niu, D.-M.; Hsu, T.-R.; Hung, S.-C.; Chang, F.-P.; Yu, W.-C.; Sung, S.-H.; Hsu, C.-L.; Desnick, R.J. AB050. Later onset Fabry disease, cardiac damage progress in silence-experience with a highly prevalent mutation. Ann. Transl. Med. 2017, 5. [Google Scholar] [CrossRef]

	



Wasserstein, M.P.; Caggana, M.; Bailey, S.M.; Desnick, R.J.; Edelmann, L.; Np, L.E.; Holzman, I.; Kelly, N.R.; Kornreich, R.; Kupchik, S.G.; et al. The New York pilot newborn screening program for lysosomal storage diseases: Report of the First 65,000 Infants. Genet. Med. 2018, 21, 631–640. [Google Scholar] [CrossRef]

	



Wilcox, W.R.; Banikazemi, M.; Guffon, N.; Waldek, S.; Lee, P.; Linthorst, G.E.; Desnick, R.J.; Germain, D.P.; for the International Fabry Disease Study Group. Long-Term Safety and Efficacy of Enzyme Replacement Therapyfor Fabry Disease. Am. J. Hum. Genet. 2004, 75, 65–74. [Google Scholar] [CrossRef]

	



Germain, D.P.; Hughes, D.A.; Nicholls, K.; Bichet, D.G.; Giugliani, R.; Wilcox, W.R.; Feliciani, C.; Shankar, S.P.; Ezgu, F.; Amartino, H.; et al. Treatment of Fabry’s Disease with the Pharmacologic Chaperone Migalastat. N. Engl. J. Med. 2016, 375, 545–555. [Google Scholar] [CrossRef]

	



Boutin, M.; Gagnon, R.; Lavoie, P.; Auray-Blais, C. LC–MS/MS analysis of plasma lyso-Gb3 in Fabry disease. Clin. Chim. Acta 2012, 414, 273–280. [Google Scholar] [CrossRef]

	



Smid, B.E.; Van Der Tol, L.; Biegstraaten, M.; Linthorst, G.E.; Hollak, C.E.M.; Poorthuis, B.J.H.M. Plasma globotriaosylsphingosine in relation to phenotypes of Fabry disease. J. Med Genet. 2015, 52, 262–268. [Google Scholar] [CrossRef]

	



Sakuraba, H.; Togawa, T.; Tsukimura, T.; Kato, H. Plasma lyso-Gb3: a biomarker for monitoring fabry patients during enzyme replacement therapy. Clin. Exp. Nephrol. 2017, 22, 843–849. [Google Scholar] [CrossRef]

	



Aerts, J.M.; Groener, J.E.; Kuiper, S.; Donker-Koopman, W.E.; Strijland, A.; Ottenhoff, R.; Van Roomen, C.; Mirzaian, M.; Wijburg, F.A.; Linthorst, G.E.; et al. Elevated globotriaosylsphingosine is a hallmark of Fabry disease. Proc. Natl. Acad. Sci. USA 2008, 105, 2812–2817. [Google Scholar] [CrossRef] [PubMed]

	



Hanada, K. Serine palmitoyltransferase, a key enzyme of sphingolipid metabolism. Biochim. Biophys. Acta 2003, 1632, 16–30. [Google Scholar] [CrossRef]

	



Mashima, R.; Okuyama, T.; Ohira, M. Biosynthesis of long chain base in sphingolipids in animals, plants and fungi. Futur. Sci. OA 2020, 6, FSO434. [Google Scholar] [CrossRef] [PubMed]

	



Lavoie, P.; Boutin, M.; Auray-Blais, C. Multiplex Analysis of Novel Urinary Lyso-Gb3-Related Biomarkers for Fabry Disease by Tandem Mass Spectrometry. Anal. Chem. 2013, 85, 1743–1752. [Google Scholar] [CrossRef]

	



Boutin, M.; Auray-Blais, C. Multiplex Tandem Mass Spectrometry Analysis of Novel Plasma Lyso-Gb3-Related Analogues in Fabry Disease. Anal. Chem. 2014, 86, 3476–3483. [Google Scholar] [CrossRef]

	



Auray-Blais, C.; Lavoie, P.; Boutin, M.; Ntwari, A.; Hsu, T.-R.; Huang, C.-K.; Niu, D.-M. Biomarkers associated with clinical manifestations in Fabry disease patients with a late-onset cardiac variant mutation. Clin. Chim. Acta 2017, 466, 185–193. [Google Scholar] [CrossRef]

	



