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Lipidomics Analysis of Behavioral Variant Frontotemporal Dementia: A Scope for Biomarker Development
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Behavioral variant frontotemporal dementia (bvFTD) is the most prevalent form of FTD syndromes. bvFTD is characterized clinically by changes in behavior and cognition and pathologically by focal brain atrophy and concomitant loss of lipids. bvFTD is further characterized by eating abnormalities that result in dyslipidemia. Although dyslipidemia is apparent in bvFTD, very little is known about global lipid changes in bvFTD and lipid dysregulation underlying bvFTD. Here, we undertook a comprehensive lipidomics analysis of blood plasma from patients with bvFTD, patients with Alzheimer’s disease (AD) and controls, using liquid chromatography-tandem mass spectrometry, with the aim of understanding lipid dysregulation in bvFTD. In our analysis, we detected all four major classes of lipids (glycerolipids, phospholipids, sphingolipids, sterols), 17 subclasses of lipids, and 3,225 putative individual lipid species in total, as well as a group of dietary lipids. We found that the levels of numerous lipid species were significantly altered in bvFTD compared to AD and control. We found that the total abundance of triglyceride (TG) increased significantly in bvFTD, whereas phosphatidylserine and phosphatidylglycerol decreased significantly in bvFTD. These results suggest manifestation of hypertriglyceridemia and hypoalphalipoproteinemia in bvFTD. We also identified five lipid molecules—TG (16:0/16:0/16:0), diglyceride (18:1/22:0), phosphatidylcholine (32:0), phosphatidylserine (41:5), and sphingomyelin (36:4)—that could potentially be used for developing biomarkers for bvFTD. Furthermore, an analysis of plant lipids revealed significant decreases in monogalactosyldiacylglycerol and sitosteryl ester in bvFTD, indicating altered eating behavior in bvFTD. This study represents the first lipidomics analysis of bvFTD and has provided new insights into an unrecognized perturbed pathology in bvFTD, providing evidence in support of considerable lipid dysregulation in bvFTD.
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INTRODUCTION

Frontotemporal dementia syndromes are a common cause of early onset (<65 years of age) dementia (1). These syndromes are characterized by dramatic changes in personality, language, behavior, and social conduct. The most prevalent syndrome is behavioral variant frontotemporal dementia (bvFTD) (2); less prevalent are a number of primary progressive aphasias (3). bvFTD patients are commonly misdiagnosed as Alzheimer’s disease (AD) because of overlap in clinical presentations, although the regions of the brain affected and the types of underlying cellular pathologies differ in the two disorders. Recent advances in the genetics of frontotemporal dementia syndromes have identified aberration in three key genes, C9ORF72 (4, 5), progranulin (6), and tau (7). A genetic biomarker for the C9ORF72 gene expansion has been developed, and genetic screening of bvFTD for this expansion is now commonly performed at an early stage of diagnosis. Increasing effort is being made to develop blood biomarkers based on gene products of progranulin and tau with the aim of differentiating the underlying brain proteinopathies in bvFTD, as well as for target validation in clinical trials (8, 9).

One aspect of the neuropathology of bvFTD that has not been exploited in the development of selective biomarkers are the changes in lipids. In contrast to AD, there is considerable early loss of significant amounts of brain tissue in all frontotemporal dementia syndromes with concomitant loss of lipids (10–13). Lipids are a major constituent of brain tissue, making up 39.6% of gray matter and 64.6% of white matter (14). Another aspect of the neuropathology of bvFTD that contributes toward altered lipid status is the behavioral changes that impact on diet and eating behaviors. Key features of bvFTD are excessive or binge eating, increased consumption of sweet foods (sugar) and alcohol, and increased body mass index (BMI) (15–17). In a recent study, blood lipid analyses showed increased levels of triglyceride (TG) and decreased levels of HDL-cholesterol in a cohort of bvFTD compared to controls, indicative of lipid metabolic abnormality (18). Apart from total TG and total cholesterol, no other lipids have been measured in these syndromes; no individual lipid species have been measured.

Here, we undertook a comprehensive analysis of global plasma lipid levels in bvFTD compared with AD and controls using untargeted lipidomics technology. Lipidomics, based on HPLC and mass spectrometry, allows detection and quantification of individual molecular species of a broad range of lipids. It has been extensively used in biomedical research and has provided invaluable data in understanding the pathogenesis of a number of diseases. Lipidomics has also provided the scope for use in disease classification and biomarker development. Thus far, no lipidomics analysis has been reported for bvFTD. The primary aim of our study was to generate profiles of lipids present in blood plasma from patients with bvFTD and to determine any changes compared to patients with AD and controls without neurological or psychiatric disorders. The secondary aim was to identify individual lipid species that could be used in follow-up studies to develop potential biomarkers to objectively distinguish bvFTD patients from AD patients and controls.

MATERIALS AND METHODS

Chemicals and Materials

Lipids were extracted using chloroform, methanol, and isopropanol (Sigma Aldrich, St. Louis, MO, USA) and ultrapure water (Millipore). All solvents used were HPLC grade or higher. Glass pipettes and tubes were used wherever possible, and the use of plasticware was minimized during lipid extraction to avoid contamination of samples. Glass tubes and glass transfer pipettes were purchased from Sigma and vWR. Lipid internal standards (ISTDs) were purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). These include phosphatidylcholine (PC, 19:0), sphingomyelin (SM, 12:0), phosphatidylethanolamine (PE, 17:0), phosphatidylglycerol (PG, 17:0), phosphatidylserine (PS, 17:0), phosphatidic acid (PA, 17:0), ceramide (Cer, d18:1, 12:0), diglyceride (DG, 1,3 18:0 d5), cholesteryl ester (ChE, 19:0), monoglyceride (MG, 17:0), TG mix d5 (Avanti Code LM-6000), DG mix d5 (Avanti Code LM-6001), phosphatidylinositol (PI, 17:0 14:1), C12 GluCer, C12 sulfatide, C17 Cer, C17 sphingosine (So), C17 S1P, C12 C1P, D3 C20 fatty acid, and C12 LacCer. Lipid ISTDs were prepared as a mixture at 10 pmol/μl in methyl-tert butyl ether and methanol (MTBE:methanol, 1:1 v/v).