Auray-Blais, C.; Blais, C.-M.; Ramaswami, U.; Boutin, M.; Germain, D.P.; Dyack, S.; Bodamer, O.; Pintos-Morell, G.; Clarke, J.T.; Bichet, D.G.; et al. Urinary biomarker investigation in children with Fabry disease using tandem mass spectrometry. Clin. Chim. Acta 2015, 438, 195–204. [Google Scholar] [CrossRef]

	



Othman, A.; Saely, C.H.; Muendlein, A.; Vonbank, A.; Drexel, H.; Von Eckardstein, A.; Hornemann, T. Plasma C20-Sphingolipids predict cardiovascular events independently from conventional cardiovascular risk factors in patients undergoing coronary angiography. Atherosclerosis 2015, 240, 216–221. [Google Scholar] [CrossRef]

	



Kitakaze, K.; Mizutani, Y.; Sugiyama, E.; Tasaki, C.; Tsuji, D.; Maita, N.; Hirokawa, T.; Asanuma, D.; Kamiya, M.; Sato, K.; et al. Protease-resistant modified human β-hexosaminidase B ameliorates symptoms in GM2 gangliosidosis model. J. Clin. Investig. 2016, 126, 1691–1703. [Google Scholar] [CrossRef]

	



Othman, A.; Rütti, M.F.; Ernst, D.; Saely, C.H.; Rein, P.; Drexel, H.; Porretta-Serapiglia, C.; Lauria, G.; Bianchi, R.; Von Eckardstein, A.; et al. Plasma deoxysphingolipids: a novel class of biomarkers for the metabolic syndrome? Diabetology 2011, 55, 421–431. [Google Scholar] [CrossRef]

	



Mashima, R.; Yamamoto, Y.; Yoshimura, S. Reduction of phosphatidylcholine hydroperoxide by apolipoprotein A-I: purification of the hydroperoxide-reducing proteins from human blood plasma. J. Lipid Res. 1998, 39, 1133–1140. [Google Scholar]

	



Togawa, T.; Kodama, T.; Suzuki, T.; Sugawara, K.; Tsukimura, T.; Ohashi, T.; Ishige, N.; Suzuki, K.; Kitagawa, T.; Sakuraba, H. Plasma globotriaosylsphingosine as a biomarker of Fabry disease. Mol. Genet. Metab. 2010, 100, 257–261. [Google Scholar] [CrossRef] [PubMed]

	



Ferraz, M.J.; Marques, A.R.A.; Appelman, M.D.; Verhoek, M.; Strijland, A.; Mirzaian, M.; Scheij, S.; Ouairy, C.M.; Lahav, D.; Wisse, P.; et al. Lysosomal glycosphingolipid catabolism by acid ceramidase: formation of glycosphingoid bases during deficiency of glycosidases. FEBS Lett. 2016, 590, 716–725. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Wood, T.; Young, S.P.; Millington, D. A straightforward, quantitative ultra-performance liquid chromatography-tandem mass spectrometric method for heparan sulfate, dermatan sulfate and chondroitin sulfate in urine: An improved clinical screening test for the mucopolysaccharidoses. Mol. Genet. Metab. 2015, 114, 123–128. [Google Scholar] [CrossRef] [PubMed]

	



Huang, R.; Cathey, S.; Pollard, L.M.; Wood, T. UPLC-MS/MS Analysis of Urinary Free Oligosaccharides for Lysosomal Storage Diseases: Diagnosis and Potential Treatment Monitoring. Clin. Chem. 2018, 64, 1772–1779. [Google Scholar] [CrossRef] [PubMed]

	



Ikushiro, H.; Hayashi, H.; Kagamiyama, H. Water-soluble Homodimeric Serine Palmitoyltransferase from Sphingomonas paucimobilis EY2395 T Strain. J. Biol. Chem. 2001, 276, 18249–18256. [Google Scholar] [CrossRef]

	



Gold, H.; Mirzaian, M.; Dekker, N.; Ferraz, M.J.; Lugtenburg, J.; Codee, J.D.C.; Van Der Marel, G.A.; Overkleeft, H.S.; E Linthorst, G.; Groener, J.E.M.; et al. Quantification of Globotriaosylsphingosine in Plasma and Urine of Fabry Patients by Stable Isotope Ultraperformance Liquid Chromatography–Tandem Mass Spectrometry. Clin. Chem. 2013, 59, 547–556. [Google Scholar] [CrossRef]

	



Sueoka, H.; Aoki, M.; Tsukimura, T.; Togawa, T.; Sakuraba, H. Distributions of Globotriaosylceramide Isoforms, and Globotriaosylsphingosine and Its Analogues in an α-Galactosidase A Knockout Mouse, a Model of Fabry Disease. PLoS ONE 2015, 10, e0144958. [Google Scholar] [CrossRef]

	



Ouyang, Y.; Chen, B.; Pan, X.; Wang, Z.; Ren, H.; Xu, Y.; Ni, L.; Yu, X.; Yang, L.; Chen, N. Clinical significance of plasma globotriaosylsphingosine levels in Chinese patients with Fabry disease. Exp. Ther. Med. 2018, 15, 3733–3742. [Google Scholar] [CrossRef]








[image: Separations 07 00057 g001 550] 





Figure 1. Long-chain bases (LCBs) of globotriaosylsphingosine (LysoGb3). (A) Chemical structure of LysoGb3. sphingosine, (2S,3R,4E)-2-aminooctadec-4-ene-1,3-diol, is linked to Gb3 through the Glc(β1-1’)Cer moiety. (B) The chemical structures of LCBs occasionally found in sphingolipids. In most cases, LysoGb3 contains d18:1 for LCB, whereas LysoGb3(−2), LysoGb3(+2), LysoGb3(−28), LysoGb3(+18), and LysoGb3(+16) contain d18:2 (4E, 14E), d18:0, d16:1, t18:0 or phytosphingosine, and t18:1 or dehydrophytosphingosine, respectively. 
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Figure 2. LCB-targeted lipidomics analysis of LysoGb3. (A) A representative fragmentation pattern of LysoGb3 with d18:1 (top) and t18:1 (bottom) as the LCB. (B) Relative peak area of LysoGb3 (LCB = d18:1, top) and LysoGb3(+16) (LCB = t18:1, bottom) across collision energy. MS2 for [LCB – H2O + H]+ (closed circle), [LCB – 2H2O + H]+ (gray circle), [LCB – 3H2O + H]+ (open circle), and [LCB – 4H2O + H]+ (open square) are shown. (C) Relative peak area of LysoGb3 with dX:1, dX:2, dX:0, tX:0, and tX:1. X, number of carbons in LCB; d/t, number of the hydroxyl group (either di or tri); 0–2, number of double bonds in LCB. (D) MRM-based chromatograms for LysoGb3 with t18:0 as the LCB in human plasma (top) and in FBS (bottom). (E) Venn diagram of molecular species detected in pooled human plasma (red) and FBS (blue). 
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Figure 3. Accumulation of LysoGb3 in healthy controls and Fabry patients. (A) Calibration curve for LysoGb3. (B) Chromatograms for LysoGb3 of male controls (upper left), male patients (upper right), female controls (lower left), and female carriers (lower right). (C) The concentration of LysoGb3 in affected males (n = 4, closed circle), control males (n = 3, open circle), carrier females (n = 2, closed circle), and control females (n = 5, open circle). Box indicates 95% confidence interval. 






Figure 3. Accumulation of LysoGb3 in healthy controls and Fabry patients. (A) Calibration curve for LysoGb3. (B) Chromatograms for LysoGb3 of male controls (upper left), male patients (upper right), female controls (lower left), and female carriers (lower right). (C) The concentration of LysoGb3 in affected males (n = 4, closed circle), control males (n = 3, open circle), carrier females (n = 2, closed circle), and control females (n = 5, open circle). Box indicates 95% confidence interval.



[image: Separations 07 00057 g003]







[image: Separations 07 00057 g004 550] 





Figure 4. Accumulation of LysoGb3 and its associating sphingolipids. (A) Chromatograms for LysoGb3 (top), internal standard (IS) (LysoGb3-Gly, center), and Gb3 (bottom) are shown. An arrowhead indicates the position of the migration for LysoGb3, IS, and Gb3. (B) Concentrations of sphinganine, ceramide, Gb3, sphingosine, and LysoGb3. The concentration of ceramide was calculated as the sum of C14–C26 ceramide species, as described in Supplementary Table S5. Data are presented as mean ± SD (n = 3). 
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Table 1. CV values for LysoGb3 assay.
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	QC Samples
	Low
	Middle
	High





	Concentration (mean ± SD, nM)
	2.5 ± 0.2
	17.5 ± 0.2
	79.3 ± 2.4



	Intraday CV (%)
	8.1
	1.3
	3.0



	Interday CV (%)
	9.1
	8.4
	12.4



	Mean recovery (%)
	92.0
	94.9
	92.7
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  separations-07-00057


  
    		
      separations-07-00057
    


  




  





media/file6.jpg
Relate ensty (%)

pris
P

5T33T55750
Retenion e (m)