Patient Blood Collection

Patients with bvFTD (M/F, 11/5), patients with AD (M/F, 8/6) and healthy controls (M/F, 8/14) were included in the study. The mean age of these three groups were 65.0 ± 6.5, 70.9 ± 5.7, and 73.7 ± 5.4 years, respectively. They were recruited from FRONTIER, the frontotemporal dementia clinical research group at Neuroscience Research Australia, Sydney. All patients underwent a comprehensive neurologic and cognitive assessment and their clinical status established as previously described (18), and they met their respective current clinical diagnostic criteria (16, 19). The controls were recruited from a panel of healthy study volunteers (18) and had no neurological (i.e., no evidence of cognitive impairment) or psychiatric disorders or family histories of such disorders. Fasted blood was collected, and plasma was prepared by centrifugation at 3,500 rpm for 10 min at 4°C, which was then aliquoted and stored at −80°C until use. This study was approved by the University of New South Wales human ethics committee (approval number: HC12573), and the blood was obtained following written informed consent from the participant and/or primary carer.

Lipid Extraction

Plasma was thawed on ice prior to extraction. An aliquot of 80 μl of plasma was mixed with 10 μl of the internal standard in a glass tube. Lipid extraction was based on the method by Bligh and Dyer (20). Briefly, methanol (600 μl), chloroform (1,000 μl), and ultrapure water (500 μl) were added sequentially and vortexed each time. Samples were then centrifuged at 3,000 rpm for 25 min at room temperature. The lower (solvent) phase was collected and transferred into a new glass tube using a glass Pasteur pipette. Chloroform (600 μl) was added, vortexed, and centrifuged at 3,000 rpm for 25 min. The lower phase was collected and transferred into a new glass tube and dried under nitrogen gas. The dried lipid samples were reconstituted in 100 μl of isopropanol/methanol (1:1).

LC-MS/MS Protocol

Lipid extract (10 μl) was analyzed using a Q-Exactive Plus Mass Spectrometer coupled to a U3000 UPLC system (ThermoFisher Scientific). Chromatography was performed at 60°C on a Waters CSH C18 UHPLC column 2.1 × 100 mm, 1.8 μM with VanGuard guard column.

Solvent A was 6:4 acetonitrile:water and Solvent B was 1:9 acetonitrile:isopropanol, both with 10 mM ammonium formate and 0.1% formic acid. Lipids were chromatographed according to the method of Castro-Perez et al (21). Briefly, a 30-min gradient running from 30 to 100% of solvent B was performed, eluting lipids in order of hydrophobicity. Column eluate was directed into the electrospray ionization (ESI) source of the mass spectrometer where a HESI probe was employed. Source parameters were broadly optimized on a range of lipid standards prior to the analysis. The mass spectrometer was run in data-dependent acquisition mode. A survey scan over the mass range 200–1,200 at resolution 70 K was followed by 10 data dependent MS/MS scans on the most intense ions in the survey at 15 K resolution. Dynamic exclusion was used to improve the number of ions targeted. Cycle time was approximately 1 s. Samples were run in both positive and negative polarities. The samples were run in a random order (generated using Microsoft Excel). This is important to avoid batch effects/changing instrument performance effects. Data were analyzed in LipidSearch software 4.1.16. Data were searched against the standard Lipidsearch database with all common mammalian lipid classes included. The search results were then grouped according to sample type and aligned for differential analysis. Aligned data (containing lipid identity, retention time, peak area, etc.) were exported to Excel software. Relative abundance of lipids was obtained from peak areas normalized to ISTDs. Individual species that were significantly altered in bvFTD and AD compared to control were presented as fold changes on linear scale. Fold changes were calculated by dividing disease abundance by control abundance and then subtracting by 1; zero, therefore, represents no change. Increased species are represented by red symbols above the zero line (e.g., 0.5 = 50% increase) and decreased species are represented by blue symbols below the zero line (e.g., −0.5 = 50% decrease).

Statistics

Statistical analyses were performed using SPSS Statistics software (IBM, Chicago, IL, USA). Multivariate analyses (general linear model) covarying for age and gender were used to determine differences in lipid levels in the control, bvFTD, and AD clinical groups with post hoc statistical significance set at p < 0.05. Pearson correlations were used to determine if changes in the level of a lipid were associated with all other lipids with statistical significance set at p < 0.05.

RESULTS

A Global Analysis of bvFTD Plasma Lipids

Behavioral variant frontotemporal dementia is characterized by brain atrophy and concomitant loss of lipids. bvFTD is further characterized by eating abnormalities and changes to BMI and metabolism. However, very little is known about changes in the level and distribution of blood lipids in bvFTD. Here, we undertook a comprehensive lipidomics analysis of blood plasma from patients with bvFTD, AD, and controls without dementia with the potential aim of developing lipid biomarkers for bvFTD. We measured all major classes of lipids using liquid chromatography-tandem mass spectrometry. The total relative abundance (normalized to ISTDs) of each lipid class in each cohort is shown in Table 1. Changes to lipid levels in bvFTD and AD were analyzed using a single statistical approach—multivariate tests covarying for age and gender, and each lipid class is described in detail below. Both age (p = 0.368) and gender (p = 0.176) had no significant effect on lipid levels. The number of species identified in each lipid class is also shown in Table 1 and described in detail below. We also identified individual lipid species that could potentially be used for developing biomarkers for bvFTD that differentiate them from both AD patients and controls, and these are also described in detail below.

TABLE 1 | Total relative abundance and number of species identified for each lipid class.
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Analysis of Glycerolipids

Glycerolipid is a class of lipids that account for a high proportion of total lipids in plasma. Structurally glycerolipids contain a glycerol backbone linked to one, two, or three fatty acid chains. The main subclass of glycerolipids in plasma is TG also called triacylglycerol. TG is normally transported in the blood as a constituent of lipoproteins. The two other subclasses in this class are precursors of TG; they are DG and MG. Both are also present in lipoproteins. We analyzed all three subclasses in our cohorts and as expected TG was the most abundant of the three subclasses (Table 1). TG also had the highest number of lipid species with 1,115 species identified (Table 1). TG was significantly increased in bvFTD compared to control (Figure 1). There was a non-significant increase (p = 0.084) in DG in bvFTD compared to control with no significant change in MG.
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FIGURE 1 | Lipids that were significantly altered in behavioral variant frontotemporal dementia. Total relative abundance of lipids following multivariate analyses covarying for age and gender; Data represent mean and SE as error bars, *p < 0.05. TG, triglyceride; PS, phosphatidylserine; PG, phosphatidylglycerol; MGDG, monogalactosyldiacylglycerol; SiE, sitosteryl ester.



An analysis of each individual species showed that 97 TG species were significantly increased in bvFTD compared to control (Figure 2A; Table 2), whereas only 10 TG species were significantly increased in AD compared to control (Figure 2B; Table 2). There were also TG species that decreased significantly in bvFTD, but fewer in number than those that increased significantly (Figure 2A; Table 2). A few of the species overlapped between bvFTD and AD. Furthermore, the mean fold change of these species that increased significantly in bvFTD was 0.84, whereas the mean fold change of these species that decreased significantly in FTD was only 0.39. We identified two glycerolipid species that could be potentially used for developing biomarkers for differentiating bvFTD from AD and controls (Table 3). One is a TG species (CalcMz = 824.77) with 16 carbons in each of the three fatty acid chains, and the other is a DG species (CalcMz = 696.65) with 18 and 22 carbons in each of the two fatty acid chains.
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FIGURE 2 | Triglyceride species that were significantly altered in (A) behavioral variant frontotemporal dementia (bvFTD) and (B) Alzheimer’s disease (AD) compared to control. Each symbol represents a lipid species with different number of carbon atoms in fatty acid chains; red symbols are those that are significantly increased and blue symbols significantly decreased; p < 0.05. The data presented are fold changes on linear scale. Zero represents no change; 0.5 fold change represents 50% increase; and −0.5 represents 50% decrease.



TABLE 2 | Individual triglyceride species that were significantly altered (p < 0.05) in behavioral variant frontotemporal dementia (bvFTD) and Alzheimer’s disease (AD) compared to control.
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TABLE 3 | Identification of potential lipid biomarkers.
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Analysis of Phospholipids

The next class of lipids we investigated was phospholipids. Phospholipids are a major component of all cell membranes. In blood plasma, phospholipids are a major component of all lipoprotein membranes. A typical phospholipid molecule consists of a hydrophilic phosphate head and two lipophilic (hydrophobic) fatty acid chains. Their amphiphilic (both hydrophilic and lipophilic) property allows them to form lipid bilayers in the case of cell membranes and lipid monolayers in the case of lipoprotein membranes. The phosphate group is usually modified with simple organic molecules giving rise to different subclasses. The six major subclasses are PC, PS, PE, PI, PG, and PA. An analysis of total abundance of this class showed that PC was by far the most abundant subclass, followed by PS, PE, PG, PA, and PI (Table 1). There was a significant decrease in PS compared to both control and AD (Figure 1). PG was also significantly decreased in bvFTD compared to control only (Figure 1). There were no significant changes in any of other subclasses with a non-significant decrease (p = 0.092) in PC in bvFTD compared to control (Table 1). We also analyzed the level of individual species and have found that 18 PS species were significantly decreased in bvFTD (Figure 3A; Table 4). In contrast, only one PS species was significantly decreased in AD (Figure 3B; Table 4). None of the species overlapped between bvFTD and AD. Likewise, five PG species were significantly decreased in bvFTD and only one was significantly decreased in AD. Similarly, 87 PC species were significantly decreased in bvFTD and only 11 were significantly decreased in AD. We have identified one PS and one PC species that could be potentially used for developing biomarkers for bvFTD (Table 3).
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FIGURE 3 | Phosphatidylserine species that were significantly altered in (A) behavioral variant frontotemporal dementia (bvFTD) and (B) Alzheimer’s disease (AD) compared to control. Each symbol represents a lipid species with different number of carbon atoms in fatty acid chains; red symbols are those that are significantly increased and blue symbols significantly decreased; p < 0.05. The data presented are fold changes on linear scale. Zero represents no change; 0.5 fold change represents 50% increase; and −0.5 represents 50% decrease.



TABLE 4 | Individual phosphatidylserine (PS) species that were significantly altered (p < 0.05) in behavioral variant frontotemporal dementia (bvFTD) and Alzheimer’s disease (AD) compared to control.
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Analysis of Sphingolipids

Sphingolipids (also called glycosylceramides) are a class of lipids containing a backbone of So. A basic form of sphingolipid is Cer, which is a precursor to many other sphingolipids, including glucosylceramide and SM. They are a major component of cell membranes and play a role in cell signaling. In blood plasma, they are associated with lipoproteins. The major subclasses identified in our lipidomics analysis were Cer, monoglycosylceramide (CerG1), ceramide phosphate (CerP), SM, So, and sphingosine phosphate (SoP). There were no significant changes in the total abundance of any of the sphingolipid subclasses in bvFTD compared to control (Table 1). However, we have identified one SM species that was significantly increased in bvFTD compared to control and AD. This species could potentially serve as a biomarker for bvFTD (Table 3).

Analysis of Sterols

Cholesterol is the most abundant sterol in plasma. Two sterols were identified in our lipidomics analysis, ChE and zymosteryl ester (ZyE). ChE is composed of a cholesterol molecule with a single fatty acid chain. ChE is the storage form of cholesterol, and in blood plasma, the majority of cholesterol transported by lipoproteins are in this form. ZyE is derived from zymosterol, which is an intermediate in cholesterol biosynthesis. In terms of total abundance, there were no significant changes in either ChE or ZyE in bvFTD compared to control (Table 1). We have identified 44 ChE and 22 ZyE species in this lipid class (Table 1); however, none of them were significantly altered (i.e., p < 0.005) to be considered as a potential biomarker.

Analysis of Dietary (Plant) Lipids

In our lipidomics analysis, we have identified a number of dietary lipids. These were monogalactosyldiacylglycerol (MGDG), stigmasteryl ester (StE), sitosteryl ester (SiE), and wax ester (WE). These lipids are normally derived from food matter originating from plants or marine creatures. The plant lipids (MGDG, StE, and SiE) are not synthesized in humans but are derived entirely from diet. MGDG is a component of the thylakoid membrane of plant chloroplasts and as such it is one of the most abundant lipids in nature. It is consumed by humans as a part of vegetable diet. SiE is a major dietary plant sterol (also called phytosterol). It is found in vegetable oils, nuts, and vegetables. StE is also a phytosterol and is found in vegetables, legumes, nuts, seeds, and a number of medicinal herbs. WE is commonly found in arthropods (e.g., shrimps), shellfish, certain fish species, as well as in whole grain cereals, seeds, and nuts. The total abundance of MGDG was significantly decreased in bvFTD compared to controls and AD (Figure 1). Likewise, the total abundance of SiE was significantly decreased in bvFTD compared to controls (Figure 1). SiE was also significantly decreased in AD compared to control (Figure 1). The total abundances of StE and WE were unaltered in both bvFTD and AD (Table 1).