100

s

%TIIITETEY
Retnton ume (mi)

ey Ot
£ o
5 i
i i
I [f=
Ofiman 1234 Ohiumen 1 234 Qiman 1234
T B R
oo
H Lo
S £
i i
i I
3 3
Oliman 1234 Ohigman
B At





media/file1.png
OH

Globotriaosyl moiety

Long chain base (LCB) moiety

LCB Nomenclature Am/z
NHy
RO S d18:1 0
OH
aNHQ
RO A X d18:2 -2
OH
NH,
RO \/\l/\/\/\/\/\/\/\/ d18:0 +2
OH
NH
el
RO \/\‘/\/\/\/\/\/\/ d16:1 -28
OH
'*NHQ OH
RO \/\//\/\/\/\/\/\/\/ t18:0 +18
OH
&\NHQPH t18:1 +16

7 e

RO
OH






media/file7.png
A

Relative intensity (%)

Pooled human plasma FBS
100 Y
100 LysoGb,
1x10°
50 50
e ) AR 0 JL—‘-—
100
100 IS v
3.5x10*
50 50
O ey D
100; 100;
Y Gb,
45x10°
50 501
\4
01234567889

0123456789

Retention time (min) Retention time (min)

Sphinganine Ceramide
100
% 80
= L
260
o
€ 40
3
c 20
O
0
Human 1 2 3 4 Human 1 2 3 4
Plasma FBS Plasma FBS
Sphi .
1500 phingosine
=
E
§1000
o
g 500
C
O
O

0Human 1234

Plasma FBS

Gb

N

(&)

o
w

nM)
&

—_
o

o

Concentration
g O O
o

q—!uman 1234
Plasma FBS

LysoGb,

(o)}
(=]

N
(=)

Concentration (nM)
NN
()

0-iuman 1234
Plasma FBS






media/file5.png
—
N
o

Measured concentration (nM)

—_

o

o
I

a
o
T

“NWbsEO,

012345

y =1.1086x - 0.7282

R?=0.99738
0 1 1
0 50 100 150
Nominal concentration (nM)
1000
Z 100 .
8 :
e
(o]
% 10 . .o
©
&
g 1
o oo ] Cago
0.1
Male Female

15

-
o

Intensity (-)

Intensity (-)

(&)

N W B~ O

0

0
0123456789

(x10°)
Male control

Y -

Retention time (min)

(x10°)
Female control

Y

0123456

7 8 9
Retention time (min)

Intensity (-)

Intensity (-)

-
O

a0

5
4
3
2

1
0

x108
1510

0
01234567829

Male patient Y

Retention time (min)

(x10°)
Female carrier

Y
J

012345672829
Retention time (min)





media/file3.png
(x107)
= LCB = d18:1 4
x 120 120 5
LCB = d18:1 ¢ 100 % P
© 80 40 1
© 20 ; 0 A4 .
o\/K./\/\/\/\/\/\/\/ o 60 0 -
e 100| [9XZ]
o 40 80 4
£ 2 e 3
[LCB-H,0 +HJ = l ;g >
[LCB - 2H.O +HJ ¥ 00— 0=o—0—0—0 | Y
0 10 20 30 40 50 60 & jpo@X0) 1 I
Collision Energy (V) £ ot 00 TE S TEETE S
< 0 4 .
LCB =t18:1 . LCB = t18'1 § Retention time (min)
£120 100/ ) E
N, O B 100 pos
R o\/\l/\/\/ © 80 40
OH % 60 22
[LCB-H,0+H} o :
[LCB-2H,0+H} o 40 10| (BT
[LCB- 3H,0 + HF 2 60
g 20 40
&) 0 2 2 b
0 10 20 30 40 50 60 C14 C15C16 C17 C18 C19 C20 C21 C22 C23 C24 C25 C26

Collision Energy (V) Carbon number of LCB





media/file4.jpg
jessured concetaton ()

Prasm LysoG, ()

H o010 1ele10)
3 ‘Male control Male patient ¥
ot z <
= 1
© £ £
o o v
o TzIaseTEe G TIII5ETES
-~ Retention time (min). Retention time (min)
ka 10 10
. Female ontrl Ferman cair
- _ .
[ . 27 %
27 £ 2
1 = 4 = v
S0 o o v |
o 0123456789 % 123456789

e feme Retention time (min) Retention time (min)





media/file0.jpg
A
on
5
m&
o o H
Q o "
»c&vgo’é;pm/f(vvvv\/w
i "R

S e T
B
WA AR 8

mM w22
N PR T

e Beescue [y






media/file2.jpg