Correlations

Pearson correlation was used to test for any association between lipids. TG was positively correlated with its two precursors DG (r = 0.844, p = 3.8 × 10−15) and MG (r = 0.611, p = 1 × 10−6) as expected, positively validating our lipidomics data. TG was negatively correlated with ChE (r = −0.405, p = 0.003) and ZyE (r = −0.501, p = 0.0002). All six subclasses of the phospholipid class correlated strongly with each other (all six). For example, the correlation between PC and PE was r = 0.783, p = 6.8 × 10−12, and between PS and PI was r = 0.719, p = 1.9 × 10−9. The correlation among phospholipid subclasses is expected to be positive since their distribution in lipoprotein membranes is normally constant. All phospholipids correlated positively with sphingolipids Cer, SM, and So, which are also components of lipoprotein membranes. PC was the only phospholipid that correlated with ChE (r = 0.441, p = 0.001). All sphingolipids correlated positively with each other as expected. For example, the correlation between Cer and SM was r = 0.654, p = 1.5 × 10−7, and between SM and So was r = 0.685, p = 2.2 × 10−8. SM was positively correlated with ChE (r = 0.516, p = 9.1 × 10−5). ChE was strongly correlated with its precursor ZyE (r = 0.813, p = 2.5 × 10−13) as expected, once again positively validating our lipidomics data. Of interest, the plant lipid MGDG correlated positively with all the phospholipids, in particular PS (r = 0.669, p = 5.9 × 10−8) and PI (r = 0.697, p = 9.7 × 10−9). Also of interest, all of the esters (ChE, ZyE, StE, SiE, and WE) correlated positively with each other. For example, the correlation between ChE and WE was r = 0.844, p = 3.9 × 10−15.

DISCUSSION

Lipidomics has been increasingly used to study lipid dysfunction and has provided invaluable data in understanding disease pathogenesis of a number of diseases. One clear and consistent finding from all studies is the vast array and complexity of lipid species present in human plasma. This has provided the scope to utilize lipidomics in disease classification and biomarker development. As of present, lipidomics of bvFTD has not been reported. Our study therefore represents the first lipidomics analysis of blood samples of patients with bvFTD. Our aim was to establish a differentiating plasma lipid profile for bvFTD and to uncover changes in lipid levels associated with this disease. Identification of altered lipid species in bvFTD would allow development of a potential objective biomarker for bvFTD. Furthermore, analysis of lipid changes in bvFTD would facilitate our understanding of the metabolic changes that are evident in bvFTD patients and of the lipid loss that is directly associated with neurodegeneration.

The first class of lipids we analyzed was glycerolipids; subclasses TG, DG, and MG. Emerging evidence indicates that hypertriglyceridemia is a characteristic of bvFTD, and a recent measurement of TG in bvFTD (by an indirect enzymatic method) showed that it was significantly increased (based on our statistical analysis) compared to controls (18). Consistent with this, we have shown that TG was significantly increased in bvFTD. There are a number of factors that can contribute toward hypertriglyceridemia and these include uncontrolled diabetes mellitus, obesity, sedentary lifestyle, and genetic determinants. We know that bvFTD patients have eating disorder, i.e., binge eating and increased intake of sweet foods (15, 22), and this is likely to have contributed toward hypertriglyceridemia. This is supported by the fact that bvFTD patients have significantly higher blood insulin levels compared to healthy controls (23). Elevated TG levels, as well as DG and MG levels, and elevated insulin levels suggest a state of insulin resistance. Diets high in refined carbohydrates (sugar) are known to increase TG levels. This correlation is stronger for those with high BMI (≥ 28) (24). The average BMI for bvFTD is 29.65 (17), and therefore, bvFTD patients have a higher risk of developing carbohydrate-induced hypertriglyceridemia. It is interesting to note that heavy alcohol consumption can also induce hypertriglyceridemia (25, 26); increased alcohol consumption is also a characteristic of bvFTD. Unabated hypertriglyceridemia, accompanied by low HDL-cholesterol, would increase the risk of coronary heart disease. There is also evidence that hypertriglyceridemia with low HDL-cholesterol is associated with an increased risk of developing mild cognitive impairment (27, 28). Further research is required to understand the relationship between hypertriglyceridemia, bvFTD, and cognitive impairment.

Previous lipidomics analyses (not in bvFTD) showed that a considerable number of TG and DG species were closely associated with dyslipidemia, and TG 50:2, 52:2, 52:3, and 52:4 were the most abundant species (29). In a twin study, consisting of 14 pairs of young-adult monozygotic twins discordant for obesity, several TG species correlated significantly with BMI and subcutaneous fat measurement (30). A prominent TG that was identified from the study was TG 56:4 with the suggestion that this species may serve as a potential biomarker for the detection of acquired obesity. In our lipidomics analysis, TG 56:4 was the second most significantly increased TG species with a p value of 0.0006.

Phospholipids are abundant in blood plasma as a major component of lipoprotein membranes. We have identified six subclasses of phospholipids. Our data showed significant decreases (based on our statistical analysis) in the total abundance of PS and PG in bvFTD compared to control and an overall non-significant trend for a decrease in other phospholipids in bvFTD. The total abundance of PS was also significantly decreased in bvFTD compared to AD; PS was the only lipid subclass in all non-plant lipid subclasses measured that was significantly altered in bvFTD compared to both control and AD. A body of evidence suggests that decreases in PS level in the brain could be associated with cognitive decline (31, 32). As a major component of neuronal membrane and myelin, PS is essential for their formation and maintenance (33, 34). Studies with old rats have shown that oral intake of PS increased neurotransmission signals (35–37) and improved learning and memory (38–40). PS is absorbed into the bloodstream following ingestion and readily crosses the blood–brain barrier (41, 42).

A comparison of individual species showed numerous PS, PG, and PC species that were significantly decreased in bvFTD. In contrast, very few species were altered in AD. PC is the most abundant phospholipid in all lipoproteins, especially in HDL. As expected, it was by far the most abundant phospholipid in our plasma samples. Furthermore, the PC subclass contained by far the most number of putative species (i.e., 1,062). Its abundance and structural diversity suggest critical involvement in physiological processes. In fact, PC has an important and unique function, in that it is the only phospholipid which is currently known to be required for lipoprotein assembly and secretion (43). An interesting observation from our study was that reduced levels of phospholipids in bvFTD (indicating reduced numbers of HDL) corroborates the previous finding that HDL-cholesterol is reduced in bvFTD (18). In support, there was a positive correlation between PC and ChE. These results when put together suggest an increased risk of hypoalphalipoproteinemia in bvFTD.

The levels of sphingolipids were largely unaltered in bvFTD and AD cohorts. A previous study reported elevated plasma levels in AD, although these changes were observed in early AD or mild cognitive impairment (44). Earlier lipidomics analyses of healthy controls have identified >200 sphingolipid species (45, 46); we have identified 329 sphingolipids species with 229 SM species alone. The overall levels of ChE (as well as ZyE) were unaltered in bvFTD or AD. This result was in accordance with a previous study, in which total cholesterol (measured by an enzymatic colorimetric assay), was unaltered in bvFTD (18).

In our lipidomics analysis, we also identified three groups of dietary lipids (MGDG, StE, and SiE) originating from plants. These lipids are not synthesized in humans but are derived entirely from diet, and therefore, they can be used as indicators of what food people ate. Both MGDG and SiE were significantly decreased in bvFTD (both unchanged in AD). This suggests that the patients with bvFTD consume reduced amounts of plant matter (i.e., vegetables and fruits) compared to controls. Another plant sterol, StE, was unaltered in bvFTD. The level of WE (e.g., shrimps and shellfish) was also unaltered in bvFTD. Therefore, the consumption of only certain food categories is altered in bvFTD.

A number of protocols/strategies have been developed for lipidomics of human plasma (47), and we have used one of the most common and efficient strategies—a single phase extraction method followed by liquid chromatography, ESI, and tandem mass spectrometry. This strategy allows the accurate measurement of literally hundreds, if not thousands, of different lipid species in a single biological sample. A watershed for lipidomics has been the development of ESI in mass spectrometry. ESI is a technique to generate ions from molecules. The advantage of ESI over other techniques is that very little fragmentation of molecules occurs during the ionization process, although this is still a limitation. The structural diversity is particularly apparent with TG and PC, for which we have identified 1,115 and 1,062 distinct molecular species, respectively. Recent improvements in mass spectrometry in lipids have allowed detection and quantification of individual molecular species. To determine the efficiency of recovery of lipids, our plasma samples were spiked with a number of ISTDs of known quantity. All ISTDs achieved expected high recovery rates, i.e., >98%. This indicated that the extraction method, based on the method of Bligh and Dyer (20), was thorough and resulted in a comprehensive recovery of lipids. Our choice for this extraction method was based on a previous study, in which five different extraction methods were tested for blood plasma (48). The Bligh and Dyer method was considered the best in terms of coverage and reproducibility across a variety of lipid classes, i.e., “broad-based” lipidomics. Nevertheless, limitations still exist because not all (100%) of lipids present in a given sample can be analyzed. Further limitations lie in the statistical approach we used to analyze the lipidomics dataset. An empirical Bayesian approach is an alternative that would increase power and reduce false positives.

Like transcriptomics and proteomics, lipidomics gives the opportunity to investigate biological changes at a systems level to allow the identification and measurement of distinct metabolites that change with different disease states. Limitations and questions still remain as to why there are so many species of lipids in blood and what are their functions. This conundrum is somewhat similar to the enormous stretches of non-coding DNA in the genome that was once called “junk DNA,” these are now known to play important roles in gene regulation and epigenetics.

We have demonstrated that significant lipid changes occur in the blood as a consequence of bvFTD. We have identified a number of individual lipid species from each lipid class that could potentially be used for developing biomarkers for bvFTD. Future work would involve developing a combination of lipid species that could serve as a reproducible objective lipid signature to differentiate bvFTD from AD and controls, in particular at preclinical and various stages of disease progression. Our lipidomics analysis has not only identified lipids that change in bvFTD, it has also provided data that could be utilized to identify biosynthetic enzymes and metabolic pathways that are altered in bvFTD. In conclusion, our study has provided new insights into an unrecognized perturbed pathology in bvFTD, providing evidence in support of considerable lipid dysregulation in bvFTD.

ETHICS STATEMENT

This study was approved by the University of New South Wales human ethics committee (approval number: HC12573), and the blood was obtained following written informed consent from the participant and/or primary carer.

AUTHOR CONTRIBUTIONS

WK and GH were involved in the conception and design of study, and all authors (WK, EJ, RP, YH, RA, OP, JH, and GH) participated in the acquisition and analysis of data and in the drafting of manuscript.

FUNDING

This work was supported by funding to ForeFront, a collaborative research group dedicated to the study of frontotemporal dementia and motor neuron disease, from the National Health and Medical Research Council of Australia (NHMRC) program grant and the Australian Research Council Centre of Excellence in Cognition and its Disorders Memory Program. GH is a NHMRC Senior Principal Research Fellow. OP is a NHMRC Senior Research Fellow.

REFERENCES

1. Ratnavalli E, Brayne C, Dawson K, Hodges JR. The prevalence of frontotemporal dementia. Neurology (2002) 58:1615–21. doi:10.1212/WNL.58.11.1615

2. Piguet O, Hornberger M, Mioshi E, Hodges JR. Behavioural-variant frontotemporal dementia: diagnosis, clinical staging, and management. Lancet Neurol (2011) 10:162–72. doi:10.1016/S1474-4422(10)70299-4

3. Gorno-Tempini ML, Hillis AE, Weintraub S, Kertesz A, Mendez M, Cappa SF, et al. Classification of primary progressive aphasia and its variants. Neurology (2011) 76:1006–14. doi:10.1212/WNL.0b013e31821103e6

4. DeJesus-Hernandez M, Mackenzie IR, Boeve BF, Boxer AL, Baker M, Rutherford NJ, et al. Expanded GGGGCC hexanucleotide repeat in noncoding region of C9ORF72 causes chromosome 9p-linked FTD and ALS. Neuron (2011) 72:245–56. doi:10.1016/j.neuron.2011.09.011

5. Renton AE, Majounie E, Waite A, Simon-Sanchez J, Rollinson S, Gibbs JR, et al. A hexanucleotide repeat expansion in C9ORF72 is the cause of chromosome 9p21-linked ALS-FTD. Neuron (2011) 72:257–68. doi:10.1016/j.neuron.2011.09.010

6. Rohrer JD, Guerreiro R, Vandrovcova J, Uphill J, Reiman D, Beck J, et al. The heritability and genetics of frontotemporal lobar degeneration. Neurology (2009) 73:1451–6. doi:10.1212/WNL.0b013e3181bf997a

7. Lashley T, Rohrer JD, Mead S, Revesz T. Review: an update on clinical, genetic and pathological aspects of frontotemporal lobar degenerations. Neuropathol Appl Neurobiol (2015) 41:858–81. doi:10.1111/nan.12250

8. Fernandez-Matarrubia M, Matias-Guiu JA, Moreno-Ramos T, Matias-Guiu J. Biomarkers: a new approach to behavioural variant frontotemporal dementia. Neurologia (2015) 30:50–61. doi:10.1016/j.nrl.2013.03.002

9. Meeter LH, Kaat LD, Rohrer JD, Van Swieten JC. Imaging and fluid biomarkers in frontotemporal dementia. Nat Rev Neurol (2017) 13:406–19. doi:10.1038/nrneurol.2017.75

10. Broe M, Hodges JR, Schofield E, Shepherd CE, Kril JJ, Halliday GM. Staging disease severity in pathologically confirmed cases of frontotemporal dementia. Neurology (2003) 60:1005–11. doi:10.1212/01.WNL.0000052685.09194.39

11. Kril JJ, Halliday GM. Clinicopathological staging of frontotemporal dementia severity: correlation with regional atrophy. Dement Geriatr Cogn Disord (2004) 17:311–5. doi:10.1159/000077161

12. Kril JJ, Macdonald V, Patel S, Png F, Halliday GM. Distribution of brain atrophy in behavioral variant frontotemporal dementia. J Neurol Sci (2005) 232:83–90. doi:10.1016/j.jns.2005.02.003

13. Gregory GC, Macdonald V, Schofield PR, Kril JJ, Halliday GM. Differences in regional brain atrophy in genetic forms of Alzheimer’s disease. Neurobiol Aging (2006) 27:387–93. doi:10.1016/j.neurobiolaging.2005.03.011

14. O’Brien JS, Sampson EL. Lipid composition of the normal human brain: gray matter, white matter, and myelin. J Lipid Res (1965) 6:537–44.

15. Ikeda M, Brown J, Holland AJ, Fukuhara R, Hodges JR. Changes in appetite, food preference, and eating habits in frontotemporal dementia and Alzheimer’s disease. J Neurol Neurosurg Psychiatry (2002) 73:371–6. doi:10.1136/jnnp.73.4.371

16. Rascovsky K, Hodges JR, Knopman D, Mendez MF, Kramer JH, Neuhaus J, et al. Sensitivity of revised diagnostic criteria for the behavioural variant of frontotemporal dementia. Brain (2011) 134:2456–77. doi:10.1093/brain/awr179

17. Ahmed RM, Irish M, Kam J, Van Keizerswaard J, Bartley L, Samaras K, et al. Quantifying the eating abnormalities in frontotemporal dementia. JAMA Neurol (2014) 71:1540–6. doi:10.1001/jamaneurol.2014.1931

18. Ahmed RM, Macmillan M, Bartley L, Halliday GM, Kiernan MC, Hodges JR, et al. Systemic metabolism in frontotemporal dementia. Neurology (2014) 83:1812–8. doi:10.1212/WNL.0000000000000993

19. McKhann GM. Changing concepts of Alzheimer disease. JAMA (2011) 305:2458–9. doi:10.1001/jama.2011.810

20. Bligh EG, Dyer WJ. A rapid method of total lipid extraction and purification. Can J Biochem Physiol (1959) 37:911–7. doi:10.1139/y59-099

21. Castro-Perez JM, Kamphorst J, Degroot J, Lafeber F, Goshawk J, Yu K, et al. Comprehensive LC-MS E lipidomic analysis using a shotgun approach and its application to biomarker detection and identification in osteoarthritis patients. J Proteome Res (2010) 9:2377–89. doi:10.1021/pr901094j

22. Whitwell JL, Sampson EL, Loy CT, Warren JE, Rossor MN, Fox NC, et al. VBM signatures of abnormal eating behaviours in frontotemporal lobar degeneration. Neuroimage (2007) 35:207–13. doi:10.1016/j.neuroimage.2006.12.006

23. Ahmed RM, Latheef S, Bartley L, Irish M, Halliday GM, Kiernan MC, et al. Eating behavior in frontotemporal dementia: peripheral hormones vs hypothalamic pathology. Neurology (2015) 85:1310–7. doi:10.1212/WNL.0000000000002018

24. Parks EJ. Dietary carbohydrate’s effects on lipogenesis and the relationship of lipogenesis to blood insulin and glucose concentrations. Br J Nutr (2002) 87(Suppl 2):S247–53. doi:10.1079/BJN/2002544

25. Nestel PJ, Hirsch EZ. Mechanism of alcohol-induced hypertriglyceridemia. J Lab Clin Med (1965) 66:357–65.

26. Bessembinders K, Wielders J, Van De Wiel A. Severe hypertriglyceridemia influenced by alcohol (SHIBA). Alcohol Alcohol (2011) 46:113–6. doi:10.1093/alcalc/agq088

27. Frisardi V, Solfrizzi V, Seripa D, Capurso C, Santamato A, Sancarlo D, et al. Metabolic-cognitive syndrome: a cross-talk between metabolic syndrome and Alzheimer’s disease. Ageing Res Rev (2010) 9:399–417. doi:10.1016/j.arr.2010.04.007

28. Panza F, Frisardi V, Capurso C, Imbimbo BP, Vendemiale G, Santamato A, et al. Metabolic syndrome and cognitive impairment: current epidemiology and possible underlying mechanisms. J Alzheimers Dis (2010) 21:691–724. doi:10.3233/JAD-2010-091669

29. Quehenberger O, Armando AM, Brown AH, Milne SB, Myers DS, Merrill AH, et al. Lipidomics reveals a remarkable diversity of lipids in human plasma. J Lipid Res (2010) 51:3299–305. doi:10.1194/jlr.M009449

30. Pietilainen KH, Sysi-Aho M, Rissanen A, Seppanen-Laakso T, Yki-Jarvinen H, Kaprio J, et al. Acquired obesity is associated with changes in the serum lipidomic profile independent of genetic effects – a monozygotic twin study. PLoS One (2007) 2:e218. doi:10.1371/journal.pone.0000218

31. Cenacchi T, Bertoldin T, Farina C, Fiori MG, Crepaldi G. Cognitive decline in the elderly: a double-blind, placebo-controlled multicenter study on efficacy of phosphatidylserine administration. Aging (Milano) (1993) 5:123–33.

32. Cunnane SC, Schneider JA, Tangney C, Tremblay-Mercier J, Fortier M, Bennett DA, et al. Plasma and brain fatty acid profiles in mild cognitive impairment and Alzheimer’s disease. J Alzheimers Dis (2012) 29:691–7. doi:10.3233/JAD-2012-110629

33. Svennerholm L. Distribution and fatty acid composition of phosphoglycerides in normal human brain. J Lipid Res (1968) 9:570–9.

34. Hayes LW, Jungalwala FB. Synthesis and turnover of cerebrosides and phosphatidylserine of myelin and microsomal fractions of adult and developing rat brain. Biochem J (1976) 160:195–204. doi:10.1042/bj1600195

35. Toffano G, Leon A, Mazzari S, Savoini G, Teolato S, Orlando P. Modification of noradrenergic hypothalamic system in rat injected with phosphatidylserine liposomes. Life Sci (1978) 23:1093–101. doi:10.1016/0024-3205(78)90671-9

36. Vannucchi MG, Pepeu G. Effect of phosphatidylserine on acetylcholine release and content in cortical slices from aging rats. Neurobiol Aging (1987) 8:403–7. doi:10.1016/0197-4580(87)90034-0

37. Casamenti F, Scali C, Pepeu G. Phosphatidylserine reverses the age-dependent decrease in cortical acetylcholine release: a microdialysis study. Eur J Pharmacol (1991) 194:11–6. doi:10.1016/0014-2999(91)90117-9

38. Drago F, Canonico PL, Scapagnini U. Behavioral effects of phosphatidylserine in aged rats. Neurobiol Aging (1981) 2:209–13. doi:10.1016/0197-4580(81)90023-3

39. Corwin J, Dean RL III, Bartus RT, Rotrosen J, Watkins DL. Behavioral effects of phosphatidylserine in the aged Fischer 344 rat: amelioration of passive avoidance deficits without changes in psychomotor task performance. Neurobiol Aging (1985) 6:11–5. doi:10.1016/0197-4580(85)90065-X

40. Suzuki S, Yamatoya H, Sakai M, Kataoka A, Furushiro M, Kudo S. Oral administration of soybean lecithin transphosphatidylated phosphatidylserine improves memory impairment in aged rats. J Nutr (2001) 131:2951–6. doi:10.1093/jn/131.11.2951

41. Aporti F, Borsato R, Calderini G, Rubini R, Toffano G, Zanotti A, et al. Age-dependent spontaneous EEG bursts in rats: effects of brain phosphatidylserine. Neurobiol Aging (1986) 7:115–20. doi:10.1016/0197-4580(86)90149-1

42. Rosadini G, Sannita WG, Nobili F, Cenacchi T. Phosphatidylserine: quantitative EEG effects in healthy volunteers. Neuropsychobiology (1990) 24:42–8. doi:10.1159/000119041

43. Cole LK, Vance JE, Vance DE. Phosphatidylcholine biosynthesis and lipoprotein metabolism. Biochim Biophys Acta (2012) 1821:754–61. doi:10.1016/j.bbalip.2011.09.009

44. Ewers M, Mielke MM, Hampel H. Blood-based biomarkers of microvascular pathology in Alzheimer’s disease. Exp Gerontol (2010) 45:75–9. doi:10.1016/j.exger.2009.09.005

45. Hammad SM, Pierce JS, Soodavar F, Smith KJ, Al Gadban MM, Rembiesa B, et al. Blood sphingolipidomics in healthy humans: impact of sample collection methodology. J Lipid Res (2010) 51:3074–87. doi:10.1194/jlr.D008532

46. Scherer M, Bottcher A, Schmitz G, Liebisch G. Sphingolipid profiling of human plasma and FPLC-separated lipoprotein fractions by hydrophilic interaction chromatography tandem mass spectrometry. Biochim Biophys Acta (2011) 1811:68–75. doi:10.1016/j.bbalip.2010.11.003

47. Han X, Yang K, Gross RW. Multi-dimensional mass spectrometry-based shotgun lipidomics and novel strategies for lipidomic analyses. Mass Spectrom Rev (2012) 31:134–78. doi:10.1002/mas.20342

48. Reis A, Rudnitskaya A, Blackburn GJ, Mohd Fauzi N, Pitt AR, Spickett CM. A comparison of five lipid extraction solvent systems for lipidomic studies of human LDL. J Lipid Res (2013) 54:1812–24. doi:10.1194/jlr.M034330

Conflict of Interest Statement: 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.

Copyright © 2018 Kim, Jary, Pickford, He, Ahmed, Piguet, Hodges and Halliday. 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 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/fneur-09-00104-t002.jpg
CalcMz Catoms Foldchangs Spocies  CalcMz  Catoms _Fold change

2 omm  Tossy wesm s osez
2 omn  Toes gumm s omm
=2 14 Toess oo s oxmm
2 i Toesn swre 5 -0ss
% omn  Tossn ews s 1w
= oaw om0 s owes
= omw  Tosss oss s oz
@ om0 Tosss enses s ouwr
2 osn  Tossd swews s o0&t
2 omeo  Tosedy s s oo
2 ozes  Tosss onsw s 12
s oo Toses wmesm s -omm
s o Tosen wmesols s -osis

o w47 oo Tasz mesys  ® 054 TEss  @es0ls s omoiz

s marme 4 0BT Tomey sumss w2 g  Topra  sasw 5 oaws

o) w2 OS5 Tom2y savss s oamss  Toprs Gurms & 0621

Tousy  m27ss 48 054 Tosey savss =2 o Topsy oow0 s ooy

ey w2ses 4 1229 Tomd mamss %2 08  ToESID G0TE0 8 0360

Tousy  a2ises 48 10 Tosed @azee S Oses  TGses  oomes s L

Tuay @27 48 0w Tased s s 101 Toesa omsst s omsy

Touas m07ws 4 073  ToB) S %2 e Tossn 0B s 070

Tz w07we 4 oers  Toss sonses s T TGEs9  sess s -odsss

TGy s 4 Oswe  Tosen soeer s o2 Tosern e m o3

Toasy TRt 48 Oead  To) meaws sy 07 ToR) sere S -0isa

TGues ToTeoo 4 Ooe1  TGSIZ w08y 8 0910 T o2 s 02204

TGues TSew  4  OgM0  To2) SIS 0%67  TGED) w093 @ 107

o) mwe 40 o5 Tossn s 53 10 TGei0 o2sois & 031

T2 ma7ss 40 0ol ToBSA BOSTI 53 040 TGENO S2605 6 0420

T2 EaTSs 49 06 ToSy iS55 082 TGENIY G078 6 045

TS awrws 4 O7e  Toss mmais 5 08%0  TomM) o078 & 0306

10006 moses 4 2% 1063 0l 53 030 TOEMY o078 & 0dsis

TGG0Y so7me s 020 T0KSy e 5 s Toery s @ oss

1060) m07m8 50 0% Tossg sorsm 5 13 TR T2 & 043

1G60) G078 50 050 TG AT 5% 054 TGM02 96w5 € 09567

16502 88702 5 -0toW 10639 770 % 0342 TOBLID G761 -00K8

10602 sE7r 5 -04ws TGS ST Sy 0%@S  TGEIZ fosi2s 6 0960

o502 w72 50 109 Toss7 morms s oeis  Toez) omsm & -03ns

10502 a7 50 0475 Toes w5 o4 ToRI) wesm & 021

T2 ss72 50 O%s  Tosk) esM 5 Oome  TORI weals & 05w

10602 a2 50 1% Tomz wisws s 0e  Tomin wemis @ 04

o502 sE7 50 179 TomZ eoisws s 0y ToR2Z wemis € 0360

T0605 Ge7sds 50 079  ToMZ) 4E® 51 0%  TORIY o478 @ 0307

T3 G7ss 5 Ol T06L) 2871 5 026 TORY oormes & 027t

10606 @S0 0 00 TosLY w8t 5 w6 Tomry v @ 0me

oS et 51 10057 T3 S8 s 0577 TORS 970 @ 04%8

G5 st 1 7 Tosed e st 15160 Toei wesws 64 o%s

o512 o2t st oss  Tosey s st e Towsi e 64 owms

10512 oemss 51 007 Tastd woms 5 050 ToBd 0R9RE 64 1

sy s st 0mil  Tosty saTo st owss o7 iMo0 6 0304

s sz 51 040 Tosty womis s i ToEsY) w7 6 0asa

sy some st 051 Tast4 womys st omar  Tosi 0072 6 oosi

TGSt e 51 0 TGse5 s s ome  Tomsn tomeis e oz

o520 sosws 5 Osve  Tasen sere9 st 051 Toesn 09 6 o1

m

Togry  sass a1 o = Tomse  oo7s 5

10020 eose 2 s = 090 Tasen esesD %6

10080 e % e Tose s s 050 ToEsy s s

ToEs) e 4 25%1  Toe BT % 0402 ToS6H  R6AN &

W T 4 2s9  Tosey s s 172 ToEes  ssots s

TGaes Teews 4 2519 TGSy eemz2 5 oA TobTe @M 57

J6EeT SO7M8 80 2 -0Bie TOBAD 607600 254 2 048  TOBOM %0 80






OPS/images/fneur-09-00104-t003.jpg
Lipid Symbol CaleMz Formula Fatty acid Fold change*
Triglyceride TG 824.7702 C51H102 06 N1 16:0/16:0/16:0 1.69
Diglyceride DG 696.6501 43 H86 05 N1 18:1/22:0 2.08
Phosphatidylcholine PC 7345694 C40H81 08 N1 P1 32:0 0.49
Phosphatidylserine PS 850.5604 C47 H81 O10N1 P1 41:5 0.68
Sphingomyelin M 7255592 C41H78 06 N2 P1 3614 117

Lipid molecules that were significantly altered in behavioral variant frontotemporal dementia (bvFTD) compared to both Alzheimer's disease and control. CaloMz, calculated mass;
fatty acid shows the number of carbon atoms and double bonds in fatty acid chains; fold change indicates the fold difference between bvFTD and control; "p < 0.005.





OPS/images/fneur-09-00104-g003.jpg
>
Bea s B
N s @ -

Fold change
°

bbb b
5688

«@

L~ A
o N » o ® -

Fold change
&
S

s 5
> =

L8
L

bvFTD
+ Increased
+ Decreased .
.
3.
R .
P
. ct
25 30 35 40 45 50
Number of carbon atoms in fatty acid chains
AD
* Increased
* Decreased
20 25 30 35 40 45 50

Number of carbon atoms in fatty acid chains





OPS/images/fneur-09-00104-t001.jpg
Lipid Symbol  Species Total abundance SE Significance

Con Behavioral variant  Alzheimer's Con bVFTD AD Conv  ConvAD bvFTDvAD
frontotemporal  disease (AD) bYFTD

dementia (bvFTD)
Glycerolipids
Trigyceride 6 1,115 28288797,070  37,809429.330 85132579390 2315247310 2,834,542,677 2651164228 00215  0.0565 04973
Diglyceride DG 282 798,173,211 1,150,203,620 1088009179 115173752 141006493 131884197 00835 01025 07511
Monoglyceride MG 22 16,367,133 19,978,654 17,477,209 1,851,801 2,267,148 2,120,477 0.1563 0.4547 0.4282
Phospholipids
Phosphatidylcholine PC 1062 68308624220  61,637.766990 68242851540 2241151424 2743827454 2566317844 00916 09846 00878
Phosphatidylserine PS 91 1,713,312,131 1,360,454,204 1747110899 81,147,600 99,348,491 9292124 00154 07841 0.0070*
phosphatidylethanclamine  PE 152 1,690,377,391 1,604,351,008 1,816,156828 93113124 113997806 106622814 0595 03760 01848
Phosphatidylinositol Pl 29 110,809,533 85,315,521 115238810 10,804,479 18,227,855 12,372,000 01787  0.7874 0.1080
Phosphatidylglycerol PG 21 352,956,480 188,169,159 272377988 41,974,952 51,389,667 48065055 00278' 02103 02412
Phosphatidic acid PA 6 276,188,531 245,437,646 277454089 14,785,570 18,101,879 16,930,793 02349 0.9551 02065
Sphingolipids
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Monoglycosylceramide CerG1 3 306,532,770 296,609,130 303378080 25,956,537 31778423 29722545 08259 09363 08780
Ceramide phosphate CerP 2 705,982 689,733 763,499 166,052 203,207 190,145 09551 08197 07938
Sphingomyelin sM 229 17238766380 16658095510 18595049360 828842335 1014746407  949,008241 06369  0.2845 01526
Sphingosine So 3 36,750,547 32,280,386 39,606,196 2,424,937 2,968,835 2776768 02926 04398 00807
Sphingosine phosphate Sop 2 561,125 420,566 537,341 91932 112,551 105270 03809 08648 04561
Sterols
Cholesteryl ester che a4 2,036,113428 1720063142 1,851,966007 104534543 127980977 11970135 00868  0.2497 04591
Zymosteryl ester 7E 22 945,498,557 832,938,261 862188966 45898483 566193222 52,557,848 00868  0.2497 04591
Dietary lipids
Monogalactosyldiacylglycerol ~ MGDG 12 461,200,788 391,370,141 485,257,104 18,164,178 22288288 20799601 00310° 03854 00037*
Stigmasteryl ester StE 3 505,584,209 465,560,451 449560609 29211953 35764008 33450286 04320 02107 07473
Sitosteryl ester SE 7 42,637,336 28,208,118 34,262,783 2,733,091 3,346,106 3120632 00037 00483 01964
Wax ester WE 28 902,221,864 789,333,910 800,780,727 37356450 45735264 42776459 00870 00788 08569

Multivariate analyses covarying for age and gender were used to determine differences in lipid levels between the groups; *p < 0.05.
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